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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 greathy
increased the range of Loolnng rates that can be accessed during the solidilication of
metals and nlo_\s The microstructures which develop during these rapid cooling
conditions may be significantly diffcrent from those which develop during low
cooling rate conditions as the result of access to new metastable phases with the
additional kinctic limitations that accompany rapid sohidification.

This investigation explores the influence of cooling rate on a scrics ol seven
ternary alloyvs which span the line of two-fold saturation in the Fe-Ni-Cr system.
High speed clectron beam surface melting was used to resolidif'y these alloys at scan
spncds up to 3> m s. The resulting cooling rates were estimated from dendrite arm
spacing mcasurecments and were confirmed by heat flow modeling to vary from 7x109
oC s to 8x10% oC 5. The microstructures that developed from cach solidification
condition were examincd using optical metallography. electron microprobe analisis,
scanning electron microscopy and a vibrating sample magnctometer. These results
were used to create diagrams to predict the primary mode of solidification, the ferrite
content and the complex microstructural morphologics which develop as a function of
interface velocity and composition.

Changes in the primary mode of solidification with increcasing cooling rate
were observed in allovs that lic close to the line of two-fold saturation. The
thermodynamics and kinectics of solidification were used 1o explain these changes by
showing how cpitaxially grown mctastable phascs can dominate solidification at high
cooling rates, without the necessity of postulating the nuclcation of mctastable phases
within the melt. The influence of cooling ratc on interface stability and
solidification segregation was evaluated by calculating the solutal diffusional
characteristics at the tip of columnar dendrites growing under steady state
canditions. These calculations were used to predict the dendrite tip undercooling for
cach solidifiication condition and the results were used 1o evaluate the influence of
cooling rate on the amount of sccond phase formation, the ferrite content, and the
absence of sccond phases at high cooling ratcs.

The solid state transformation of ferrite during the cooling of the resolidified
Fe-Ni-Cr alloys was shown to be analogous to the decomposition of austenite in Fe-C
allovs. Parallels were drawn between these two svstems which allowed a wealth of
analysis performed on the Fe-C system to be applied to the Fe-Ni-Cr sysiem. The
inlTuence of cooiing rate on the nucleation and growth kinctics of austenite was then
used to cxplain the cenditions which are responsibic for the formation of grain
boundary allotriomorphs, Widmanstatten platelets, Widmanstatten needles and massive
austenite grains in the resotidificd eleciron beam mclis.

Thesis Superyisor ¢ Dr. Thomas W, Eagar, Professor of Materials Engineering

Thesis Co-Supervisor ¢ Dr. Samucel M Atlen | Assoc. Frotessor of Physical Metallurgy
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CHAPTER 1

Introduction And Background

The integrity of stainless steel castings and welds is known 10 Jdepend on the
presence of delta ferrite in the microstructure. Traditional studies [1.1-1.12] have
shown that ferrite contents on the order of 3 volume % will reduce susceptibility to
solidification «c¢racking., improve hot workability. and lower the amount of
non-mctallic inclusions in the alloy. Masumoto [1.3] has shown that these effects
predominate when ferrite is the first solid to 'orm from the liquid. and Brooks [1.17]
has summarized the reasons for this behavior. Two beneflicial properties of ferrite in
stainless steels are the higher solubility of sulfur and phosphorus in ferrite than in
austenite. and the irrcgular, crack-resistant, grain boundarics that form during
multi-phase  sclidification. Therefore, primary [lerrite solidification reduces the
amount of low melting-point liquids. by dispersing § and P, and increases the crack

propagation resistance of the microstructure.

Despite such  desirable properties, ferrite is not alwavs Dbeneflicial to the
microstructure of stainless steel alloys. For cexample. in austenitic stainless stecls,
during prolonged cxposurc to high temperaturcs. ferrite can transform to sigma phasc
which is brittle {1.13). The severity of the embrittlement depends on the degree of
transformation and the amount of ferrite in the microstructure. For this rcason
alone. ferrite contents are often minimized, but there arc even further disadvantages.
Ferrite can reduce the corrosion resistance. [I1.141.153) and it can reduce the

low-temperature fracture toughness of austenitic stainless steels [1.16-1.18].

The benelicial efffects of ferrite in some applications and the deleterious effects
in others requires a good understanding of the conditions which fcad to the formation
of ferrite in the microstructure. Numerous investigations ol the relationship between
chemitcal composition and ferrite content have been made and are summarized by
Otson [1.19]. These studies have led to the development of mcthods and diagrams to

predict ferrite content [1.20-1.24), ferrite morphology [1.25.1.26§, and the primarny

solidification mode {1.27.1.28} Howeser, these results are onhy valid Vor conventional

castimgs and welds which solidify at low couling rates.
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Advances in rapid solidification processing and the use of high energy density
welding for an increasing number of applications hase emphasized the importance of
cooling rate in thc cvolution of stainless stecl microstructures. Recent investigations
have concluded that the amount of ferrite and the primary mode of solidification can
be significantly altered in pulsed laser beam weids, in clectron beam welds, and in
atomized droplets. These microstructural modifications cannot be predicted using the
conventional mecthods and there have only been a few studies of the microstructurce of
stainless steels solidified at high cooling rates. This chapter begins with a review ol
the literature concerning the constitution ol Fe-Ni-Cr allovs for low cooling rate and
high c¢ooling ratc processes which revealed many arcas that required fuether

investigation and helped to direct the rescarch elforts presented in this thesis.

1.1 Previous Investigations

1.1.1 Constitution and Microstructure of Stainless Steel Alloys

Austenitic stainless steels of the AISI 300 scrics designation have two primary
constitucnt phases: austenite and ferrite, A third phase. martensite, can be induced to
form in these alloys by low temperature mechanical deformation However, the
martensitic transformation will not be studicd here. since this investigation is only
concerned with the phases which develop during solidification. The austerite phase
has a facc-centered cubic structure and is paramagnctic. Austenite can form during
solidification, or during the solid-state transformation of ferrite. Nickel, mangancse,
carbon, and nitrogen promotc the formation of austenite during selidilication, and
the majority of the AIS] 300 scrics stainless stcels contain austenite in excess of 80
volY%.

The ferritic phase, delta ferrite, has a body-centered cubic structure and is
ferromagnetic. Ferrite Forms only during soliditication and transforms to austcnite at
lower temperaturces. Frequently the transformation is incomplete. leaving residual
I'errite in the microstructure. This residual Territe can be present in several different
morphologics, depending on  the chromium-to-nickel  ratio ol the alloy

{1.25,1.26,1.29-1.31]. Chromium, silicon, molybdenum. and niobium promote the



21
formation ot [lerrite during solidification and provide it with stability at fower
temperatures. The residual ferrite present in the microstructure is therefore a resuft

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

The single most important factor in the development of the microstructure of a
given stainless steel alloy is the primary mode of solidification (PMSy  Phe PMS can
cither be austenite or ferrite and is primarily a function of compe~sitea. Fhe PMS
defines the primary phase to solidify from the melt and it al. detfiines the
solidification morphology which determines the conditions for the subsequent sohd
state transformation. Chromium rich allovs tend to solidity as primary ferrite while
nickel rich allovs tend to solidif'y as primary austcnite. The compositional range tor

cach modc¢ can be predicted by the line of two-told saturation in the Fo-Na-Cr system,

Figurc 1.1 shows that the linc ol two-fold saturation cxtends from the te-Ni
peritectic at 4.7% 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 lic on the tine
of two-fold saturation occurs by a peritectic mechanism at high iron contents and by

an cutectic mechanism at low iron contents. The termary composition where the
peritectic behavior changes to cutectic behavior has been reported by Schurmann
[1.33] to be 9% Ni. 16% Cr, and 75% Fc. This transition from cutectic 1o peritectic
behavior lics close 1o the composition of many of the 18-8 stainless steci allovs,
Thermodynamic calculations of the Fe-Ni-Cr system have been perlformed  (sce
Appendix C) to determine the location of the tic lines in the two-phase ficlds. Figure
1.2 shows an isothermal scction at [400°C and indicates that the scgrepstion ratios lor
Ni and Cr in Fe varyv considerably in the ferrite-liquid. austenite-liquid and
ferrite-austenite phase ficlds. These resulis will be discussed in detail in the chapters
1o conic.

Vertical scctions through the Fe-Ni-Cr ternary system can be determined by
cxperimental measurements or by thermodynamic calculations. These diagrams are
uscful in describing the solidification and solid state transtformation behavior ol
stainless steels. The experimentally  determined Tiguidus, solidus, and  isothermal
sections reported by Rivlin and Ravnor [1.32] were used to constract a vertical section
through the Te-Ni-Cr svstem at a constant iron content of 60" Figurce 1.3 shows this

constant iron diagram which has been reported by many investigators to represent the
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soliditication behavior of stainless steels. By comparing the tie-lines presented in Fip.
L2 with a constant Fe isopleth, one sces that although the sertical scction presented
in Fig. 1.3 has an appearance similar to a binary phase diagram. the tic-lines in the
twa-phase ficlds do not necessarily lic in the plane of the vertical section This is
particularly true lor the the liquid-solid ficlds that determine the sebidification
segregation ratios. A more accurate representation of the solidification behavior can
be determined by taking the vertical scctions along a path thav contains the tic-lines
of interest. Chapter 7 presents the results of thermodynamic calculations which werce
used to determine the pscudobinary diagrams for primary ferrite and primary
austernite solidilfication. These modified vertical sections are uscful in determining

the selidification parametcrs and the scgregation of sotute during solidification.
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The line of two-tfold saturation crosses the 60 Fe plane at a composition of 253"
Cr and 14.3% Ni. which is a Cr Ni ratio of 1.76. The maximum scparation between
the liquidus and solidus lines is about 30°C, and the slope of the liquidus is steeper
for primary ferrice solidification than for the sofidification of primary austonite.
Under cquilibrium conditions. five modes of solidification are possible depending on

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

F: Single-phase ferritic solidification. Ferrite solidifics as the primary and
only solid phasc. Austenite may nucleate and grow from grain boundarics

or interdendritic boundaries at subsolidus temperaturcs.

Fa Ferritic-austenitic solidification. Ferrite solidilics as the primary phase
in a dendritic or cellular moade with second phase austenite forming at the
cell walls. The sccond-phase austenite provides growth sites for the

subsolidus austenite to ferrite transformation,

E: Eutcetic solidification. Ferrite and austenite both solidify freom the
cutectic liquid as conjugate solid phases This reaction gencrally takes
place after somc primary solid phasec has formed. The spacing of the
cutectic microstructurce is smaller than the primary phasc spacing which
makcs the cutectic ferrite particulariy susceptible to the solid state

translormation.

AF Austenitic-ferritic solidification. Austenite solidifies as the primary
phasc in a dendritic or cellular mode with second-phase ferrite forming at
the cell walls, The sccond-phase ferrite partially transforms to austenite
at subsolidus temperatures.

A Single-phasc austenite solidification. Austenite solidilies in a dendritic oy

cellular mode as the primary and only solid phase. scgregation occurs to

the cell walls but no ferrite is present in the microstructure.

Undcr the noncquilibirum conditions which occur during solidification. the samc

modes of solidification exist but somc compositions may change modc with conling



rate. Deviations from the cquilibrivm bchavior Lecome more pronounced as the
cooling rate iy ancreased and the cooling rate will be shown o have a signilicant
el'f'ect on the soliditfication mode.

I'he amount of ferrite which solidities from the melt s higher than the amoeunt
which s present at room temperature because ferrite transfoerms 1o austenite as the
melt cools, Fig 13 shows that the ferrite and austenite two-phase Tietd shitis towards
higher chromium contents at lower temperatures which reduces the stabiliny of Perrite
i~ the temperature decreases. The amount of ferrite which transiorms depends on the
compuosition and the cooling rate. Since isothermal scections through the Fe-Ni-Cr
aavstem are noi asailable at room  temperature and  since welds  cool  under
non-cquilitrium conditions, other means have been developed for predicting the

amount of ferrite 1 staintess steels,

Ligure b4 shows the Schaeffier diagram swhich was publiched in 1949 [1.20.1.21)
teo predict the aucrostructuce of conventional are welds, This dweram is used to
predict the amount of ferrite in stainless steel welds based on their nominal
compasition but Jdocs not incorporate cooling-rate ¢ffects.  The chromium and nickel
cquivalents were developed by Schaeffller to account (o1 the ferrite or austenite
siabilizing offects of the alloving elements that are present in commercial stainless
steels, These equinvalents were revised in 1936 by Delong [1.27] to incorporate the

austenitizing offects of nitrogen, and arc defined as follows:

ety adent L N TG O I G G PR S A D SR i
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Modifications of the multiplication coctficients and the inctucion of crher elements
into the chromivm and nickel-cquivalent cquations have been ~uccested Byoathe
authors [1.27.1.34-1.3¢). however, the Del.ong cquivalents are still the most trequentiy
uscd cquations,

Comparing the primary mode of sobidification predicted v the phase dageram
with the residual Territe content predicted by the Schaeftler diaeram o u-chul and

can he done by superimposing the be-Ni-Or line of tao-1old <aturation on the



Schacffler diagram. This linc scparates primary territe solidification from primany
austenite solidification for equilibrium conditions. VFigure 1.4 shows that it svaries
around the 10% flerrite line, depending on the iren content of the allov. Suutala
[1.27,1.28] has proposed that the primary solidification phase can be predicted in
welds by a Cr Ni ratio of about 1.3, allovs with a higher C1 Ni ratio than |5 will
solidify as primary ferrite. while those lower than 1.5 will solidify as primais
austenite. Suutaia’s Cr.Ni = 1.3 line is also shown on Fig. 1.4 and indicates that it is

close to the line of twa-fold saturation.
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Figure 1.1 The Fe-Ni-Cr line of two-fold saturation and Cr Ni ratio of |3
superimposed on the Schaclfler diagram.
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Therefore. the primary mode of solidification and the amount of residual ferrite
in stainless steel allovs can be predicted reasonably well a  low cooling rates.
However, at high cooling ratcs the cmpirically derived dragrarms can not be used to
predict  ferrite  contents. ferrite morphology  or cven the primary mode of
solidification. The relatively recent emergence ol rapid soilidification processing and
high encrgy density welding requires that a better understanding of the influcnce of
cooling ratc be derveloped in order to predict the effects of these provesses on the

microstructure ol stainless steels.

1.1.2 The Effect of Rapid Solidification on the Microstructure

The influcnce of cooling rate on the microstructure ot stainless steel allovs has
been observed at fow, medium and high cooling rates. However. the most dramatic
cffects oceur at the high cooling rates produced by rapid solidilication processing and
high-encrgy density welding, The inherent variations in the cooling rate for diflerent
solidificatton processes are summarized in Table 1.1 and are shown to cover about 9

orders of magnitude.

Table 1.1: Estimated cooling-rate ranges for various

solidilication processing techniques.

Process Cooling Ratc
(K s)

Directional solidification 10-1 - 101
Casting 10" - 102
Arc welding o1 - 103
Elcctron beam welding 102 - 104
Laser bcam wclding 102 - 106
Rapid solidilication proccssing 103 - 107
EB or 1.B surface modilication 105 - 107
Single laser pulse 107 - 10x




At the Jowest cooling rates (10-1 to 10'°C s) which occur in directional
solidification or in large ingots. only small changes in the microstructure occur with
variations in the cooling rate. Pereira {1.37] has shown that cooling-rate rariations
over the range of 2-40°C s will produce changes in the ferrite content: with incrcasing
cooling rate, primary ferrite-sotidified compositions will increase in Ferrite content
from 13 to 16%. while primary austenite-solidified compositions will decrease {rom
1.5 to 1.0%. Fredrikkson [1.38] has aiso investigated the role of cooling rate on
solidification mode and concludes that a cooling rate increase in the range of 100 to

103eC s favors the primary formation of ferrite.

Moderate cooling rates (10t to 103¢C s). which are produced in arc wele., show
only small changes in the microstructure as the cooling rate is increased. Suutala
{1.28.1.39] has obscrved 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 austenite for dendritic solidilication.
DcLong [1.4] has also rccognized the ability of the cooling rate to modify the
microstructure of stainless steel welds and castings. He states that heast input has an

effect on the ferrite number, but that this ¢ffect is onlv a minor consideration.

The high cooling rates which can occur in c¢lectron beam and laser beam welds
significantly alter the microstructurc. Vitck and David [1.40-1.42] have reported the
changes in ferrite 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 ferrite 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 ferrite to

austenite.

Katayama and Matsunawa [1.43] have also investigated the high cooling rate (105
to 108eC‘s) behavior of laser beam welded microstructures for abovt thirty dilferent
commercial AISI 300 series and high purity stainless steels. They conclude that the
Schaeffler diagram requires modilications at high cooling rates. and they recommend
a compression of the austenite-ferrite two-phase ficld as shown in Fig. 1.5. For high
cooling rates their observations indicate that the ferrite content of low-ferrite welds

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



Matsunawa attribute these two distinct behaviors to a  change in primars
solidification mode {from primary ferrite to primary austenite! in fow fereite content
welds, and to a suppression of the solid-state transformation of ferrite in high territe

content welds.

Changes in the solidification mode have also been obseryed at hizh cooling rates
which can be induced in clectron beam welds, Lippold [1.44] has examined the
solidification conditions for a deep-penetration clectron beam weld 1n 3041 <tainless
steel and has shown that for certain conditions a change in the primary soliditication
mode occurs. Lippold concludes that welds which normally <olidify as primars
ferrite can solidif'y as primary austenite in the deep penetrating pertion ol the weld
pool which has the highest cooling rate. These results support the obervations o f

refs. 1.40-1.43 for laser beam welded stainless steel,
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Figure 1.5 Shifting of the 0% and 100% ferrite houndaries of the Schac, tler
diagram at high cooling rates. Pulsed laser welds at 1OM O afyer
Katayama ct al, {1.43],



Changes in the primary solidification mode have been observed for rapidly
solidified stainless <teels. Kelly [1.43] has investigated microstructural and composi-
tional variations that occur in atomized droplets of A1S1 303 stainless steel, droplets
which normally soelidify with the formation ol primary austenite. Such droplets
achicve coaling rates on the order of 10%C s, Kelly's results show that. since the
smatlest droplets reccive the largest thermal undercooling. Territe preferentially
nucleates in favor of austenite. He provides thermodynamic data and a kinetic
model. which confirm the change in solidification mode for highly undercooted
droplets. This work shows a preference for primary ferrite at high cooling rates
while references 1.40-1.44 show a preference for primary austenite ar high cooling
rates. The apparent inconsistency is duc to the diflerence in the nucleation behavior
between hamogencously nucleated atomized droplets and heterogencously nucleated

welds,

In summary. the cooling rate plavs a significant role in the cvolution of stainless
steel microstructure. Its influence can not be generatized and onc must consider both
the chemical composition and the solidification conditions of a given alloy. These
two factors combine together in a complex way to inllucnce 1) the primary
solidification mode. 2) the amount of solidification segregation and 3) the nucleation
and growth bechavior of the ferrite to austenite solid-state transformation. These
clffects alter the ferritc content and ferrite morphology. However, a svstematic
investigation ol the relative importance of these three cffects in determining the

microstructure has not been performed.

1.2 Present Investigation

1.2.1 Objectives

The purpose of this investigation was 1o study the microstructures which develop
in Fe-Ni-Cr ternary  allovs under rapid solidification conditions. with scveral
objectives in mind. Firstly, the results of this study were to provide a basic
understanding of the complex solidification and transformation behaviar which

occurs during the rap.d resolidification of stainiess steel allovs. Explaining this



behavior required solidification e¢xperiments to be performed on Fe-Ni-Cr ternary
alloys and confirmation with rapid solidification theory. This tvpe of analysis was
used to 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 transtormation cyeonts.

Sccondly, the erperimental results will be vsed to create diagrams that can be
uscd to predict the primary mode of solidification. the ferrite content and the ferrite
morphology of stainless steels solidified over a large range ol cooling rates. These
diagrams can also be used to decouple the scparate contributions ol solidification
mode. solidification segregation and the solid state transformation of ferrite on the
resulting microstructure. These diagrams have practical signifiicance in that they can
predict the microstructures of stainless steel alloys which have been cast, welded or

rapidly solidificd at diffcrent cooling rates.

Thirdly. recent investigations {1.42,1.43} of high cncrgy density welds and rapidiy
solidified melts have shown large differences between the microstructures which
develop at high cooling rates and thosc which develop at low cooling rates. Howeser.
the theories that have been postulated to describe these differences have not vet been
substantiated by a thorough scientific study. In particular, onc author {1.40.1.42)
belicves that a change in the primary mode of solidilication occurs by nuclecation of
mectastable austenite in pulsed laser welds. A similar change in solidification modce is
observed in clectron beam surface melts, however, in the clectron beam melts the
amount of undcrcooling was shown to be 30°C or less. This undercooling is not large
cnough to cxplain the nuclcation of mctastable phases rom within the melt and it
was shown that the change in solidification mode can be explained by the
preferential growth kinetics of the austenite phase at the melt periphery. Therclore.
another objective of this study was to emrphasize the importance of growth kinctics in
rapidly solidified surfacc meclts and to illustrate that the PMS may change at high
cooling ratecs without necessity of postulating nucleation of metastable phases from

the melt.
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1.2.2 Approach

A serics of Fe-Ni-Cr tenary alloys was made with svstematic variations in
composition. S¢yven alloyvs were cast {rom high purity elements, all having 0.39 % Fe
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 alloss were sclected in favor of commercial stainless steels so that the

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

other alloving clement scgregation.

Variations in the cooling rate were produced by an clectron beam surtface melting
technique. The power level of the clectron beam was held constant for atl 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 4.7x102 oC s for
the slowest travel speed to 7.3x108 oC/s for the highest travel speed. All of the meits
were compared to the arc-cast buttons which cooled at a rate of 7 oC s. Elcctron
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 expcriments

and other cxperimental procedures is presented in Chapter 2.

Chapter 3 describes a ferritec mecasurement technique that can be used to mcasure
the ferrite content of rapidly solidified stainless steel alloys. This method 1s new and
was developed as part of this investigation because the ferrite content of the rapidly
cooled specimens could not be measured by conventional techniques. This method
utilizes a Vibrating Sample Magnctometer 1o mecasure the saturation magnctization of
an unhnown specimen and by knowing the saturation magnctization ol ferrite, the
volume percent ferrite can be calculated. Since the ferrite content is related to the
saturation magnetization of the specimen, this technigue does not depend on the size,
geometry or orientation of the specimen and ¢an easily measurce the {errite content in
the small volumes of material that are produced in rapid solidification processes.
However, since the saturation magnetization of ferrite depends on the ferrite
composition, a separate study was required to determine the composition of residual

ferrite from the nominal atloy compaosition and to develop an empirical equation to
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calculate the saturation magneiization ol ferrite from its composition. The results of
this study allow the Vibrating Sampic Magnetometer to be calibrated so that the

ferrite content of 2 wide range of stainless steef alloys can be measured.

Chapter 4 summarizes the methods used to cstimate the cooling rate in the
eicctron beam melts, Since the electron beam melts were small and were moving at
high rates of spccd, the temperature and cooling rates in these melts could not be
mcasured by conventional techniques. Theretore, the cooling rates were estimated by
1} dendrite arm spacing measurements, 1) an analvtic solution to the heat flow
cquation which was used to estimate the highest cooling rate in the surlface melts and
31 a finite c¢lement model which was used to calculate thermal gradients and cooling
rates at the liquid solid interface for a few sclected conditions. The three techniques
agreed well with cach other and showed that the cooling rates varied over 3 orders of
magnitude. From the cooling ratc measurcments 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

clectron beam melts.

Chapter 53 summarizes the cffects ol cooling rate on the primary mode of
solidilication and the residual ferritc morphology for cach of the scven alloyvs. The
results of this chapter are based on the optical metallographic e¢xamination ol the
cicctron beam melts and are summarized in two diagrams. One diagram presents the
primary mode ol solidification as a lfunction of cooling ratec and composition while
the second diagram presents the microstructural features which form from cach mode
of solidification The [lirst diagram describes the solidification behavior off stainless
steel allovs while the second diagram describes the solid state transtormation behayior
as the melt cools to room temperature. From these diagrams, the mode  of
sohidiflication and the ferrite morphology can be determined for a wide range of
stainiess steer alloys and for a wide range ol solidilication conditions. In addition 10
the predictive diagrams. the surface melts were studied to determine the method by
which the primary solidification mode desvelops, These ovbservations show that Permite
and austenite both grow epitaxially  from the melt periphery. Microstructural

examination of the high speed melts also showed that changes in sohidification mode
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which occur with increasing cooling rate are a result of the ravorable growth hinctics
of metastable austenite rather than the nucleation of metastable austenite from within
the melt pool.

Chapter 6 investigates the influence of cooling rate on the ferrite content of the
stainless steel altovs, The results of this chapter show that the ferrite content changes
significantly with vcooling rate and that the amount of residual ferrite in the
microstructure depends on the primary mode of solidilication, the Cr Ni ratio of the
alloy and the cooling rate. These observations contirm the carlier results [1.42-1.44]
on laser beam and electron beam welded stainless steels at high cooling rates. In
addition. these results show that the ferrite content decreases {(or increases) in a
continuous manner with cooling rate by studying intermediate cooling rates which
had not been previously investigated.

Chapter 7 models solute redistribution and the amount ol ferrite that forms
during solidification as a function of interface velocity in the clectron beam surface
metts. This chapter is of central importance to this investigation in that it explains
the results of the previous chapters, which are largely empirical in nature, based on a
quantitative model of the solidification behavior. As part of this study, the
soliditication paths for cach alloy were determined in the Fe-Ni-Cr system. These
paths. along with thermodynamically calculsted phasc diagram information, were
used to create pseudobinary diagrams to represent the solidification behavior for cach
of the allovs. From these diagrams, the solidification parameters were determined
and were used in the interface stability and solute redistribution calculations.
Dendrite tip caleulations were performed for constrained columnar growth behavior
For each alioy and for cach x‘n]idi‘l'ic:nion condition. These calculations were used to
make predictions of the cellular to dendritic transition and were used to calculate the
undercooling at the dendrite tip. A solute redistribution model that incorporates tip
undcrcovling was then emploved to caleulate the amount of primary and sccondary
phases that solidity from the melr as a function of cooling rate and these results were
used to cxplain the high cooling rate behavior observed in the actual clectron beam

melts.



Chapter 8 investigates the solid state transformation of lerrite that occurs as the
melt cools 1o room temperature. Screral transformation mechanisms were observed in
the a.oys depending on the primary mode ol solidification and cooling rate. For
alloys that solidil'y with both ferrite and austenite present in the microstructure, the
transtormation takes place by the growth of primary or second phase austenite. This
transformation is controlled by the ditfusion of alloying clements from  the
ferrite austenite interface and can be modeled to predict the influence of cooling rate
on the extent of the transformation. For allovs that solidify in the tulty Territic
mode, nucleation of austenite is required before the transformation can procecd. The
composition-dependent stability of the ferrite and the cooling rate cach contribute to
the nucleation and growth characteristics of the austenite to produce three diflerent
morphologies: Widmanstatten austenite platelets, Widmanstatten austenite ncedics and
massive austenite grains. This chapter discusses the composition and cooling rate
regimes where cach morphotogy exists and cxplains the solid state transformation
mechanisms by taking into account the thermodynamic and kinetic factors which are
responsible for the nucleation and growth behavior. Furthermore, many parallels can
be drawn between the phase transformation bchavior of the Fe-C system and the
Fe-Ni-Cr system. The austenite morphologics which develop during the decomposition
of delta lerrite in the Fe-Ni-Cr system arce identical to many of the ferrite
morphologics which develop during the decomposition of austenite in the Fe-C system.
The analogy Dbetween these two systems is presented as a usceful starting point lor

understanding the solid state transtformation of ferrite.

Chapter 9 integrates the empirical findings of Chapters 4, 3 and 6 with the
theoreticat results of Chapters 7 and 8 as a summary ol the concepts which were
developed during this investigation. These concepts represent the general framework
of the influence that cooling rate has an the microstructure ol stainless steel alloys
from the initial stages of solidification through the final stages ol the solid state
transformation. Because of the many-taceted nature of the aspects involhved during
the soliditication of stainless steel aHovs, there were several arceas that were
identificd where additional rescarch needs to be perlformed. These areas are also
summarized in Chapter 9 along with a summary of the major conclusions of this

thesis.



CHAPTERP 2

Materials And Experimental Procedures

2.1 Materials

2.1.1 Fabrication of the High Purity Alloys

The selection of the stainless stecel allovs used in this study was based on two
primary  considerations. The alloys had tw be of high purity 1o facilitate
microchemical analysis so that solute redistribution could be modeled and the alloys
had to span a large composition range so that the eftfects of both primary austenite
and primary ferrite solidification could be investigated.

Scven high purity Fe-Ni-Cr ternary allovs were produced that contained 39% Fe
but had different Cr Ni ratios. which varied from 1.1 to 2.2, These compositions span
the line of two-lold saturation as shown on the constant-iron vertical section in ig.
2.1 Stainless steel alloys containing 59% iron were selected in favor of the more
common 70" iron atlovs (AIST 304, 316) for two reasons @ 1) The fovwer iron content s

clearhy separated lrom the peritectic to cutectic transition, thus insuring cutectic
selhidification behavior For all of the atloys and 23 The lower iron content increased
the probability  that the selected chemical compositions would yvicld the desired
solidifiication mode since the three-phase L+F+A region spans a larger composition
range at lower iron contents.

The alloys were melted and hot sorked at AMAN Matenials Rescarch Center in
Ann Arbar, Michigan. Al heats were vacuum argon-induction melied from 99937,
pure clectralytic iron. 99.56% pure clectrolviic chromium. and Y9923 pure carbony
nichel powder. Two alloys were produced per 68 I1b melt by a sphit heat techaigue.
After melting of the initial charge and deovidation with aluminum. the melt was
cuoled to the freczing point three times and then reheated. over o Iy nunuote time
interval, an order 1o float ot aluminum ovide clusions derived rom the hieh
unvyegen contents of clectrolytic iron and chromium. After the Yot meet had been

pourcd and the aflovine addivion had been muade Tor the second split, a0 > minute
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IMoating-of I period was used before pouring the second allov bor cach aliov, one
mgot 90 mm oan diameter and 250 mm high with an adequate hel 10 was cast oo
seamiess steel pipe mobd, The cooling-rate of the mgot was estumated to be 033 ¢
by measuring the temperature on the outside of the steel mold at a location "3 mm

Letow the hot-top.
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Chemical analvsis was performed by AMAN on a chill cast button which was
removed [rom the bottom of the ingot. The concentrations of Mn. Si. Cr. Nioand b
were determined by wetr chemical methods: Al was analvzed by opnical cemission
spectroscopy: C. Na. Os and S were analyzed by gas Tusion technigues. The results of
the chemical analvsis are shown in Table 2.1 and indicate that the alloys are at least
99.9 wt. pereent Fe + Ni o+ Cr. All of the allovs werg intended to have wdentical iron
contents and the chemical analysis shows that the iron content varics by no more than

0.5 pereent from the nean value of 38.7 wit. percent.

Table 2.1 Compositions of the seven alloyvs (wt. percent)y

Element ! 2 3 4 5 6 7
Cr 2236 2425 24.99 2352 26.43 2762 28.05
Si 0.051 0.056 0.042 0.032 0.048 0.042 0.044
Al a.022 0.029 0.02 0.031 0.027 0.02 0.044
Ni 19,32 17.32 16.49 13577 14.29 13.66 12.66
Mn 0.002 0.001 0.003 0.008 0.002 0.004 0.002
N 0.0028 | 0.0032 0.0026 | 0.002¢ 0.0038 | 0.0026 | 0.0035
C 0.0023 0.0022 0.0019 0.0026 0.0 0.0019 0.0039
(@] 0.0047 0.0033 0.0102 0.0034 0.0026 0.007> 0.0026
N 0.0018 | 0.0010 0.003 0.0022 0.0013 0.003 0.0012
p 0.001 0.001 0.001 0.002 0.001 0.001 0.001
(lI'e) 38.23 58.33 58.44 58.63 59.2 58.04 3919
Fe+Ni+('r 9991 99.9 99.92 99,92 99.9 99.92 999
Croeq. A B 24.33 25.05 2557 203 2768 2817
N1 oeq. 19,48 17.48 16.63 1594 14,44 138 1288
tCr Ny ey 1.15 1.39 1.51 1.60 1 84 0l AR

The mam portion of each inget was machined o diameter of approvimateiy 8o
mm oand hammer-tareed at 12350 ~C 1o devedop a0 0oanm round-cornorod-agaans oo
coctien Noocracks developed at this staze and the Yalicts were Proad-rodled oo gl out

P30 um, measurad perpeadicular to the orranal ineat avg Fhe toicr soern then
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long-rolicd paraliel 1o the original ingot axis. The reductions were (U« per pass, and
typically {rom three to sin passes were made per reheat. depending on the wornabihiny
of the steel. Four of the allovs (1.2.3.4) were rolied 1o the desired 10 mm thickness
without craching. Slight-to-severe cracking, howerver, accurred in alloys 36 and 7
Whenever craching was observed the plates were cooled and the crached regions were
cut away betore resuming rolling. The final hot-rolled plates measured 130 mm wide,

10 mm thick and the lengths varied from approximately 100 mm to 100 mm.

2.1.2 Arc Cast Buttons

The slowest cooling rate condition was 10 be represented by the original cast ingot
microstructure. however, the original ingot microstructure was altered during
high-temperature homogenization and hot working of the ingots. Therelore, a new

casting was made on cach alloy to represent the slow cooling-rate microstructure.

Approvimaiely 200 g of material was removed Irom cach hot-rolled plate and
descaled by muchining of " the surface laver. Part of "his specimen was submitted for
chemical analysis and the remainder was recast in an arc-melting T'urnace which was
backlitled with argon pas 1o approximately 0.5 atm. kach alloy was meited in a
water-cooled copper hearth which produced a button 80 mm long. 40 mm wide and 20

mm thick.

Chemical analysis was performed on cach are cast button and on the original hot
rolied plate to verify the cleanliness of the arc casting process. These results which
arc shown in Table 2.2 indicate that the Ni and Cr contents vary by fess than 03
pereent from the startg composition. The chemical analvsic afso shuwed that the
total wio percent C + N owas between 0.0 and 0.03 wt percent whach o Lighrdy iy hes
than the startuing material. This slight contamination weo oot cop edocd 1o be

signilicant in this investigation,
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Table 2.2: Chemical composition at different processing stages twt. ")

Altos Elcment Ingat Platc Button
Cr 22,36 2235 2253

! Ni 19.32 18.73 18.56
Fe 58.23 58.7 38.7

Cr 2425 2445 24.48

2 Ni 17.32 17.2 17.03
Fe 58.33 58.1 —1 58.1

Cr 24.99 2499 : 25.05

K Ni 16.49 16.38 I 16.16
Fe 58.44 584 373

Cr 2552 25.56 255

4 N1 15.77 16.04 15.54
Fe 58.63 379 58.7

Cr 26.43 26.54 26.66

5 Ni 14.29 14.87 14.67
Fe 59.2 584 58.4

Cr 27.62 27.78 2T a6

6 Ni 13.66 13.73 1357
Fe 58.64 58.3 58

Cr 28.05 28.28 2831

- N1 12.66 13.26 1308
: Fe 59.19 57.70 S84

2 L3 NIelt Spun Ribbons

Melr spun ribbons with cooling rates of about 16%C s were produced onoa special
rios el FeeNi-Or ternary allovs, The purpose was to rapidhy sotidify the allovs 5o
the macrostructure consisted  solely of single-phase metastable termte The

cpenetic proeperties of the ferrite was then measured using o svibvatine cample



magncometer and the results were used as the magnetic calibration standards Tor
caleulating the ferrite content of austenitic tferritie stainless steels. The composition
of these atloyvs is summarized in Chapter 3.

The allovs were made by a two-step procedure. First. a 23 g ingot was induction
melted and sceond. this inget was remcelted and melt spun into ribbon The initial
ingot was made from 99.9+ purity iron, nickel and chromium and melted in 2 13 mm
quartz crucible. The chamber was first evacuated 1o 30 . Hg and backlilled with a
partial pressure of argon gas. The charge was induction melted using a graphite
cusceptor and 20 kW ol power. The total melting time was less than 180s prior to

shutting of Fothe power and aflowing the ingot to cool.

The ingot was removed rom the Furnace and because of the high oxygen content

of the electrobvtie iron. an oxide scale had formed on its surface. The scale was

removed by owire brushing and the ingot was cut into two cqual parts. One halll (123

o) was used For melt spinning. the other for characterization of the cast structurce.

I'he 125 g charge was placed into a2 16 mm diamceter quartz crudible for met”
spinning in g commercial unit, manufactured by Marko Materials. The crucible was
manufactured with a 25 . diameter hole at its base to allow the molten charge o
flow onto the water cooled copper chill, The chamber was pumped Jown to 30 .~ Hg.
tackfiiicd with argon. and the induction mclting was performed using a graphite
susceptor and 20 KW power. The charge was allowed to meit and was heated for 180s
plus an additional 60s 1o superheat the liquid. The copper substrate was revolving at
1300 epm and the superheated liquid was allowed 1o flow onto it from a distance of 3
mm above i1y surface. The ribbons measured I mm wide and about 38.1 . - thick and
coofed at rates o about 10%C s [2.1]. The ribbons were verifiied to be single phase

ermte By N-ray Jdilfraction.

2.2 Surface Melting and Resolidification

228 Weld Coupon Preparation

HENS v Popdate oo cur anto 38 mm o owede e acre o 0 N

s cd it Cupons which measured ddeomm Tone, N e w0 e e i
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mm thick. The microstructure of these coupons revealed a very large primary
dendrite arm spacing and a sccondary dendrite arm spacing of about 33 . - This
microstructure was considered to be too coarse for the high speed celectron beam

surface melts which penetrate Iess than 100 .-,

The microstructure of the coupon was relfined by melting the surlice waith
overlapping clectron-beam passes down the length of the coupon. This surlace
homogenization technique consisted of approximately 15 passes at 100 KV 38 ma and
234 mm s, A delocused beam was used and approximately 15305 was allonwed between
passes For cool down. The surface of the plate was homogenized to a Jdepth of about
1.5 mm with a primary dendrite arm spacing ol less than 10 .- Fach coupon was
heated to 500 C for 1800s and hot pressed in a 300 ton forge to remove the distortion
causcd by the surlface homogenization. The surlace of the plates were lapped to an 8

rms {inish in {inal preparation for the clectron beam welds.

2.2.2 Electron Beam Surface Melting

It was desired to produce a scries of melts on cach alloy with increasing couling
rates from about 100°C s to about 108C 5. The technique chosen was similar to that
uscd by Bocttinger ¢t al. [2.2] who kept the clectron beam power level constant and
varied the travel specd. Preliminary melts on staintess steel allovs showed that o 2
KW power level (100 KV, 20 mA) was sulficient to praduce melting at travel speeds as

high as 3 m s. conscquently, this power Ievel was usced throughout the study.

Single pass, and overlappineg multiple pass melts were made across the 3§ mm
width of the coupen AL me't. were made with a sharp focussed clectron beam
except Por two medt made at the i owest travel speeds These medts were made with

an ciectren Borm A orocussed above roe surface of the plate to present buarn thooushb

Pho oomypicte ot ol melt paramete: s are hsted in Table 250 Sy sinele-pas one woe
prtoat tras bospe o ds o which e b Fram o 63 mm s to SO0 mm o b o ot
cocappeay sl 2o opass melt owore alse made on o oench Soupon ot trased e

Pertaooon e m o~ oand 3000 mm The multiple passes were made with o v perco
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overlap and approximately 120s was allowed between cach pass for cooling down,
The number of passes was sclected to produce a 6 mm wide strip and required

between 9 and 20 passes at cach travel specd setting.

The cross sectional shape of the surface melts varicd considerabiyv as the travel
speed was increased. Mcelis 1 oand 2 had deep penctrations and were formed by a
kev-hole mode. Mclt 3 was nearly semicircular in cross scction and approximately |
mm deep. Mcelt 4 had a doublec-humped appearance which was presumably caused by
the non-uniform clectron-beam force pushing the molten metal to the edge of the
melt. Melts 5 and 6 had shallow and uniform pcnctrations of approximately 23 . -
and 5 ., respectively.

Table 2.4 summarizes the avcerage width and depth of the surface melts as
mcasured from the metalfographic cross scctions. The average length of cach melt was
optically mecasurced on the surface of melfts 1, 2. and 3 and mctallographically
measured on longitudinal scctions for melts 4 and 5. Meclt 6 was too shallow to
cxamine and its length was assumed to be cqual to the radius of the clectron beam
spot.  Fig. 2.2 plots the melt dimensions versus travel speed and shows that the width
approaches a limiting value at high speeds. This limiting value corresponds to the
size of the electron-beam focal spot. At low spceds. the longer time for heat diffusion
widens the fusion zance bevond the focal spot size. The length is approximately
constant for melts 1, 2, and 3. However. the length of melts 3, 5, and 6 decrease and
appear to arproach the radius of the electron-beam spot. Melts 4. 5. and 6 are all
characterized by depths which arc shallow comparcd to their width and thercfore
solidification is controlled by heat flow through the depth rather than through the

width of the fusion zone.
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Table 2.3: Electron beam melt summary. All melts at 100 KV and 20 mA.
Scan No. Travel Speed No. ol Passes Overlap

(mm s) (!

{ 6.3 1 o

2 25 1 -

3 100 | -

4 500 | .

5 2.000 1

6 5.000 1 .

3 100 9 Sa

4 500 10 S

5 2.000 12 Su

6 5.000 20 Soe

Table 2.4: Average width, depth and length of the

six single-pass surface melts in mm.

melt | 2 3 J 5 6

depth 5.33 3.10 1.07 0.178 0.025 0003
[ w.th | 5.08 2.89 1.55 1.04 11" 111
| denvth R 5.80 5.10 200 086 (53

2.3 Microstructural Characterization

2.2.1 Optical Metallography

Characterizing the primary mode of sobhiditication and the Ferrite morpholooy e

an eosentiab factor in determining the sequence at sobdification and selnd tare



transformation cffects which contribute to the inal microstructure. The lerrite and

austenite are dissimilar in crystal structure and in composition, theretore they are

casily distinguished by optical metallographic techniques.

The mctallographic specimens were polished by conventional methods and were
ctehed by one of two techniques. The majority of the specimens were clectrolvticaliy
ctched in a saturated oxalic acid or 10 percent sodium hydroxide solution. An
applied potential of approximately 1 volt was used at a current density of about 0.3
Amp em? These conditions preferentially dissolved the ferrite phase. giving the
ferrite a dark appearance and lecaving the austenite reflective and shiny in the bright
field microscope.

For a few specimens, a second and more discriminating color ctching technique
was used. Beraha's color ctch Noo 14 [2.3] (20 g ammonium bifluoride. 0.5 g potassium
metabisulfite and 100 ml distilled water) was prepared fresh and the specimen was
immersed at room temperature for approximately 30s until the specimen had a
heat-tinted appearance. The specimen was removed from the etchant and rinsed in
water followed by acetone. reagent grade methanol and immediatels blown dry with
compressed air. When ctched properly, the lerrite has a white appecarance and the
ctch can distinguish between the two types of austenite. The austenite that soliditied
{rom the melt has a golden-brown color and the austenite that transformed from the
Ierrite phase has a dark brown color. This technique was valuable for determining
the primary mode of solidification and was most successful on the slow cooling-rate
melts of alloys 30 40 and 5 which solidified as primary ferrite and containced between
10 and 25 pereent ferrite.

The results of the microstructural characterization are summarized in Chapter 3
where both the primary mode of solidification and ferrite marphology were

Jdetermiined as a function ol cooling rate.

2.3.2 Dendrite Arm Spacing Measurements

Dendrite arm spacing (DAS) measurements were made on the melte an oo der o
estimate the cooling rates produced by the different travel speed. Lo 0w

speed melts had a larger dendrite arm spacing and had correspondie. iy 1w
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ratcs than the high speed melts. The castings and melts 1, 2, 3, and 4 solidified in a
cellular or dendritic mode with a primaryv spacing larger than the 1 .-, These cell
sizes were able to be measured by optical metallographic methods. Mcelts 3 and 6
howcver, solidified at high cooling rates with a cell size smaller than 1 .- and

required a scanning clectron microscope to resolve the microstructure.

For the majority of the allovs. the low cooling rate microstructure consisted ot
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 alwass present in the higher cooling rate melts 13-6).
sccondary arm spacings could not be used to cstimate the cooling rate. Therefore.
primary DAS mecasurements were made on the alloys cooled at Tow rates and cell ~ice

measurements were made on the alloys cooled at high rates.

Microstructural characterization (Chapter 5) revealed that the cast allins 1.0 20 A
4. and 35 solidified in fully austenitic or austenitic ferritic modes with well detined
dendrites or cells, The DAS measurements were correspondingly direct and caaly
made. Alloys 6 and 7 however. solidified in a fully ferritic maode and the
solidification substructure was ‘crased” during the solid-state transformation of the
ferrite. Theretfore, DAS measurements were only able to be made on atluvs 1 throeugh
5.

The measurements were made by a line-intercept technique on the optical or SEM
micrographs. All mcasurcments were made in the upper portion of the melt, at a
location hall way between the fusion line and the melt centerline. The results are
listed in Table 4.1 as the average value from the 3 alloys. «, and standard deviations,

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

2.3 borrite Measurements

Phe Sowcroont o the atle oo and particularhy the influence that coching rate
Ao Cornrte content of the wdoys 1s of extreme importance to this investigation
Conee : CChapies 5o devoted to the calibration of the ferrte measuning Jdevices

wnd ok te noeurement results Measuring the fernite content of the high speed
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surlace melts required the development of a new technique, using a vibrating sample
magnctometer (VSM). This approach is discussed in dctail in Chapter 3 and only the

sample preparation techniques will be discussed here.

Conventional [errite measuring techniques (?kiagnc-Gagc. ferritc meter, quantita-
tive metallography) could not be used to mcasure the ferrite 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 meg. The specimens were increasingly difficult to extract as the cooling
rate increased. The single-pass. slowest cooling rate melts 1 and 2 had deep cnough
penctrations and specimens were cut from the top center of the melt measuring
approximatelsy 6 mm X 3 mm x | 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 (sce section 2.2.2), which were wide cnough to producc suitable specimens.

The specimens from shallow penetration melts were prepared by a hand lapping
technique. A section of the plate was removed which contained 3 6 mm wide by 10
mm long strip of the surface melted material and this spccimen 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
thichness 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 penctration of the melt.
Specimens were casily prepared with 10 «m thickness or larger but the 5 wm thick
melts f'rom the 3 m s travel specds were not successtully extracted without base metal

contamination.

2.3.4 Electron Probe Microanalysis

The arce cast buttens had a coarse microstructure which allowed the composition ol
the ferritc and austenite phases to be measured by clectron probe microanalysis
(EPAAY) The microprobe was focused in the center of the ferrite or austenite

dendrites and a gquantitative analvsis was performed to determine the Fe, Cr and Ni
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concentrations in cach phase. The microprobe was calibrated using pure Feo Croand
Nistandards . The voltage was held constant at 20 RV and a LiF crystal was used 1o
analyze the N-ravs,

Specimens were prepared for the microprobe by comventional metallographic
technigques and polished with an alumina slurry to a final 0.3 .- finish. These
specimens were sery lightly electrobytically ctehed in saturated osalic acid 1o outline
the phase boundariecs and then rinsed in water, followed by acctone. reagent grade
methanol and finally blown dry with compressced air.

The microprobe was used to measure the atomic percent Feo Niand Croin both the
ferrite and austenite phase for each of the scven cast alloys. Five measurements were
made in cach phase and Table 2.5 gives the average composition in wi. pereent. Fhese

values were converted from atomic percent using molecular weights ol 339 (g moic)

for Fe. 387 (g mole) for Ni and 32.0 (g mole) for Cr. Statistics performed on each sct
of 3 data points showed that the typical standard deviation was small and yaried
between 1 10 2 percent of the mean value lor Fe.o and | to 8 pereent of the mean
value tor Cr and Ni. Total atomic percents (Fe+Ni+Cr) varied between 99.0 and

101.0.

It is intcresting to note that the composition of the lerrite and austenite phasces in
the castings does not vary significantly between the seven allovs. Only atloy 7
appcared o deviate from the invariant compositional trend. It is belicved that this is
a result of mnaccurate EPMA measurements because of the very ine spacing between

the territe and austenite “plates” in alloyv 7. This ine spacing (3 ..+ ) is a result ol the

5

sotid state transformation of lerrite and is unique to alloy 7.

Attempts were made to use the TPMA technique to measure the composition of
the Territe and austenite phase in the melts. However, the microstructure of the melts
were, for the most part, oo closely spaced to give accourate measurements, The Few
locatiuns that were Tound to be suitable gencerally gave what appeared 1o be good
results Tor the matrix phase but poor results for the second phaoo Thewwe Tew
measurements were valuable howeser, in characierizing  the siple-phase feonitic

soliditication behavior of the melts in allovs 6 and 7



Average compositions (wt. pereent) olb the territe

and austenite phascs 1o the are cast buttons

Casting Fernite Austenite

Cr Ni Fe Cr Ni Cr Ni le Cr Fe
I - - - . - - - -
2 354 10.1 343 3.50 253 16.1 38.6 157
3 338 9.2 549 3.89 249 16.0 9.1 1.30
4 6.2 8.7 5541 4.16 237 16.6 o [IRN
5 35.0 9.3 557 370 259 16.7 574 1.55
S} i 8.3 50.0 4.23 204 148 387 1.78
) 399 6.3 338 6.33 27 15.1 378 1.79

2.1.5 X-ray Diffraction

N-ray diffraction experiments were performed to hverify  that the melt spun
ribbons were fully ferritic. The single phase nature of the ribbons was of particular
interest since the ribbons were to be uwsed as Cerrite standards to calibrate the
vibrating sample magnetometer.

Iwo types of specimens were prepared tfor the N-ray experiments. Mett spun
ribbons and powder specimens made from the cast allovs. The ribbons measured
approvimatels  Tomm o waide and were cut wate 33 mm lengths, These samples were
cleaned noacctone and then attached o a 73 mm Long By 25 mm o wade glass shide
any doubic stick tape. the ribbon cdees ovoriapped approvimarely O 2y mm oand the

sntre wodtn o the glass shide was covered wath the riltbons

1

Pow for pecumens were prepared by Dihing the cast allovs with o Cine-pitched Dile
Phe posdor was then maived wath an vrsanie tinder and g portion, Tax2d mm, ol the
sodss shide was covered waith the mavture The powder mens consisted ult o known

torhv-automne alley and a4 knean doeplon allos sontan Approvimataiy 2y persent

IR R NEN
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The X-ray diffractometer was equipped with a chromium tube and Cr - radiation
was used, having a wavelength ol 2291 A, The divergence ~hit and recciving shit
angles were set at 3 deg. and 0.1 deg. respectively. The scan speed was set at §

A

deg. min and the specimen was scanned between 2+ angles from 20 deg. to 160 deg.

For the above diffraction conditions, the following plancs appear. BCC ferrite:
(110), (200), (211 : FCC austenite: (111), (200). (220). The lattice constant ol ferrite
was taken to be 2.871 A [2.4] and the 20 values for the ferrite peaks were caleulated
from this lattice parameter to be 68.7, 105.8. and 155.6 deg. for the (110) (200). and
(211 plancs respectively. Fable 2.6 compares the 20 values which were caleulated
with those which were experimentally determined. The calculated and experimentally
determined values agree to within 0.3 deg. which indicates that the peaks are properhy
indexed. The austenite peaks were similarly indexed and from he experimentally
determined peaks. the lattice parameter Cor austenite was determined to be 3570 AL

Fig. 2.3 illustrates tks dilfractometer chart records for a fully ferritic, a fully
austenitic and a duplex alloy stainless steel specimen. With the peaks characterized,
the melt spun ribbons were shown to be fully ferritic and all ol the ribbons had

X-ray charts characteristic of the tyvpe shown in Fig. 2.3 a.

Table 2.6: Summary of X-rayv diffraction results

20 o
d calculated | cxperimental
Phase Planc h2+Kk2+12 (A) tdeg) (deg)
[GRISH 2 2.030 68.7 68.9
Ferrte 1200 4 1.436 105.8 106.1
(21 6 1172 1556 1559
it 3 PRECY 673 67 4
Austenite (200 4 [ 98 T
(220) 8 [N 134 l 120 |
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2.4 Density Measurements

Density measuremes i~ owere used to conyert omasnolic oodsaroiients e the
unrts of emu ¢ 1o Gauss, These measurements were made on the soven Fase metal
allovs which varied from O (o about 33% ferrite and also on fully Fernine spesimens
Base metal specimens weighing approximately 3¢ (20 mm v 3 mm 3 mm} were
removed from the hot-roled plate. Fully ferritic specimens were produced on atloss 6
and T Dby clectron beam melting at 20 mA. 100 KV and 12 mm s with a slightia
derocused beam, The fusion zones measured approvimately 4 mm deep and 1.3 mm
wide at the hatt-depth position. A time-consuming, butl cffective. specimen remoy il
technique was used to extract the all-wceld-metal specimens. The technigue consisted
of cutting a 10 mm length of melt which was polished and macroctched on both Cross
sectional ends and on one longitudinal side of the melt. The longitudinal side was
then suecessively ground down and macroctched several times to reveal the depth of
the melt. At this point. the specimen was sliced. parallel to the longitudinal scotion,
on a diamond walering saw. This produced a thin waler of all-weld-metal feirite

5

measuring about 3 mm v 0.75 mm x 10 mm. Confirmation of the fully ferritic

structure was made by observing the six macroctehed surfaces of the specimen.,

The density measurements were made by a standard buovancy teste ASIM Covi-T4
{2.5] with toluene as the immersion fluid. Density salues of 0.867 g cm¥ and 0.001173
g cm? were used for toluene and air respectinely. The density of the specimen was

catceulated from the cquation:

0o I ‘/).‘ll,;l‘/ v, b (.,’.;)

where Wois the weight inog and . is the density in g em3 The subseripts so A and 7l

correspond to the specimen, air and toluene respectively, Thrce density measurements

were made on cach specimen  and. in accordance with  the procedures.  the
measurements were repeated watil all data fell within Q.01 ¢ cm® of the mean value

Fable 2.7 summarizes the measurements and ndicates that the density decreanes

from the fully austenitic alley 1179022 g cm?)y o the Tully ferttie specimens o-F and

b otaverage value of 77061 ¢ em®) Phese data rellect the Tower donsity of the Boy

territe phase and are consistent with the Titerature
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Table 2.7 Densty measurements made on the base metad alloavs 1-7

and on Tully Cerritic specimens of alloy 6 and

tg em3)| 79062 | 7.9419 [ 79198 | 7.9018 | 7.8671 | T.8434 | ".§102 A0S

2.5 Isothermal Studies of the Ferrite to Austenite Phase Transformation

The Kinctics of the ferrite to austenite phase transformation were studicd by
measuring the fraction of lernite that translormed as a luncuion of tme. under
isothermal conditions. The data were analvzed using the Johnson-Alehl-Ayrami
approach and attempts were made 1o conlirm diffusion coctticient data in the
Fe-Ni-Cr system,

The isothermal heat treating was performed in a molien salt bath by Lamersing
the specimen lor the desired time. lollowed by a water quench.  The specimens were
placed in a wire basket made Irom chromel thermocouple wire and to protect the
specimen from the corrosive molten safts, cach specimen was wrapped an G031 mm

thich type 304 stainless sicel foil and double crimped shut on all cdges.

The starting material was single phase Cerrite ol alloy 6 and alloy 7 compositions
The single phase ferrite specimens were prepared from the clectron beam melted
allovs wsing the same method ol extraction that was presented in sectuon 24 Tach
specimen weighed approvimately 30 mg and was tested at 6235°C and "20 ¢

An initial magncetic measurement was made on the specimen using the VSA e
Chapter 3 too confirm that it was (ully Torritie. After heat treatimg, the et
content  was again measurcd 1o determine the amount of transfermation Lhe
heat-treating magnetic measurement  steps were repeated  on o cach wpocimen by
doulbling the total transformation time with cach additional heat treatmont unnl the

muaority of the phase transtormation hud been completed
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CHAPTER 3

Measuring The Ferrite Content Of
Rapidly Solidifed Stainless Steel Alloys

3.1 Review of Conventional Ferrite Measurement Techniques

Many techniques have been used to measure the delta ferrite content ol stainless
steel welds. Constitution-diagrams. such as the Schaceffler diagram [3.1.3.2] and the
Delong diagram [3.3], rely strictly on composition to predict the ferrite content of the
resubting weld microstructure. These diagrams only provide accurate correlations
between ferrite content and composition for “typical” stainicss steel alloy compositions
[3.4.3.5]. and for 2 narrow range of welding conditions that have cooling rates which
arc simifar to those of gas tungsten arc welds [3.6.3.7]. Post-weld ferrite measurements
arc generally performed using magnetic instruments such as the Magne-Gage or
ferrite meters [3.8, 3.9]. Thesc instruments have been developed to measure the
amount of the [lerromagnctic ferritc in a auplex stainless steel alloy and arc
reasonably successful at measuring ferrite in arc-welds and castings for tyvpical
austenitic stainless steels containing about 70 percent iron. However Tor alloyvs which
deviate from this iron content, the composition-dependent magnctic propertics ol the
ferrite must be taken into account [3.10.3.11) and these corrections are not well

cstablished.

The conventional magnetic instruments have an additional limitation which 1
caused by the uncertainty of the magnetic ficeld generated by the measuring probe.
These ficlds are non-uniform within the volume of the material tested and do not
uniformly saturate the ferrite. Conscquently, these instruments respond to the
permeability which is not a matcrial property. As a result, those instruments arc
sensitive to the orientation and shape of the ferrite as well as to the geometry and
volume of the specimen being tested. In order to reliably measure ferrite with these
mstruments, the specimen must be large enough to obtain the maximum magnetic
attraction  between  the proabe and  the  specimen. For these  cases. empirical

relatinn-hips have been developed to convert the magnetic readings into an cguivalent



ferrite conten'  Hewever, these measurements are ondy valid i the specimen exceeds
<ome minumum physical dimension, which i< about 10 mm for a Magne-Gage and tor

other conventional magnetic instruments [3.9].

I'he Timitation on the specimen size presents problems for high cooling-rate wetds
and rapidhy salidified alloys. The size of electron beam welds may be less than T mm
wide, pulsed Taser welds may be only 0.25 mm deep and rapidly solidified allovs have
cven smaller physical dimensions. 11 is impossible 1o mcasure the ferrite content of
these spectmens with conventional magnetic instruments. Only quantuitatinne metalliog-
raphy (QTAMY can be used to inspect the rapidiv solidificd microstructures. Howewver.
QTM is not accurate for measuring ferrite in arc welds and rapidly solidified alloyvs
tecause ol the small size ol the ferrite particles. AWS AJ1.2-86 [3.8] discusses the
irreproducibility  of quantative mctallography and concludes that QTM 15 only
accurate For measuring the ferrite content ol castings.  Therefore, a new technique
was investigated which is not limited by a small specimen size and which can be used

to measure the ferrite content in rapidly solidified stainless stecl alloyvs.

3.2 The Vibrating Sample Magnetometer Method

The vibrating samplc magnctometer (VSAM) mcasures the magnetic moment ol a
specimen when it is placed in a magnetic field. Figure 3.1a illustrates the VSM
mcthod which is based on the change in ITux when the specimen is vibrated within a
detection coil. The specimen is attached to the end of a rod which is fixed 1o a
mechanical vibrator and the rod vibrates at about 80 hz in a direction which is at
right angles to an appliecd magnetic ticld. Also attached to the rod is a small
permanent magnct which acts as a reference specimen. Both the reference specimen
and the unknown specimen induce an emf in their respective coils and the difference
hetween the two signals 1s proportional to the magnetic moment of the unknown
specimen. Since the reference specimen and unknown specimen vibrate at the same
amplitude and frequency. the method is insensitive to vibration amplitude and
I'requency. The VSM is calibrated with a specimen of hknown saturation magnetiza-
tion and when the VSM is properiy aligned and calibrated, 1t can detect changes in

the magnetization of less than 10-3 emu. The high sensttivity off the VSA s apparent


file:///alid
file:///ibralc

since a single gram ol lerrite in stainless steel atlevs has a saturation magnetization
of about 100 cmu. The nomenciature used o deserile magnetic measurcments i

-

summarized in Table 3.1,

Table 3.1 : Nomenclarure used 1o descibe the magnetic measurements

Symbuol Description Units Value
N7V saturation magnctization Gauss -
specific (saturation) cmu g -

magnctization of ferrite

0 specific (saturation) magnetization cmu g -
of the specimen

. weight fraction ferrite - -
i mass density of ferrite g cm3 P
1 saturization moment per atom Bohr Magnetons -
H applicd magnetic ficld Oc -
N ooHD ficld dependent magnetization Gauss -
The VSM measures the magnetization of a spccimen, - or M. an response to

known magnetic field, H. From these data. an M-H curve 15 constructed by
performing a scrics of measurements with increasing magnetic ficlds which were
varied from -10 kOc to +10 kOc in this investigation. At high H [ficlds. the ferrite
saturates and the saturation magnetization, M, of the specimen can be measured. The
Mo ovalue is a function of the weight fraction lerrite. - . in the specimen and the

compasition-dependent magnetic propertics of the ferrite

boodl - bwro o RO [
where the specitfic saturation magnetization of the lerrite. . s measured in emu g
and . is the density of the ferrite in g em®  Theretore, if and the densty of

ferrite are known. then the volume fraction ferrite 1s casily caleulated by oa sinele,
room-temperature. M-H measurement.  The density of ferrite was measured 1o be
.

g om?® on a fully ferritic Fe-Ni-Cr specimen containing 39 wt'. fe and since the

densits of ferrite does not change significantly with composition. this vabue was used
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for all of the alloys in this study. However, -, is a strong lunction of composition and
methods to predict the saturation magnetization of ferrite {rom s composition will
be discussed in the following sections.

In austenitic-ferritic stainless steel atlovs. the ferrite phase has no significant
coercivity and the M-H curve passes through the origin with no hysteresis. Vigure
3.1b shows a typical M-H curve to illustrate how Al is determined. At high H ficlds,
the ferrite saturates and the M-H behavior becomes lincar. The spontancous
magnetization is graphically determined by extrapolating the high ficld susceptibibity
to zero applied field. The resulting value of Mg corresponds to the magnetization
rcquired to saturate the ferrite and is a material property. In this paper M, will be

uscd to represent the saturation magnetization of ferrite.
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Figure 3.1 a) Schematic drawing o the vibrating samplc magnctometer,
alfter Cullity {3.21] and b) a typical M-H curve from a duplex
stainiess stecl alloy.
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The saturation magnetization tests were performed by calibrating 1 +SM with a
pure nickel standard of known emu. Specimens from the welds were © i red as thin
wafers (~ 0.5 x 3 x 3 mm) weighing between 10 and 30 mg. Th. s mples were
attached to a quartz holder using teflon tape and the M-H curves were gencrated in

200 Oc increments. Mg valuces were determined for cach specimen and these

measurements were converted into percent ferrite using cquation 3.1

3.3 The Saturation Magnetization of Ferrite

3.3.1 Background

The volume percent ferrite is ecasily calculated using equation 3.1 if the saturation
magncetization of ferrite is known. However. o, is a function of composition and this
presents two problems. First, in duplex alloy stainless steels, the ferrite phase has a
different composition than the nominal alloy composition. Thercfore, the composition
of the ferrite phase is not known @« priori. Mcasuring the composition by
microchemical analysis techniques is only practical for carcful laborat~ry experiments
while estimating the composition of ferrite is not a standard calculation. Onc
objective of this investigation was to develop a method to predict the [lerrite
composition as a function of nominal alloy composition, through the usc of

thermodynamically calculated phasc diagrams.

A sccond problem occurs because magnetic thecory can only predict . {rom
compositional data in certain single-phase binaryv-alloy solid-solutions. Onc method
for e¢stimating the saturation magnctization uses the Slater-Pauling curves which can
predict the magnetic moment of an alloy as a lunction of composition [3.12]. This
rctationship assumes that the saturation magnctization of the alloyv is related to the
number, n, of (3d+4s) clectrons 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 clements on the periodic table. For
non-adjacent clements and for n values less than about 8.3, there is disagreement
between simple rigid band theory and experiment.

Figure 3.2 shows the Slater-Pauling curves for a number of binary alloy syvstems.

Additions of Cr. to Fe-Cr allovs lowers the saturation magnetization in proportion to
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the amount of Cr added while additions of Ni to Fe-Ni allovs amitially has hule
cffect on the saturation magnetization. For nickel additions ercater than approvi-
matcly 15 atomic %, the saturation magnctization decreases in proportion to the
amount of Ni in the alloy. For the addition of nontransition clements such as Sip Al
and Cu to iron rich atloys, the rate of decrease in magncetization is initially about the
same for any clement that is added. These clements correspond to tyvpical alloving
clements in commercial stainless stecl alloys and tend to reduce the magnetization as
if the Fe atoms were being replaced by atoms of zcro magnctic moment. This
behavior can not be explained by rigid band theory.

For ternary alloys or higher alloy systems, theorv is even less capable of
explaining the saturation magnetization as a function of composition  Onc attempt at
deriving an cquation to predict magnetization in the Fe-Ni-Cr tcrnary system was
developed by Curtis and Sherwin [3.13]. Their model is based on a “rule ol mizvtures”

approach, which predicts the saturation magnetization as follows:
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Figure 3.2 Slater-Pauling curves qholw'ing the §nturatin‘n mf\%ncliﬂllmn ror
various binary alloy combinations, alter Cullity [3.21].
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where A, refers to the atomic weight of clement 1. N is Avogadro’s number and . is
the density, This equation predicts a saturation magnetization for pure Fe of 21910
Gauss and predicts a higher dcecrease in . for Cr than for Ni additions.
Unfortunately, there is not good agreement between this cquation and cxperimental
results. Theretore, empirical relationships have been derived to predict the saturation

magnctization of lerrite as a f'unction of composition.

The cmpirical relationships between composition and . have been derived by
measuring - for a large number of alloys and mcasuring the ferrite content of these
allovs by quantative metallography, The saturation magnetization can  then be
calculated for cach alloy by the ratio of » to the volume fraction ferrite and these
data can be fit by regression analysis. Onc such relationship was derived by Merinoy

et al. [3.10.3.11]):
In U = 1600 275(%Cr )~ 330(% N 1)~ 280(% \Mn) - 610(%S5)

SO0 U0) = 670(% T~ 630(% 1) | Cetrss | (3.3)

This relationship between composition and saturation magnetization conflirms the
general trend predicted by the Slater-Pauling curves and shows that o, is reduced by
all ol the tvpical alloyving clements in stainless steel. The higher multiplication
factors associated with the lower density clements suggest that this cquation s
written in terms of wt™ although thc units arc not specifically stated in Merinov’
paper.

The major alloving clements in standard 300 scries stainless steels are Cr and Ni.
For these clements. Merinov's cquation reduces to: #wy = 1 v ok - - s and
can be applied to Fe-Ni-Cr ternary atlovs. The multiplving lactors for chromium and
nickel are similar and suggest that the iron content of the ferrite is the principal
factor in determining <. in the terpary svstem, tc. lor a given Fe content, +,, only

changes a few percent for large differences 1n the Cr Ni ratio.



A comparison of equation 3.2 with cquation 330 for a chromium and nickel

content representative ol Ferrite (333 %Cr. 9.1 “oNi. 334 "Fe) gives values of 13.600
and 8.300 Gauss respectinely for . This large dilference could not be reconciled
rom the data provided by the investigators and a scparate study was inttated 1o
determine © as a Tunction of chemical composition. The resulis of this study shows
that the cquation derived by Curtis and Sherwin is not accurate but that the equation
derived by Merinoy satistactorily represents the saturation magnetization of lerrite in

staintesss steel allovs,
3.3.2 Fully Ferritic Specimens

A series of 100% ferrite specimens of different nominal iron contents were
produced and the specific saturation magnctization of cach alloy was measured by the
VSAE method. Phese allovs cach have a Cr Ni ratio which is similar to the Cr Ni
ratin tfound in second  phase ferrite. therefore. by measuring  the saturation
magnctization ol these alloyvs, the effecet of iron content on - could be determined.

lThe composition ol residual ferrite in arc-welded stainless steels has been
measured using £PMA and STEM techniques [3.14-3.18]) and the results of these
studies were used to plot the composition of ferrite on the Fe-Ni-Cr ternary diagram
in Tig 33 This Tigurc shows that the experimentally determined composition of
residual ferrite has a Cr Niratio which varies between 3.5 and 10 For 33 and 70" Fe
allove respectivedy, This trend in the ferrite composition is related to the lerrite
sabvus a1 clevated temperatures,

Figure 3.4 shows an isothermal section through the Fe-Ni-Cr ternary svstem (322
which was uwcd to determine the equilibrium between lerrite and austenite at 1300C
The ferrite ~obvus is indicated and predicts the cquilibrium compositiaon of ferrite just
telow the soliditication temperature.  There is a correlation between the actual
compositien of the residual delta ferrite presented in Figo 3.3 and the thermodynami-
sallv o caleulated  cequilibrium)  prediction. This  relationship suggests that  the
composition of Territe in the slow cooling rate welds is strongly infiuenced by the
rernte austenite equilibrivm and that the thermadunamic calcutations can be used as

4omeans to predict the composition of restdual ferrite.
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From these data, a scrics of alloys was prepared to meet the following criteriar 1y
since these alloys were being selected to represent residual ferrite, their composition
had 1o be close 1o that of residual ferrite in typical stainless steels and 2) the atloyvs
had to be rich cnough in chromium to allow them to solidify in the single phase
ferrite mode. It was determined that atloys which meet the first criteria will also
mcet the scecond criteria. but only when the allovs are sohidificd at high rates.
Theretore, to avoid the formation of austenite during the solidilication, the alloyvs
were solidified by a rapid solidification melt-spinning technique to suppress the solid
state transformation of lerrite. The resulting ribbons were shown to be single phase
ferrite by X-ray diffraction.

The composition of the allovs varied from 50 to 80 wt.% Fe¢ and the Cr Ni ratio
of cach alloy was maintained constant at 4.0. A 153g ingot of cach alloy was induction
mclted from high purity clements for the compositions specified in Table 3.2 and then
cach ingot was melt spun into ribbons to solidify the allovs in the lully ferritic

- -

condition. Each ribbon mecasured about 2 mm wide and about 23 .- thich which

resulted in cooling rates of about 10* to 10% °C s [3.19].

Table 3.2 Compositions of the fully [erritic, melt spun, alloys

Alloy Fe Ni Cr Cr N
A 80.0 4.00 16.0 4
B 75.0 5.00 200 4
C 70.0 6.00 240 4
D 65.0 7.00 28.0 4
E 60.0 3.00 320 4
I 55.0 9.00 36.0 4
G 50.0 10.0 40.0 4
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3.3.3 Saturation Magnetization Results

Three spectmens, cach weighing approximatedy 3 me, were remened from cach
ribbon  and the saturation magnetization was measurcd  using  the VSM These

measured  values of the saturation magnctuization are adentical G the ~poatie

.

saturation magnactization ol ferrite since th > specimens are fully tfernminie Table 30

summarizes the data and indicates that the - decreases from 169 cmu g to 77 cmu

s

as the iron content of the atloy decreases from 80 wt % 1o 30 wt "o respectively.

Iabic 3.3 ;0 Spontancous magnetization of Cully ferritic specimens.

Alloy Specimen M at 10 kOce o, tr\r ™
(emu, g)

{cmu g) (Gauss)

A I 168 163 16,100
N 17} 168 16.400

3 176 72 16.800

Avg. 172 169 16.500

B 1 154 151 14,700
2 158 133 13.100

3 164 161 15.700

Avg. 139 156 15.200

C I 141 138 13.500
2 145 142 13,900

3 147 144 14,100

Arvg. 144 141 13,800

D 1 119 117 11,400
2 119 117 11,400

3 124 122 11.900

Ave. 12! 119 11,600

t ! 106 104 10,200
2 107 104 10.200

3 110 108 10,300

Avg. 108 106 10.300

F 1 94 91 8.890
2 58 93 9.280

3 10! 68 Q.5370

Avg. 98 935 9.280

G 1 77 75 TLA20
2 80 78 Te20

3 81 79 "0

Avg. 79 77 T320
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The composition of the melt spun alloys can be represented by the formula
Fe(1.x)Criax/s)Ni(x;5) where x represents the sum of the Ni and Cr. Using this
notation, o, is plotted versus x in Fig. 3.5 and the results show a decrease in -, with
Lincar regression analysis of the 21 data points gives the following relationship

between o, and the wt. fraction of Cr+Ni, x :

g,=-308(x)+ 231 lemu/q) (3.5
Extrapolating this data to pure iron. i.c. x = 0, shows that cquation 3.4 would predict
the specific saturation magnctization of pure iron to be 231 emu g This value is
higher than that rcported for pure iron of 218 emu g [3.20] and suggests that a slight

nonlincarity may cxist between o, and composition.

250
. 1
& — Pure tron Fe Cr Ni
(1-X)  (4X/5) (X/5) 120
200 t— ] )
!
L 16 ©
e
S 150 ) =
—
3 —12 2]
£ e @
2 100} . g
¥ 5 Mg = 231 - 308 (X) s =
= i
w
20 4o O
-
0 5 | 1 | 1 1 ] L i °£ i ' 0
0 0.1 0.2 0.3 0.4 05 0.6 0.7

X = wt. fraction Cr + Ni

Figure 3.5 Saturation magnetization of the fully ferritic melt spun ribbons
as a function of Cr + Ni content.
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The specitic saturation magnetization of ferrite. . was comverted from the units
of emu g to Gauss using equation 3.1 and . - . .- : . The saturation
magnctization in the units of Gauss for the sexven ailoys are also reported in Table 3.3
and the average +rv o values for cach alloy arc plotted in Fig. 3.3 as an alternate
v-aNis. A regression analvsis of the data shows the tollowing relationship between

twv o and the weight traction Cr+Ni, x @

Lo\l = - 30,0200 )+ 22,520 | Coties | (3.0
Extrapolating cquation 3.5 to x = 0 shows the saturation magnetization of pure iron to

be 22,520 Gauss which is 4" higher than the measured value ol 21.380 Gauss [3.20].

The results of this study arc summarized in ¢q. 3.5 and can be compared to
Mcrinov's results which are summarized in ¢q. 3.3, For Fe-Ni-Cr allovs, with a Cr Ni
ratio ol 4.0. ¢q. 3.5 predicts a decreasc in o, of 300.2 Gauss for cach percent Fe that is
replaced by Cr and Nt Mcerinov's cquation predicts a decrease in + ol 275 Gauss for
cach pereent Cr and 330 Gauss fur cach percent Ni. Thercefore. for a Cr Ni ratio ol
4.0. Mcrinovs cquation would predict a decrease in + of 286 Gauss for cach percent
e that is replaced by Cr and Ni in this ratio. These two predictions are surprisingly
similar when considering the differences in alloys studied and the differences in

cxperimental techniques.
3.4 Predicting the Composition of Residual Ferrite

Using "Thermocalc” soltware [3.21], a scries of isothermal scctions were created
through the Fe-Ni-Cr ternary svstem [3.22] These diagrams were used to determine
the cquilibrium compostion ol ferrite as a function of temperature and the results of
these calculations are summarizea in Figures 3.6 through 3.8, These plots show the
Cr. %NT and the Cr/Ni ratio ol ferrite at temperatures between 1400-C and 950-C
for 50, 60, 70 and 80 wt. iron in the ferrite.

The chromium cantent of the lerrite increases and the nickel content of the
lerrite decreasces as the temperature decreases ta $300C. This results in higher Cr N
ratios at lower temperatures. Figure 3.8 shows that the Cr Ni oratios ol ferrite
containing 30. 60 and 70 wt.™ iron arc similar at all temperatures. however, for
ferrite containing morce than 70" Feo the Cr Nioratio increases stenilicantly mare

with decreasein temperature.
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Information beyond what was provided in the preceeding Figures is required in
order to predict the composition ol ferrite from the nominal alloy composition
Isothermal sections, such as the onc presented in Fig. 3.4, can be used to determine the
exact compostion of ferrite at a given 1emperature. However. many such diagrams
would be nceded to represent a large range of temperatures. Since the most important
paramicter in determining o, is the iion content of the ferrite. a method was
developed to estimate the iron content of ferrite by summarizing the results of many

isothermal sections into a single diagrant

In stainless steel alloys, tie lines in the ferrite+austenite two-phase ficld show
that the iron content ol the ferrite is lower than the iron content of the nominal
alloy. By taking the ratic of iron in the ferrite to iron in the austenite at the tie-line
endpoints, one can place an upper P'mit on the difference in the Fe content of the
ferrite and the Fe content of the nominal alloys because all of the alloys that lic on a

given line have the same territe and austenite composition.

50.0
FERRITE 4 80% fe
- ® 70% Fe
& 60% Fe
400 0 50%Fe

- o

30.0[

CHROMIUM (Wt %)
I

20.0 A

PR (SR SN N T SN U WSS NN SR DU RN SR R
1000 1100 1200 1300 1400
TEMPERATURE (°C)

Figure 3.6 Thermodynamic calculations of the chromium content in ferrite
as a lunction 1 temperature and iron content ol the Territe.
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Figure 37 Thermodyvnamic calculations of the nickel content in ferrite as g
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Figure 38  lThermodynamic calculations of the Cr Nioratio of ferrite as a
lfunction of temperature and iron content of the ferrite
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Figure 3.9 shows the ratio off the Fe in the ferrite to Fe in the austenite lor
lerrite contamning 50, 60. 70 and 80 wt.o Fc¢. This figure was derived from the
tic-lincs gencrated by thermodynamic calvulations and the results are plotted for
temperatures between 1400°C and 930°C. To use this diagram. one must recall that
1) a Fe ferrite Fe austenite ratio of 1.0 corresponds to the nominal alloy composition
being identical 1o the ferrite composition. ic.. 1.0 corresponds 1o a fully ferritic
specimen with composition at the tie-line ¢nd point and 2) an alloy that has the same
composition as the austenite tie-line end point will have an Fe ferrite  Fe austenite
ratio cqual to that presented in Fig. 3.9, Therefore. to predict the iron composition
of ferrite. select the desired temperature and sclect the % iron in ferrite line that is
the same as the nominal Fe content ol the alloy. This requires interpolation since
only 30, 60. 70 and 80 “ iron in ferrrite trends are shown., The actual iron content of
the ferrite lics between the Fe ferrite  Fe austenite ratio ol the nominal alloy and
and 1.0.

At high temperatures (>13000C) and (or low alloy stainless steels (>70% Fe) the
iron content of the ferrite is within 2% of the nominal alloy compostion. At lower
temperatures (<i200°C), the range of possible Fe contents in the ferrite is larger. The
temperatures at which the ferrite forms can be predicted by the clfective quench
temperature [3.23]. This temperature corresponds to the temperature where cquilibri-
um can no longer be maintained during solidification and is a function of the cooling
rate. The higher the cooling rate, the higher will be the ¢flective quench temperature

since less time is avatlable for difTusion.

Comparing the cquilibrium ferrite composition at 1300°C with the measured
ferrite composition in the 39wt.% arc-cast buttons showed a good correlation. e, the
1300-C temperature appears to be close to the clfective quench temperature For the
arc-cast condition, Welds, which cool at higher rates. will have even higher effectinve
quench temperatures and the ratio of the iron content of the ferrite 1o the iron
content ol the austenite that forms under these conditions will be cven closer to

unity.
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Figure 3.9  Thermodynamic calculations of the ratio between the e content
of ferritc and the Fe content ol austenite as a function of
temperature and iron content ol the ferrite.

For stainless steels containing 60% Feo or greater and having cffective quench
temperatures of 1300°C or greater, the Fe content of the ferrite can accurately be
cstimated from the nominal alloy composition. Figurc 3.9 shows that the range of
possible iron contents in the ferrite is small at high temperatures. Yor example, lerrite
that forms from a typical 70wt% Fc alloy at 1300°C has possible Fe contents that
range from 68.8% (0.983 x 70%) to 70.0%. Therefore, by knowing the nominal alloy
composition and the ¢ffcetive quench temperature (which can be taken to he 1300~C
for castings and welds) the amount of iron in the Ferrite can be predicted from Fig.
3.9. This information can then be used to calculate the saturation magnetization of
the ferrite using the relationship between », and atomic " iron in the ferrite which

will be discussed in the following section.



3.3 Verification and Application of the VSM Method

3.5.1 Ferrite Content of the Arc Cast Alloys

To verify the accuracy of the vibrating sample magnetometer mcthod. the VSM
was compared with the Magne-Gage (MG) and quantitative television microscopy
(QTM). Each technique was used to mecasure the ferrite content on a serics of
high-purity cast allovs and the results were compared. The compaosition of the cast
allovs is shown in Table 2.2 and the microstructure of the allovs is shown in Fig. 3.10.
Alloy 1 has no ferrite and the remaining allovs increase in [errite content from Alloy
P 0 1o Alloy 7 (132.1%). Results of this comparison are presented below and show
that the VSM is as accurate as the other ferrite determination methods. The saturation
magnetization of ferrite can also be used to convert the Territe number, measured by
the Magne-Gage. directly into percent ferrite Tor a wide range of stainless steel

compositions.

Quantitative Metallography

The cast allovs were metallographically prepared tfor QTM analvsis according to
relference 3,19 using a KOH ciectrolytic ctch. The ferrite which is present in the
microstructure is the dark ctching phase and because of the relatively coarse
microstructure of the castings. the QTM measurements were casily perlformed. Six
micrographs were analvzed from cach allov and the results are presented in Table 3.4,
The number of micrographs analyvzed., n, and the standard deviation, s, of the
readings arc indicated and the ferrite contents measured by this method are shown to

vary from 0 to 37.2 My,

Table 3.4 : QTM ferrite measurements

Cast n S Ferrite
Alloy (")

1 0 - o]

2 6 0.74 535

3 2.7 11.0

4 6 1.9 14.2

5 6 21 228

6] 6 2.0 24

7 6 RN vz
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Figure 3.10 Figures a through f show
through 7 respectively.
Alloy 7 (358%).
austenite to primary ferrite between alloys 3h) and 4(c

the microstructures of the arc-cast
The ferrite content increases from Alloy 2 (5%) to
The primary mode of solidification changes from primary

atloys 2

respectively.
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Vibrating Sample Magnetometer

The VSN measurements were made on three samples from cach cast allov. Fach
specimen weighed approximately 50 mg and the room temperature magnetic propertics
were measured to determine the saturation magnetization. The NM-H curves for the
seven alloys are summarized in Fig.3.1l. As the Cr Ni ratio of the alloy s increased
from alloy 1 to alloy 7, the spontancous ferrite magnetization varies from 0 to 30
emu g. The M-H behavior indicates that all of the alloys saturate at an applied
magnetic ficld of about 4 kOc. The initial M-11 behasior of a fully ferritic specimen,
Foowhich has a saturation magnetization of 101 emu 8. is also shown on this figure

for comparison.

39 /Fernte

29

{emu/Qq)

M

S et B L B B O B B B
2 3 4 5 6 7 8 g9 18
H (kQe)

Figure 311 M-H curves at room temperature for the seven arc-cast :\Hn\.: are
. compared with M-H behavior of a fully ferritic melt-spun ribbon
¢ ks
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Table 3.5 summarizes the saturation magnetization results and reports the average
of the three measurements for cach allov. The specific saturation magnetization of
ferrite in the castings was estimated from its composition so that the Mg data could be
converted into percent ferrite. To do this, the composition of the ferrite was
mecasured in cach alloy by clectron microprobe analysis. These results are shown in
Table 2.5 and indicate that the ferrite composition is similar for cach ol the alloys.
T'he asverage ferrite composition is 35.5% Cr. 9.12% N1 and 35.4% Fe. Therefore, the
Cr Nt ratio of the ferrite is significantly higher than the nominal alloy composition
fut the Fe content of the ferrite is only slightly lower than the nominal alloy

composition, Using the measured lerrite composition. the saturation magnetization

was determined to be 93.6 cmu.'g (9,125 Gauss) as determined by equation 3.4.

Tabic 3.3 shows the percent ferrite in cach of the allovs as calculated from the
saturation magnetization of the castings and the above value for «.. The ferrite
contents are shown to range from 0 to 32.1 percent and these values compare

Favarably to the guantitative metallographic measurcments.

Table 3.5 : VSM mecasurements of -~ and ferrite.

Cast Ie] {ecmu g)
Alloy Ferrite
1 2 3 Avg (%)

1 0.01 0.00 0.00 0 0
2 4.77 4.02 413 4.31 4.6
3 9.08 9.01 9.45 9.18 98
4 15.0 14.6 147 14.8 158
3 20.8 210 214 218 232
6 249 24.4 249 247 264
h 302 28.7 3.2 30.0 21




Magne-Gage

Magne-Gage measurements were also made to determine the forrite number, TN
of the cast alloys. The ferrite number is defined by the force of attraction {3 §]
between the magnetic probe and the specimen. Higher ferrite numbers correspond to
higher ferrite contents, however, since the saturation magnetization is a function of
ferrite composition, the ferritc number does not uniguely define the ameuntg of
ferrite in the specimen. Therefore, correlations between FN and rerrite content cun
onlv be made for allovs of similar composition unless the ferrite composition Jan be
taken into account.

The effect of ferritc composition on the FN is oftentimes neulected  However,

the saturation magnetization of ferrite can casily be accounted for when converpine
from FN to % ferritc. To do this, a relationship will be derived o+ predict the

ferrite from the FN at a given ferrite composition. Then, for atlovs that deviate ire m
this composition, the saturation magnctization cffects can be used 1 modily thes

cquation.

Kotecki [3.25] measured the FN and the cxtended ferrite number. LEN, a2
series of 13 cast alloys of CF8 and CF8M composition. The ferrite content of these
alloys varied from 0.2 to 486" as determined from a point counting technique A
lincar regression analysis on these data shows that the EFN can be related to the

percent ferrite as follows:

Ut =0 /(FFN)+0.01E (3.6

The iron content of cach alloy was reported and has an average value of 66.8" with 1
standard deviation of 2.1%. Therefore, since the composition of these alloys are
similar, the composition of the residual ferrite in cach allov can be assumed to be the
samc. From Fig. 39, the iron content of the ferrite in the CF8M allovs will be 98
percent of the iran content in the alloy based on an effective quench temperature of
1300«C  Using this ratio, the saturation magnetization ol the lerrite in these abloys
was caleulated using cquation 3.3 to be 12,200 Gauss based on a Cr+Ni content of 100

e
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In order 1o convert I'rom EFN to " ferrite for alloys that have a different
nominal composition, the EFN must be multiplicd by the ratio o -, in the CF8 alloyvs

to © in the alloy being measured:

12,2000 .

Wi OLAFFNY 0.0 (3.7)
\

. U

where © can be determined from equation 350 For ferrite contents less than about
300 rallovs 1-5), the FN can be directly measured with a Magne-Gage and substituted
for the EFN with no loss in accuracy. Howcver, Alloys 6 and 7 contain more than

30% ferrite and the Magne-Gage was calibrated 1o directly measurc the EFN.

The Fe content of the ferrite in the arc-cast buttons is lower than the iron
cantent in the CF§ allovs. Thercefore, the saturation magnetization of ferrite in the
arc-cast buttons is lower than that in CF8 alloys and was shown to be 9125 Gauss.
Using this valuc ol -, the Territe number was converted to % Tlerrite using cquation
37 and the results are shown in Table 3.6. These results show that the ferrite content

measured by this method compares lavorably to the other two techniques.

[able 3.6 : Magne-Gage measurements and cateulated ferrite contents.

Cast WD Recading Ferrite
Atfoy 1 2 3 Avg, FN (%)
! 109 110 110 110 0 0
2 90 90 89 90 4.9 4.3
3 "6 76 73 75 8.3 8.0
3 R 49 51 51 144 13.5
5 14 13 12 13 236 MR
6" 63 67 69 66.3 297 274
ot 26 28 24 26 9.6 36.5

T PPN measurements
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Comparison of the Three Methods

A summary of the results of the three measurement methods is platted in Fig, 312
as % ferrite 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 corrclation
between the average ferrite trend and each of the three measurement techniques. The
deviation between the measurcments is small at low ferrite contents but increases
with increasing ferrite content. Each technique measures ferrite contents that lie
above and below the average trend and it appears as thcugh the three measurement
techniques are showing the same trend. Therefore, the differen. s in ferrite contents
between the techniques are most likely the result of the small population size uscd to

calculate the startistics.

50) —
}_
59% Fe Alloy
40+~
6 V&M
) o QTM
- o MG
2 30K
ul L
-
a 20
o
E "
10—
L
0 [ 1 4 Ly L 1 - [ IS N TN SN S | 1 [
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 24 26

Cr/Ni (Wt %)

Figure 3.12 Comparison of the ferrite measurements made on the arc-cast
alloys by the vibrating sample magnetomcter, Magne-Gage and
Quantitative Metatlographic techniques.
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3,5.2 Extending the VSM Method to Commercial SST Alloys

Commercial stainless steel alloys contain alloving 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 ferrite. The most common additional clements 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. Theretore, the iron content of
the ferrite is still the most impostant {actor in determining ..

Equation 3.5 ¢can be rewritten to predict o. in terms of atomic Y Fe in the ferrite:

L 30 aL% Fe) - 71.0 lemu/ g (3 )
or,
. - 2o ath Fe) - 6,910 |Causs (3.8h)

Assuming that the alloving clements segregate to the ferrite and the austenite in cqual
amounts during solidification, then the atomic % Fe¢ in the ferrite can be predicted

from the atomic % Fe in the alloy using the methods in section 3.4,

Finally, the weight [raction ferrite can be calculated using equation 3.1. Only a
small percentage correction is required to convert from weight fraction ferrite to
volume [raction ferrite because the density of ferrite (7.77 g ¢m3) is close to the

density of austenite (7.96 g cm3), .
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3.6 Conclusions

[

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 magnctomcter. This t~¢ wnique is not limited by
sample size and ¢an be used to mecasurce the ferrite content of rapidly

solidificd stainlcss steel alloys.

The saturation magnetization of fully ferritic specimens was experimentally
determined on a scries of rapidly-solidified Fe-Ni-Cr alloyvs which had
compositions similar to that of residual ferrite in stainless steel alloys. The
results of these measurements can be used to predict the saturation

magnetization of residual ferrite from its composition.

Mecthods were presented to show how the composition of ferrite can be
predicted from the nominal alloy composition using thermodynamic
calculations. In particular, a range of possible iron contents in the ferrite
can be estimas {rom the nominal alloy composition and the concept of the
effective queach temperature. By knowing the iron content of the ferrite.
Its saturation magnectization can be used to calibrate the VSM to measure the

feirite content of a wide range of stainless steel allovs.

The results of the saturation magncetization stucy <an also be uvsed as a basis
to calibrate the Magne-Gage for non-standard stainless steel allovs. By
considering the saturation magnetization of residual [lerrite. the ferrite
number can be converted directly into % ferrite for a wide range of

nominal alloy compositions.



CHAPTER 4

The Cooling Rate Of Electron Beam Surface Melts

Variations in ¢ooling rate were produced by controlling the travel speed of
clectron-beam surface melts. Each melt was made at a constant power level c¢f 2 kW
and the travel speed ranged from 6.3 to 5000 mm,s. The cooling rate could not be
dircctly measured on the melts because they were too small to instrument with
thermocouples or to monitor with optical tempcrature measurement  devices.
Therefore. the cooling rate was cstimated, rather than measurced, using the following
techniques: 1) the dendrite arm spacing mecthod., 2) an cxpression 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 ar the melt interface. The heat flow calculations confirm the
dendrite arm spacing estimations of the cooling ratc and show that the alloys

solidified at rates between 7°C/s and 8 x 106oC;s.

The cooling rate is an casy concept to define in single phasc materials as it is
simply the change in temperature, o7, with respect to a chawg~ in time, .x, at a given
point. However, during the solidification of an alloy the physical mecaning of the
term cooling rate is not as casily defincd. The presence of at least two phascs at the
liquid-solid interface having different physical propertics, the fact that the interlace
is moving and releasing a latent heat of fusion, and the possibilitics of a non-planar
solidification (ront all contribute to the complexity of the temperature-tine

rclationship for a ixed point in space being overtaken by a liquid-solid interface.

In this chapter. two tyvpes of cooling rates will be discussed and will be assumed to
be cquivalent measurcs of the solidification rate. The first method predicts the
cnoling rate by dendrite arm spacing mecasurcments. This method represents an
‘average' cooling rate 'rom the inception to completion of solidification. Here, v, is
the change in temperature between the dendrite tip where soliditfication initiates and
the dendrite "base® where the last liquid solidifiecs. The change in time required to
produce this change in temperature is the time nesessary for the LS interface to

move the distance corrcsponding 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 ‘instantancous’ cooling rate at a given point. This method can
be app'ied to the L/S interface to calculate the cooling rate at the solidification
temperature but neglects the details of the interface by assuming plance-front rather
than dendritic behavior. Here, the temperature gradient, . and the interface
vclocity, 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 LS interface variecs from zero to a maximum value of S on the melt interface.
Variations in the temperature gradient arce also present around the surface of the
melt, thercfore. neither the interface velocity nor the temperature gradicnt can be
uniquceiy specified by the welding paramcters. Conscquently, the cooling rate, « . and
the dendrite arm spacing, + , vary throughoui the cross section of the weld. This
chapter discusses methods that cnablc 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 penctration, the
width of the fusion zonc and the cooling ratc in the melt. These factors arc of
essential importance to welding and surface modification applications and a study
was performed to determine the influcnce of electron beam paramecters on the melt
pool shape. The results of this separate study arc presented in Appendix G and were
uscd to select the clectron becam melting parameters used throughout this study. In
addition, by using dimensionless quantatics to represent the weld pool shape, the
results of this study can be used to predict the width, depth and length of the

resolidificd 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, thce dcndrites optimize their spacing to optimize both constitutional
supercooling and interfacial surface encrgy ceflcects. The free energy associated with

constitutional supcrcooling is minimized by a small DAS whilc that of the surface
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cnergy interface is minimized by a large DAS. Therefore, the actual spacing is a
balance between these factors and cach factor is inllucnced by the cooling rate.
Sccondly. 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 cnergy [4.2] and only the highest order arms arce
affected. For example, sccondary arms, but not primary arms, will coarsen when
sccondary arms arc present, while primary arms (or cclls) will coarscn when no

sccondary arms arc present.

Relationships between DAS and cooling rate (1) have been developed and show
that a lincar relationship exists between log DAS and log « [4.1. 4.2). These rclations

have the following form

A=a(e) ™" (1.0
where a and n are matcrial-dependent constants and # represents the dendrite arm
spacing. The cooling-ratc cxponent, n, is known to be close to 0.5 for primary
dendrite arms and varics between 0.25 and 0.33 for sccondary dendrite arms [4.1]

The lower value for secondary arms is a result of coarsening. Iff secondary arms are

not present, the primary DAS may have an n value closc to 0.3,

Microstructural examination of the clectron-beam melts made in this inyvestigation
showed that the DAS was not uniform within the melt. Cross-sectional views of the
dcep penctrating. slow speed melts (1.2,3) showed that the spacing was typically small
at the fusion linc and increased towards the center line. Along the center line. there
was a slight decrease in spacing at the top of the melt. Cross-sectional views ol the
shallow penetrating, higher speed melts (4,5,6) showed that the DAS was small at the
fusion linc and incrcascd to a larger spacing within a few dendrite spacings of the
boundary. The DAS then remained approximately constant to the top of the melt.
Figurc 4.1 a and b comparc the microstructure at the lusion linc with that at the

center for melt 3. to illustrate the range of dendrite arm spacings obscerved within the

same mclt.

The DAS mcasurements show that the coeling rate is not constant throughout the
melt. The variation in DAS is approximatcly a Tactor of three. which corresponds to

a variation in cooling rate of appro:> matcly ten.
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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 ¢ 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 tine
and the majority of the melt solidifies with a cooling ratc variation of only a factor
of five or less.

The DAS measurements were made in a location which is representatine of the
average behavior ol the melt and where the specimens would later be extracted fon
ferrite content measurements (sce section 2.3.2). The results of the dendrr s arm
spacing mcasurements arc listed in Table 4.1 where v represent the primary dendrite
arm spacing for melts 1, 2 and the arc cast burtton. and ccll spacings for melts 3. 4.3
and 6. The sccondary dendrite arm spacing is represented by« and was able to be
measurcd on the Jow speed melts that solidified in a dendritic mode. These data show
that the primary DAS decreases rom a value of 42 wm lor the ca ng to 043 . for
the highest travel speed. These two microstructures are compared in Fig, 41 ¢ and d.

A plot ol log * versus log S is shown in Fig 4.2 for the six melts, where S refers to
the travel speed. The best-fit linear relationship between » and S has a slope ol -0.49

and indicates the refinement in DAS with increasing travel speed.

Table 4.1 : Cooling rates calculated from primary and sccondary dendrite

arm spncing mcasurements.

~
Travel Ay A
Melt Speed \ S ¢ \ s ¢
(mm’s) pr . (K s) v (K s)
cast - a2 39 -7.0 18.0 33 -3.2
1 6.3 10.5 1.5 -4.7x102 4.7 1.2 -3.9x102
2 25 6.6 1.8 -1.9x103 3.0 0.54 -1.9x 103
3 100 3.2 0.9 17X 104 - - -
4 500 1.1 0.4 -4.4x108 - - -
5 2.000 0.73 0.05 -1.3x106 - - -
6 3.000 0.43 0.07 -7.53x106 - - -
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Katayama ct al. [4.5]) experimentally determined values for the constant, a, and the
cooling rate cxponent, n, for type 310 stainless stcel. They give the lollowing

relationship between dendrite arm spacing and cooling rate :

A, =80() 00 (Vv.1a)

A,=2u(c) " (1.1h)
These values were used to calculate the cooling rate based on cquation 4.1 and should
apply 1o the alloys used in this investigation for two reasons. Firstly, type 310
stainless steel has a high alloy content and contains approximatcly 35 wt percent iron
which is close to the 38 wt percent iron of the alloys used in this study. Sccond!ly, the
cooling rate cxponent of 0.33 for the primary dendrite spacing suggests that the
structure has possibly coarscned during solidification. Coarscning of the primary

structure might also be expected in this study since the higher cooling rate meclis

soliditicd in a cellular manner with no secondary arms.

187
j 59%Fe—Ni-Cr alloys
19" -
€ =
2 .
w —
8
18° J
— \
-1
e 0 1R 11 O A 1 M R RO I B R RN

187 10° 19’ 102 10° 10* 1%
E-B Scan Speed { mm/s)

Figure 4.2 Primary and sccondary dendrite arm spacing as a function ol
cleetron beam scan speed +/- one standard deviation error bars
arse indicated.
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A plot of the cooling rate versus travel speed is shown in Fig 4.3 for the clectron
becam melts and the casting. Since the travel speed could not be controlled for the
casting, an cffective interface velocity of 0.7 mm, s was calculated using a DAS of 42
wee and an extrapollation of Fig 4.2, The primary DAS results predict a coaling rate
variation of over 6 orders in magnitude, from 7°C/s for the casting to 7.5 x 106~C s

for the highest speed melt. The secondary DAS prediction of the cooling rate

confirms these values for the low cooling rate melts.

Cooling Rate (K/s)
5

]
1e ! T TTTIn T T TTTm |IRRRALRALL T T TTTTH TV TTIm T TTTTN .
19 10° 10 107 12° 104 12
E-B Scan Speed (imm/s}

Figurc 4.3 Cooling rate, based on dendritc arm spacing measurcments,
plotted versus the electron beam scan speed.



4.3 Analytic Solution to the Heat Flow Equation

4.2.1 The Temperature Distribution Surrounding a Melt

The theory of heat flow due to a moving point source was Uirst examined and
applicd to welds by Rosenthat in 1946 [4.6]. Since then, other investigators have
analyvzed the moving-source hear-Iow problem. 1n 19635, Christensen ot al. [4.7] solved
the problem using  dimensionless sariables which allowed a large spectrum  of
situations and materials to be compared. In 19830 Eagar and Tsai [4.8) replaced the
point source assumption with a distributed heat source and solved the problem by a
numerical procedure. In this section, Rosenthal's approach will be used to calculate
the temperature distribution in the solid plate since it allows an analyvtic solution to
be dermved tor the cooling rate. Experiments have shown that the isotherms in the
Lase metal which surround the heat source seon become constant in the moyving frame
of reterence  Lhis condition s called gquasi-stationary heat Now and the mathemati-
cal Tormulation used by Rosenthal incorporates this assumption. Scyvcral other

assumptions are required mn order to derive the analviic solution

! IThe material propertics are independent of temperature ana the material is
considered homogencous and isotropic.
The heat source strength is constant and is concentrated at a point.

3 The travel speed is constant and there is no heat loss at the boundarics.

The cquations are formulated with the heat source moving at trasel speed S in the
positive v direction as indicated in Fig. 4.4, The heat {low equation is written for
quasi-stationary conditions in three dimensions with the source at the origin and by

replacing the x coordinate with r= x-vt 10 account for the moving source :

ANy ey Do R A

co - - . '

;

AE A s VA

Ihe nomenclature used in this chapter is summarized in Table 42,
The solution to this differential cqguation assumcs that the base plate s

semi-infinite and that the heat flow is three dimensional. These conditions most

accurately approvimate the high travel speed surface-melts because ol their shallow

depth of penetration.



I'he boundary condition for this assumption becomes 20 v approaches 0 as i
appreaches + - where 1= 10 v and 7 and the heat Tlux approaches 1ts maximum value
at the source (e oo approaches Q as roapproaches 0 ) The solution for the

temperature distribution in the solid then becomes [4.6]

, Q - A
A N Ve eNp! o (r- ) (1.0
Jnhky \oJa
where @ has been reptaced by x in the exponential term and thus the temperature

distribution s assumed 10 be made in the moving rame of reference for an obsernver
sitwated at the onigin, The Torm of equation 4.3 predicts a shewed temperature
distribution which has an infinite temperature at the source origin. The isotherms
are compres od ahead of the heat source and cypanded behind the heat source and
their distribution is related to the material properties as well as the heat source
strength and travel speed. The size ol the liquid melt pool is often estimated by

cobving cquation 43 for the locus of points which represent the melting temperature

FLFCTRON mm
RE AN S50
—x

Figure 44 Coordinate system used to represent the electron beam surface
melts.
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of the alloy. This approach predicts & melt pool which is semi-circular in shape with
the depth being equal to one hall the width. In real melhs, this "ideal” shape is

altered by convectton of the liquid in the melt pool.

Table 4.2 ¢ Nomenclature used in chapter 4

Symbol Description MKS units
T.T,. Ty temperature, ambicrt, liquidus K
T=(T-T0) temperature ri.se K
w1 temperature risc K
cooling rate K s
SO time, time increment H

A dendrite arm spaving o

1.0 DAS constants -

d clectron beam Jdiamerer mm

\ velocity ol the L S interface -

r radial coordinate mm
L2 orthogonal coordinatces mm
LT coordinates on melt isotherm mm

Ny value of x at max, melt width mm

I value of r at max, melt width mm
T=aeat x-coordinate transformation mm

S velocity of the heat sour-e mm s

g unit vector normal to weld pool -

! unit vector in the x direction -

a density kg m3

< heat capacity J kg-K

K thermal conductivity W m-K

A celfective thermal conductivity W om-K

o thermal diffusivity m2/s

Q rate of heat input J s
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4.3.2 Derivation of an Analytic Expression for the Cooling Rate

Fquation 3.3 represents the instantancous temperature distribution in the plate
with the source at the origin. At the next instant in time, the temperature at cach
point in the plate changes because the source has moved an amount v 't. This change
in temperature causes 3 cooling or a heating cflect at cach point in the plate. For a
given material and heat source strength, the conling rate is therefore dependent on
how rapidly the source moves across the surface of the plate. In Appendix AL an
analyvtic expression is derived which represents the cooling rate at any point in the
plate. This cxpression is described in the Tollowing paragraphs and is used to
caleulate the cooling rate at the L S interlace.

The cooling rate at any point in the base metal is defined as the change in
temperature wath respect to time and is dimensionally cquivalent to the product of a
temperature gradient and a wvelocity. For the heat source moving in the positive x
dircction at a constant speed. 8. the cooling rate at a given point becomes ¢

ol

) » o)
! [RAAY

Fheretore, the cooling rate can be calculated as the product of the temperature
gradient in the ¥ direction and the travel speed.

Starting with the equation which represents the temperature Jistribution in the
plate, eq. 4 3. an expression for the cooling rate can be derived which is valid at any

point 10 the base plate

where « s delined as the local temperature rise and v represents the velocity of the
I S interface However, to make corrclations with the daendrite arm  spacing
mecasurements. only the cooling rate at the liquid solid interface is of interest. The
temperature at the anterface is defined by the liguidus temperature of the alloy, Ty,
and at this location, « r and x are replaced by s rp and x,, respectively. The
cxpression For the cooling rate in the solid at the liguid solid intertace is therelore :

hE Jan,
0L IR (1 Lh)



Application of cquation 4.3b to a general wetd requires knowledge about the physicat
properties of the alloy (T, ), the travel speed. and the weld pool shape exg, )

Lquation 430 can be simplified to represent the cooling rate at one specilic
locatron on the weld pool. This location corresponds to the tap back center of the
weld pochore s 2 = 00y = 0, and x = g, Since the radial coordinate v always positive
and v s s negative on the tradding edge ot the weld pooll re = -y, at this
tocation and cquation 4.3 reduces to the following expressian -

Nt

A\

where o has been e, . ced by S since the velocity of the I S amtertace can be as

b vguat v the travel speed at this location. Therefore, the ool rate 1t the

traithing G o0 the weld pool can be catculated from the melting tomperature oF
b the travel speed and the length of the weld pool Equation 6 pepresents i

maximum o iy rate on the liquid solid surface and can be used s a0 casy moh

tocaicutate the upper bound For the cooling rate ina weld

4.2.2 Estimating the Cooling Rate in the Liquid Pool

The o iy rate equations derived in the previous secton are based onoa heat
Sondast onomecdel whach as sty vatid ondy n the solid metalb Convective efiocts
woorh the eveiten melt pool can not fe incorporated imnto a simple analbyvoe hoat flew

‘Tore, the temperature Jistnibution o the bulk of the melt poal can not

Pooea o caloniated However, since the melt pool as assumed to be Qquast-stationary,
*hore o ontinaity ol heat flow across the higuid <obid anterface  Therefore, the
remperature eradient in the hiquid, at the hguid sohid interface, s related to the

remperatare eradient in the sohid By therr respective thermal conductivaties

where the subseripis 1oand s refer to liquid and sobid respecty ey and « reffers to the

rfective thermal conductivity of the iiquid.
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Fauation 4.7 s only valid at the liquid solid antertace and close to this intertace. a
solute boundary laver develops which is onhy a few dendrite arm spacings an length
This boundaiy laver can be approvimated by the ratio of the thermal diftusiviny o
the liquid to the travel speed [4.9) and Tabte 4 3 indicates that the boundary laver v a
small pereentage ol size of the weld pool. Since the solidification characteristios are
determined by this boundary laser. and since this boundary laver s close o the
biquid <olid interface. cquation 4.7 can be used to predict the temperature gradient i
the Liquid ot the purpose of ostimating the sohidification refated behavior that accurs
on 1 microscopic seale at the dendrite tip. However, cquation 37 can not be used 1o
represent the cooling rate far from the interface because of the Yiud Clow withn the

weld

Fable 43 Py and - lor the siv clectron beam melis,

Travel ~Fiuid
Mt Speed Veloeity i P, o 4 ,
tmm s tmm s) tmm A
I top 6.3 1,500 20 1.320 1,390 s
root 6.3 375 [UN] 80 1,360 13
2 wep 23 T30 073 250 400 2o
Lot 23 388 025 17 100 Lo
3 100 450 06 tol 100 1o
3 500 150 02 12 20 [N
5 2.000 23 0.03 028 3 [U
[ 5.000 6 0008 0024 N (U

Po=1lu o a=22(mm?s)

=D VD= 1x10-3 mm? )



The c¢ffective thermal conductivity of the higuid depends on the ratie o the
abitity of the fluid to transfer heat by conveciion to that by conductien This rat - s

defined by the dimensionless thermal Peclet number, Py

where v is the fluid sclocity. L s the distance from the sohd interface. and s the
thermal diffusivits. For small Peclet numbers, cnnduction wall ke more important
than convection and for these conditions, s | = kg and is appprovimately cqual to ko 2
{410} For large Peclet numbers, convection will be more important than conducth n
and »p will increase with P Mecasurements of -+ For high Pceolet numbers are
difficult to make and are not arvailable. Estimations of + | for higurd stoels woul
suggest however that « ¢ is 3 to 5 times higher than kp {4.10] The c-umated Peolist
number. Hauid diffusion boundary laver thickness and cffective thermal o oonductie e
o the liquid are shown in Table 4.3 Tor the six travel specds ucd in vy

Investigation.

Fstimations ot the fluid velocity were made by assuming Maraneon: driven fhow
to be a2 maximum in melt No.l with a magnitude of about 1.5 m s [410] This value
was assumed to decrease in proportion to L as the travel speed increased and Py was
calculated [rom the cstimated fluid velocity. Py was then uscd to estimate the

effective thermal conductivity in the liquid.

Combining cquations 4.5 and 4.7 gives an cxpresston for the cooling rate in the

liquid at the melt isotherm :

For the highest coeling rate portion of the liquid. at the top back center of the melh

pool x = X v = 0. and z = 0, cquation 4.9 simplifics to the foilowing :

= i CFotay

The physical properties for tvpical austenitic stanless steels are histed in Tabkle
4.4 and indicate that the ratio of thermal conductivitics between the sobhid and the

liquid is a Tlactor of 2. The average length of the melts (x,) was measured (sce
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section 222 ) and is histed in Table 4.4 With the above values. and assuming the
ambient temperature to be 23°C. the maximum cooling rate n the mclts was
caleulated using equation 410, The results ef these calculations are summarized in
iable 4.5 and predict cooling rates between 6.6x102 and 2.6x107 < s, A comparnison

of these data with the DAS predictions is presented 1n scction 4.4,

Table 4.4 : Physical propertics l'or stainless steel

Material Value !
Property
ke 18 (W m-k)
O 500 (J kg-k)
o 7.900 (kg m3)
a 4.6 x 10-6 (m2:s)
kL ~ 1 2k,
L ~<s
» o,
a 172 a,
T 1440°C

Table 4.5 Maximum cooling rate in the liquid at the L'S interface.

Melt S ' max,
(mm s) (K s)

| 6.3 -6.6x 107
2 25 -3 %103
3 100 -2.8x104
4 500 -7.0x105
3 2.000 -7 K108
6 5.000 -2ex 107




4.4 Finite Element Model

A three-dimensional. Tinite clement meihod (P EAD model was descloped 1o
caleulate the temperature distribution in the sobhid surrounding the molten sone  This
dita was then used to caleualte the coohng rate in the melt at the ligud sohd
intertace, The FEM model utitizes the three-dimensional shape of the melt pool as a
Dirichict boundary conditon 1o solve the heat cquanien. Therefore, 1t can onlv be
applied to specitic melts. once the melt pool shapes as been deternmuned by post-meit
metatlographic analysis. Results from this model were used to contirm the conhing
rates which were predicted by dendrite arm spacing mcasurcments on seyveral specite
muolts. The FEM program also guve information about the temperature gradient at the

higuid solid anterface as well as showing the distribution of coohing rates and

temperature gradients around the surface of the I Santerlace.

4.4.1 Assumptions and Boundary Conditions

The model is Formulated Dby assuming quasi-stationary welding conditions which
imply that the weld pool shape does not vary with time. The base mctal plate s
assumed large compared to the weld., whach s a realistic assumption for the high
travel speed welds. This assumption allows the preoblem to be selved by treating the
plate cdges to be insulated and at a constant (ambicnt) temperature. Radiation heat
loss from the tep surface of the plate is assumed to be small and the material
propertics. Table 4.4, arc assumed to be independent of temperature. The problem
theretfore becomes one of he't conduction. where the heat from the source is
distributed into the solid base met.. plate through the ircegularly shaped hiquid solid
interfacial surface of the weld poul. The program uses an cllipsoidal weld pool shape
assumption which 1s reasonable for shallow penctrating welds but cun rot be used to

represent deep penctrating welds because of their kevhoie appearance.

The FEM program rcquires a three-dimensional mesh to represent the base metal
plate and the weld pool. Symmetsy allows the caleulations to be made on one-hall of
the plate which simpiifics the caleulations. Figure 4.5a shows the dimensions of the

Pase plate. the location of the weld pool and the courdinate system which wis used



for the calculatrens, Preure 33P0 ~hows g tvpicai mesh (311

points in the plate. 67 of which are on the bgued sohid boundary ang

contains 0840 teuahedral ciements
The TEM code was developed at MIT (312 and the Jdata which s npus 0 the

program consists of the three-dimensional mesh, the weld tavel specdt anag the

material propertics. The FEM program solves an ‘inverse” heat thoa pooSem 1o

caleulate the temperature Jdistribution which is reguired to maintam the wobd pocd
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a1 Dimensions of the base plate and B finite celement mevh of an

Figure 45
clectron beam melt used o culeulate coohing rates and temypera-

ture gradients at the melt pool toundary,
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boundary  at its liquidus temperature From  this  temperature dastribution, the
program calculates the temperature gradient in the solid. - . noa drection which s
normal to the hiquid solid interface for cach nodal point on the weld boundary. The
product of this temperature gradient and the sclocity ol the weld boundary gives the

cooling rate at the boundary in the solid :

A A S R RN [ R
where the unit vector - is normal to the hiquid solid interface and the unit vector s
in the positive x direction The cooling rate 1n the liquid can be caleulated by the

ratio of the thermal conductivitics as discussed in the prececding section
Coeel T e o

The cutput from the program consists of the temperature gradient and the vooling
rate at cach of the nodal points on the weld isotherm. The tvpical mesh contained

between 30 and 40 points on the solidifving portion 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 clectron
bcam melts cxamined in this study. However, the non-uniform ¢ross sectional shapes
of the low specd melts and the highly ciongated shapes of the high speed melts did
not allow the six clectron becam melts to be casily modeled. Therefore. two
additional melts were made on 304 stainless steel to determine the distribution and
magnitudc of the cooling rates and temperature gradicuts for typical clectron beam
melts. Table 4.6 lists the clectron bcam paramecters that were sclected to produce
cllipsoidal shaped melt-pools that could be moadcled. The dimensions of the weld
pools. as determined by metallographic analysis arc alse veported wn this Table. These
data and the physical property data from Tablc 4.3 were innut 1o the FIM program to
calculate the temperature gradient in the solid. T, the cosine between the normal o
the melt pool and the travel speed direction. N, and the cooling rate in the liquid. .
at cach boundary nodal point on the solidifving hall of the melt pool. [he results
of the calculations are listed in Tables Bl and B.2 in Appendix B lar the couling rate

and temperature gradicnt at the liquid solid interface.
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Table 46 Welding paramcters, physical dimensions and mesh properties

for the two welds o be studicd by B M analvsa

Paramcicr Nelr A NMeht B
speed (mm s) o BRI
current tmaA) 30 30
valtage thV) 100 U
length (mm 1.29 152
depth cmmy 1.19 0.38
width (mm) 2.39 i~

Cooling Rates

Figure 4.600 and 472 show ‘topographical” projections of the cooling rate in the
hiquid at the liguid sohid interface on to the x = 0 cross-section of e¢ach mch. The
cooling rate in the tiquid was calculated trom the cooling rate in the solid using
cquation 411 while the data outside the melt pool was ignored. Constant cooling rate
contours are plotted through the data and it is clear that the cooling rate increases
I'rom 0 on the melt periphery to a maximum at the top center of the melt. The
cantours represent the generat cllipsoidal shape of the mcelt and onc can sce that there
are no sudden changes in the cooling ratc throughout the cross section. An
orthograpkic representation ol the cooling rate in three dimensions is also shown in
Appendin B and is an cffective means of illustrating the distribution ol cooling rates
araund the melt pool interface. The influcnce of travel speed on the cooling rate can
be determined by comparing the melts made at 6.3 mm s and 234 mm s This
fourfold increase in the travel speed produces a tenfold increase i the cooling rate
and reduces the size of the molten zone by a lactor of about two.

To show that the cooling rate approaches sero on the melt periphery, the focution
ol the melt periphery must be mathematically determined and then inserted intn

cyuation 4.8 Figurc 4.3 illustrates the locatton where the pool achicves its masimum



width, x, on the melt pool surface. This point s located at o distance behind the
center of the heat scurce. The melt pool periphery as defined Py curve which maps v,

as a fuaction of 2 and an expression for o, s derived an Appendiy v and shows

(i o
. o e

A R AR {

In order 1o determine v, equation 314 must be salved for ry by oa toal and cerror
method and then this value can be wsed to calculate vy from cquation 413 By
substituting the calculated values of v, into cquation 4.8, it can be shown that the
coonling rate approaches zero on the melt periphery.

There s ample metatlographic evidence to show that slow cooling rates vecur in
the region close to the melt periphery. Tigure 4.0a shows the microstructure ol i
typical melt and at the melt boundary. a planar growth region of only a few dendrite
arm spacings wide exists; cells or dendrites form throughout the remainder ot the
melt. Planary growth is the result of low anterface velocities which stabilize the

liquid sabid intertace and consequently are associated with low cooling rates,

Temperature Gradients

Temperature gradient calculations are also histed in Tables Bl oand B i the
Appendiv B Figures .60 and 4.7 show the “topographical® plots of the temperatuie
gradient calvulations for the 6.4 mm s and 233 mm s mcls respectinedy. These data
represent the cooling rate in the solid at the 1 S interface and are projected un to the
v=0 cross section of the melt. These results show that 1, docy not sary as much a- the
cooling rate around the surface ol the melt and alse show that the temperature
eradient s not influenced as much as the cooling rate wuth chavees i the el
specd. For example. 1, varies by no more than 30 rom os moovomum vatbue
throughout the cross section of cach mielt and the four-fold increase o travel spead
only produces a three-fold incrcase in I, Orthographic representatoens ot 1o e

shown in Appendiy Boo e is clear From these Pigares that at the lower travel wpoad, 1
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is nearly insarant accoss the 1S intertface swhide at the igher trasel speed, the
locations of maximum meit depth. fength and width become lecations ot local

maximums in g

T'he relatively constant nature of the temperature gradient was cavpected since the
melt isotherm dellines an isothermal boundary and the temperature gradients which
deselop in the substrate at the 1S interface depend prmmandhy on the geometrical
shape of the melt. Locations of small radius of curvature allow 1o more divergence
of heat flow and arce assocrated with bigher temperature gradients but since the shape
ol the 6.4 mm s and 233 mm s melts arc cilipseids with T -D-W, thic tactor is not as
pronounced a< it might be in deep penctiating electron beam welds that hase a
keyvhole shape in cross section, Divergence of hoat at the points of small sadius of
curvature does explain why the highest values of Fgare found close to the mavimum
melt depth, width and length locations. At these points, the sadius of curvature ix
smaller than at the other points on the suiface of the melt pool The variation in
temperature gradient was shown to be more extreme for the higher speed melt which
can be explained by the smaller shape of the higher <pecd melt, leading 10 smaller

radii of curvature.

oo by Bale tbo
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e

Figure 4.6 FEM calouinoons of aj the cooling rate and Iy cecr vr s L
temperatiie sradient in the 64 mm s clectron boam ne it Spat il
coordinates are inanches
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4.5 Comparison of the Models and Summanry

The major purpose of the heat flow modehing was 1o provide cvidende to suppert
the usc of dendrite arm spacing measurements to ¢stimate the cooling rate of the the
clectron beam melts. Comparisons of the diffcrent techmigu. s showed that they
agreed with cach other to better than a factor of five throughout the cross section ol
the melt. This corrrelatton was considered 1o be good considering the empirseal
nature ol the DAS estimations ard the various appronimations that were made in the
heat flow models.

Figurc 48 indicates 3 nodal points along the center line of the 254 mm « mcelt on
304 stainless steel were the coaling rate calculation techniques were applicd to
directly compare the three methods. The result listed in Table 4.7 show that the TEM
madel and DDAS estimations of the cooling rate agree reasonably well wath each other
throughout the melt. however. the FEM program appcars to give higher cooling rates

in general.

lale 47 Comparison of the FEM and DAS cstimations of the cooling

rate in the liquid at the five points indicated in Fig. 4.7,

¢ (k)
Point 7 T,

rmm) (K mm) FEM DAS Analytic
1 0 24x103 -6.1x104 S2AXI04 -1.0x104
2 -1.2 2.1x103 -4 1x104 -1.2x 104 -
3 =33 1.9x103 -3.2x104 S2.5x 104 -
4 -1.3 2.ixto3 S24x104 -3.8¢104 -
5 -5.8 2.4x103 0 0 0

This disparity is most likely a2 result of the melt poosl being modeled by an
“ellipsoidal” shape which typically overestimates the solidification front seloaity, and
cnnsequently nverestimates the cooling rate at the top central portion of the melt pool
The analytic expression presented in cquation 4.9 was at,o applicd to this melt. Since
this approach predicts the maximum coaling raic in the mcelt. it should provide an

upper bound for the other estimations. Table 47 shows that the analvtic expression
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predicts w o coobmme rate that s about tarce s hieh as the dendete e spaonyes
estimations and again, the FEM maodet gives high values of the coohing tate at the top
center of the melt for the reasons stated above.

The cooling rate versus trasvel speed relationship for the <ix clectran beam melts s
shown an Fig 49 In this plot, the revuits of the anahvtic eavprosvion are compared
with the results from  the dendrite arm  spacing measurements  The analvtic
expression alwase predicts a higher coolotng rate than the DAS mceasurements by
atout a factor of 25 and in general. there is good agreement between the two

techniques.

< A

Analytic

DAS

FEM ' Nodes’

Figurc 4.8 Schematic cross section of a resohiditicd zonc inmdioating the
locatinns where the analviic expression, FEM model and dendrne
arm spacing mcasurements apph.
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4.6 Conclusions

(%)

Dendrite arm spacing c<timations ol the coohing rate show that the are
cast butten solidified at 7+C s and that the six clectron-boam melts

solidificd at rates which svaried bLetween 278102 ~C s and 7 3vi07 s

These measurements arc supported by the cooling rate calculations

An analstic evpression, eq 4.5k, was derived to represent the cooling rate
in the obid at any location on the surface of the weld This gxpression
can te simphiticd to represent the maximum Jnaling rate in the weld eq.
260 and requires only the length of the weld, the wasel speed and the
melting temperature of the alloy to be known. Similar expressions arse
derised veg 49 and ¢g 4101 1o estimate the conling rate in the higuad at
the I Santerface,

The DAS measurements and the FEM calculations show that there 45 a
variation n cooling rate within a given weld, The majorits of the
vanation ococurs close to the melt periphery and the remainder of the

weld cools witnin a factor of about five.

Hcat flow calculations shawed that the high cst cooling rate occurs at the
top center of the weld pool while the lowest cooling rat~ cocurs at the
mcelt periphers. On the melt periphery, the cooling rate is zero but rapdiy
increases within a few dendrite arm spacings of the boundary. Merallo-

graphic obseryvztions of the microstructure confirm these caloulations

The FEM calculations showed that the temperature gradient svaried onls
about 307 around the surface of the melt These calculations alse showed
that the temperature gradient increases by a facter of 2 1o 3 for a

fourtold increase in travel speed.
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CHAPTER 5

The Influence Of Cooling Rate On The Primary Mode
Of Solidification And Microstructural Morphology

Naurtgoo o mit e g w0 hidibication to take place while the liguid is in contact
Wt o sohnd sglorrare T crimars phase which solidifies is therefore limited to 2
chaooothat o amge dlie e oontoan the base metal since epitaxial growth, rather than
sudbe st on o new phe s ococurs under these conditions [3.1.3.2)  Faceptions to
cputasodr mnowrh Jdunine rescirdification have been obsersed in alloyvs with high

class-roroung tendencies that have been solidified at high rates [5.2.5.3]. but this docs

not appear to be the case in the Fe-Ni-Cr ternary svstem.

The first section of this chapter investigates the influence of cooling rate and
composition on thc primary solidification mode (PSM) through microstructural
observations of the c¢lectron beam melts. In duplex stainless steels, since both
austenite 2ad ferrite are present in the microstructure, cither phase can grow
epitaxially from the substrate. Therefore, the primary solidification mode is not
governced by nucleation but instead. by the growth kinciics ol the two phases. At the
m it periphery, the two phases initially compete. however, on¢ phase duminaics to
become the primary solid phase and its growth kinctics depend on the nominzl allos

camposition and the cooling rate.

The second section of this chapter investigates the microstructural morphologies
that develop from cach PSM. The morphology of the residual Ferrite is largels a result
ol the ferrite to austenite solid-state transformation. However. the PSM cestalblishes
the microstructure prior to the transtormation and plays an cqually tmportant role in
developing the resulting microstructure. The principal factors responsible for the
ferrite to austenite transformation are 1) the availability of sites for nucleation and
growth of austenite which are determined by the selidification conditions. Z) the
thermodynamic stability of the ferrite which is determined by its composition and 3)
the time-temperatuse relationship for the ferrite to austenite phasc transformation
which is determined by the coaling rate ol the melt. This chapter investigates cach of

these factors. qualitatively, through the microstructural examination of the F-B mclis.
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5.1 The Primary Mode of Solidification

Cbservations of the solidification behavior aof stainless stecls indicate that
austenite forms as the primary phasc at low Cr Ni ratios and feorrite orms as the
primary phase at high Cr Ni ratios. At low cooling rates (<103°C <), the transition in
solidification bchavior occurs at a Cr'Nt ratio of approximately 1.5 |3 4.5.5], and the
morphology of the primary phasc is typically dendritic with well defined sccondary
arms. However, at high cooling rates (>1042C.s), the transition in the primiary
solidification mode occurs at higher Cr/Ni raties. Ajiorvs with Cr Nioratios
approaching 2.0 have been obscrved to suiidify entircly as auste:ite i 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 I'roem primary ferrite
1o primary austenite with incrcasing cooling ratc in welds [5.6-39] 2. well The
inverse behavior, in which the solidification mode changes from primary austenite 1t
low cooling rates to primary ferrite at high cooling rates has not been observed e
welds but has been observed in rapidly solidified powders which achicve latec

thermal undercootings [5.10).

In this study. the scven Fe-Ni-Cr ternary allovs were surface melted and
resolidificd at cooling rates between 7 and 7.5x10%C s. The micrastructures of these
allovs were studicd using optical and clectron-optical techniques with specitic
attention being given to th: growth of phases from the melt periphery and o
compctitive growth within the surface melt. These metc'lographic observations were
uscd to dervelop a cooling rate versus composition map showing the ditferent regruns
of solidification bchavior and this diagram can be uscd to predict the PSM for a wide

rangc of conling ratcs 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 examipation of
mctallographic specimens. The polishing and ctching techniques arc presented in

Chapter 2 and this section describes the microstructural features whicl arc associated
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with the primary modes of solidification: (A) single phase austenite. (AF) primary
austenite with second phase ferrite. (E) cutectic ferrite and cutectic austenite, (FA)

primary ferrite with sccond phase austenite and (F) single phasc ferrite.

Single phasc austenite and single phase lcrrite solidification modes arc casiiy
characterized and distinguished (rom cach other. Single phase austenite sotiditication
is shown in Fig. 5.1 a and b. This modc is dendritic at low cooling 1ates and ccllular
at high cooling rates. At both low and high cooling rates, compositional sariations
caused by microsegregation at the cell boundaries outlines the usually six-sided
austenite cells by ctching darker than the interior of the cells. Figure 5.1b shows that
the austenite cell boundarics typically ctch as darkly as the grain boundarics and the
overall appearance of the microstructure is a regular array of cells appecaring as a
mesh. Perpendicular to the axis of the cells. the boundaries appcar as hexagonal
shapes. When viewed at an angle to their axes. the hexagonal shapes become

clongated and. in the limit, the cells appear as long parallel laths.

Single phase ferrite solidification is casilv detected at high cooling rates when no
solid state transformation to austenite has occurred. This microstructure is showun in
Fig. 5.2a and illustrates that the ferrite grain boundarics outline the microstructure.
The solidification substructure is difficult to ctch and, in general, is ccllular at high
cooling rates and \agucf_\' cellutar-dendritic at low cooling rates. The cellular-dendrit-
¢ microstructure s interrupted by what appears to be sub-grain boundarics
throughout the grains. The origin ol these non-regufar shaped boundaries has not
been investigated. At intermediate and low cooling rates, the ferrite undergocs a
partial solid state transformation to austenite and is casily characterized by the
prescnce of Widmanstatten austenite which nucleates and grows from the grain
boundarics. Figures 5.2 b, ¢, and d show the microstructures formed by (ully ferritic

schidification. followed by differing amounts of solid state transformation

The primary austenite with sccond phase ferrite (AF) and primary ferritc with
sccond phasc austenite (FA) modes are casily characterized when the allov solidifics
with a large volume fraction of the primaryv phase. However, distinguishing bctween
thesc modes can be difficult when the amount of the second phase is high. The
difficulty ariscs because the primary ferrite dendrites can partially transform to

austenite as the weld cools, leaving a vermicular microstructure. This microstructure



is casily confused with the sccind-phasc ferrite that forms during primary austenite
solidification and both microstructures have a similar appearance to the cutectic
microstructure. These modes of solidification can ofien be discriminated by carcful
metallographic cxamination to dctermine if the ferriic is present at the cell walls or
at the cell cores. Otherwise, the microchemical gradients across the ferrite dendrites
must be dctermined by clectron microprobe analysis or by scanning transmission

clectrorn microscopy [5.11].

A primary austenite solidified alloy with a small amount of sccond phase ferrite
is shown in Fig. 5.lc at low cooling ratcs and 5.1d at high cooling rates. The
microstructure is very much like that of single phase austenite except that ferrite
particles ar¢ present at the cell boundary triple points and ccll walls. Some solid state
transformation has occurred, lcaving isolated spheres of ferrite at the cell or dendrite

walls.

Figure 5.3 shows the microstructure of alloys that have solidificd with a large
fraction of ferrite and only a small fraction of sccond phasc austenite. The ferrite
has gone through a significant amount of solid state transformation from growth of
austenite at the dendrite walls. These microstructures will be discussed later and are

casily characterized as being formed from the FA solidification mode.

Figure ,.4a and 54b compare AF and FA solidification modes when large
amounts of the sccond phasc are present. [t is obvious that the ferrite is restricted to
the cell walls in the AF mode, Fig. 5.4a, but it is more difficult to characterize the
ferrite at the cell cores in the FA mode. The cell walls are more difficult to locate in
the FA modc, Fig. 54b, which is often a sign of primary ferrite solidification because
the ferrite preferentially ctches and the cell walls, which are located in the austenite,
do not etch. A conscquence of the less prominent cell walls is that the FA
microstructure has a morc random appecarance than the AF solidification modc,

particularly at low magnifications.

Alloys that solidify with a volume fraction of the sccond phasc ¢ »se to 50% can
cxhibit AF, FA and E modes of solidification. Under these conditions, it is possiblc
for the primary mode to change within a given melt. An ¢xample 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 modc on the right hand side of the micrograph. The
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transition takes place approximately at the center of the micrograph. where Ferrite at
the cell wall becomes ferrite at the cell cores. Similar transitions can be made to and
from cutectic solidification and oftentimes it is difficult, if not impossible. to

distinguish between these microstructures,

Figurc 5.5b shows the appecarance of the cutectic microstructure formed in Alloy
4 which is a result of simultaneous growth of ferrite and austenite from the liquid.
This microstructure forms most rcadily in alloys with compositions ncar the line of
two-fold saturation but may also bc present in small amounts in primary phase
austenite or ferrite solidified alloys. The relative amounts of ferrite and austenite
that form during cutcctic solidification will later be shown to be about 40% and 60%
respectively. This condition should lcad to a lamellir microstructure, however, a
lamellar-type microstructure is not frequently otserved. There are two possible
rcasons [or this behavior. A first possibility is that the lamellar microstructurce forms
during solidification but duc to the solic state transformation of ferrite, the final
microstructure has been significantly alter.d. A sccond possibility is that solidifica-
tion lcads to a divorced cutectic or a rod-type cutectic microstructure. . divorced
cutectic scems rcasonable. particularly at moderately high cooling rates where the
secondary dendritic arm spacing is small and prevents the formation of lamellar
cutectic. This microstructure would be similar to the intercellular ferrite and
interccHular austenite morphologies that solidify with a high volume fraction of the

second phase.

The results of the microstructural cxamination of the alloys used in this
investigation showed that the PSM can be determined through optical metallographic
cxamination. For the most part, the PSM is casily characterized for alloy
compositions that solidify with a large volume fraction of the primary phase.
However, alloyvs that have compositions close to the line of two-fotd saturation can be
difficvit to characterize and may be combinations of intercellutar ferrite, intercellu-

lar austenite or the cutectic modes of solidification.
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Figure 5.1 Primary austenite solidification mode microstructures. a) Single phase
austenite dendrites, b) single phase austenite cells, ¢) interdendritic ferrite
and d) intercellular ferrite.



Figure 5.

WO

PO

Single phase ferrite solidification microstructures. a) Single phase ferrite
with no solid-state transformation, b) initial growth of Widmanstatten
austenite platelets, c¢) grain boundary allotriomorpns and Widmanstatten
platelets and d) the planar surface of the Vvidmanstatten 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, ¢) lacy ferrite and d) blocky
austenite.
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4, 6.3 mm/s. b) Fine spacing of ferrite platelets formed during the solid
state transformation of ferrite. Alloy 5, 100 mm/s.
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5.1.1.2 Mapping the PSM as a Function of Cooling Rate and Composition

The scven alloys, containing 39% Fe and sarving Cr Ni ratos ¢ Lable 2000 were
cast and surface melted at six different travel speeds (lakle 31y These fortv-nane
specimens were analyzed by optical micrescopy to deternine the pracany moeae ol
solidification. Some of the surface melts showed mare  than seomade of
solidification because of inherent variations in the cooling rate within a poven melt

For these cases, the predominant mode was denoted by the one which was re pounable

for more than 30% of the microstructure.

Table 3.1 summarizes the general behavior of the seven allevs Adlovs 1 T and 3
solidify in primary austenitic modes For all cooling rates while Allovs 3, 6 and
solidilly in primary ferritc modes faor all cooling rates. Alloy 4 changes its mode of
solidilication from predominantly primary ferrite at low cooling rates to cntirely

primary austenite at high cooling rates.

Figurc 3.6 plots four PSM rcgions as a function ol cooling ratec and composition.
Since the cutectic mode was difficult to characterize and can be present with the FA
and AF modcs of solidification. it was not given a uniquc distinction on this diagram.
F'he scan speed is plotted on the ordinate and the composition is plotted on the
abscissa but both axes required minor corrcctions prior to plotting. Firstlv, cach of
the alloys contained approximately 39% Fc but varied « 0.3% from the initial aim
composition. Therelore, to plot the alloys on a common composition planc in the
Fe-Ni-Cr system, a small adjustment was made to the Fe content to bring them to the
59% Fe isoplcth whilc at the same time maintaining their measured Cr Nioratio.
Secondly, the scan speeds were controlled for all the clectron-beam surface melts but
not lor the casting. Therefore. an cquivalent scan speed of 0.7 mm s was estimated
for the castings based on the primary dendrite arm spacing ol the castings. The
cooling rates for cach sohidification condition, as estimated by dendrite arm spacings.

arc presented as an alternate ordinate seale.
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Figure 5.6 Scan spced (cooling rate) rversus composition map of the four

modes of solidification. Multiple data points refer to different
modces observed within the same melt; the upper-most and
lower-most symbols correspond to the highest and lowest cooling
rate portions of the respective melts. The solid squares and
circles represent the Foand FA modes, the open sguares and
circles represent the A and AV modes and the triangles represent
the cutectic.
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Table 5.1: Summary of the primary modces of sohidification 'or the seven

allovs at low, intermediate and high cooling rates

Alloy Cooling Rate

fow intermediate high
I A A A
2 AF AF A
3 AF FA AF E A
4 FA AF AF E FA A
3 FA F F F
6 FA F F 3
- F I I

The potats plotted on Fig. 5.6 arc coded such that open squares and open circles
correspond to single phase austenite (A) and austenitic-ferritic (AF) solidification
respectively while solid squares and solid circles correspond to single phase ferrite (F)
and ferritic-auste vitic (FA) solidification respectively. The cutectic (E) is represented
by a solid trinngie. For the surface melts that showed more than onc mode ol
sobidification. two or more symbols are stached on top of cach other. The symbol on
the tap ol the stack represents the mode which lforms in the higher cooling rate
portions ol the melt, ic.. close to the mclt periphery, while the symbol nn the bottom
represcnts the mode which forms at the lower cooling rate portions ol the melt, ic.
towards the center of the resolidificd zonc.

I'he different regions of solidification behavior arc indicated in Fig. 5.6 and the
results show the cffect that cocling rate has on the microstructure. There arc two
imporiant puints to be noted on this diagram. irstly, at low scan speeds (<100 mm §)
Four modes of solidifiication arc present while at high scan speeds (500 mm s) only
two modes of solidificatior arc present. single phase austenite and single phasc
ferrite. Sccondly. Alloy 4 changes its mode of solidification from primary ferrite to
primary austenite as the scan speed is incrcased and it appears to do so in a gradual

wiay. As the scan speed is incrcascd. Alloy 4 changes rom the FA mode to mived
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FA AF E modces with the amount of cutectic and primary fernite sobiditicd areas
decreasing as the scan speed is incrcased. With urther increases in speed. Alloy 4
solidifics in the single-phase austenitic mode.

Alloy 3 also shows signs of ambivalent sotidification behavior an the fow cooling
rate portions of the low trasel speed mclts. In Alloy 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
resolidilicd zone. It is not clear as to which side of the line of two-l'old saturation
A'loy 3 belongs burt it is obvious that it is very near the line of two-fold saturation.
Since a majority of the microstructure solidifics in the AF mode. Alloy 3 was denoted
4s a primary austenite solidifyving alloy.

The change in primary solidification mode and the climination of the FA and AF
modes at high scan speeds can be explained by the influcnce that scan speed (cooling
rate) has on solidilication scgregation. In order to describe how the PSM develops
and is influenced by the scan speed. it is necessary to [irst examine how the
solidification mode originates from the melt periphery and how this structurce grows

into the melt

5.1.2 Epitaxial Growth and Plane Front Solidification

'

.1.2.1 Epitaxial Growth from the Meclt Interface

Surface meiting and resolidification on a metal substrate with an clectron-beam
moving at a constant clocity establishes a liquid-sotid interface which can be
assumed to be quasi-stationary in the moving frame of reference. The shape of the
liquid-sotid 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.
Figurc 3.7 illustrates a simplificd temperature distribution along the centerline of a
surface mclt. As the heat source approaches, the metal ahead of the 1. S interface is
being heated to its melting and the metal behind the LS interface is being cooled.
After incipient melting at the weld centerline. the liquid-solid region ¢xpands to its
maximum width and then contracts back towards the centerline as the heat source
passes and at the widest point of the liquid advancement, defined as the mclht

periphery. the heat flow is balanced. In front ol this point the metal is being heated
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and behind this point the metal is teing cooled At this point, the allov is at its
Iiquidus temperature and there is no driving force for solidilication.

In three dimensions, the shape of the melt periphery is a twa dimensional surface
which can casity be ideatified in a mctallographic cross sectian. Figure 38 illustrates
the three principal views of the L S region to illustrate how the grains develop from
the melt periphery. A planc-front solidification zone extends for a short distance
from the base mectal grains. This zone quickly becomes unstable and breaks down
into cells within a short distance from the interface. The instability of the planar
front develops inte perturbations that tead to celluiar solidification as the interface
advances. At high cooling rates, the cellular zone can cextend through the entire melt,

however, at fower cooling rates which are typical of castings and are welds,
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Figurc 5.7 Schematic representation ol the temperature distitbution sur-
rounding a meclt-pool. Scction B shows that the temperaturce
gradient in the travel speed dircction is zero at the point of
maximum meclt width.



the cells are reptaced by dendrites. During the final stages of solidification, the
dendrites are replaced by an equiaxed zone at the top center of the melt if the

solidification conditions (G and R) permit.

The melt periphery is an important fcature because from it graw all of the
crystals that are present in the resolidified region. It is along this melt periphery that
the primary solidification mode first develops and one of two possibilitics for the
inception of the PSM exist: 1) epitaxial graowth from the substrate or 2) nucleation of
phases not initially present in the substrate. Examination of the forty-two surface
melts produced in this investigation showed that epitaxial growth appears to be
present in all cases but failed to show the presence of an amorphous phase or

nucication of metastable phases, even at surface scan speeds as high as 5 m s.

Figure 5.8 Schematic representation of the three principal views of the melt
pool. Locations of the various microstructural features are
illustrated on the cross sectional view and the origin of the
different solidification growth marphologics arc indicated on the
top and longitudinal views.



124

In general, nucleation of new phases at the melt periphery is the exception rather
than the rule. It rcquires a combination of both high solidification velocitics. to
achicve sufficient undercooling, and a composition which is susceptible to mctastable
phase formation [5.1-5.3]. Epitaxial grewth from the substrate occurs in the majority
of surface meclting processes [3.1]. In the Fe-Ni-Cr ternary system only two sohids
crystallize from the melt. ferrite and austenite. To the auvthor's knowledge. the
conditions necessary to produce an amorphous phase in this alloy system have not
been cxperimentally achicved during surface melting. Studies of atomized droplcts of
a commercial stainless steel alloy [5.10] also failed to show the presence of an
amorphous phase in highly undcrcooled droplets. Nucleation of mctastable 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 austenitic and Ailovs 2 through 7 increased in ferrite content from
approximately 3 to 33 volume pereent respectively. Therefore. in all but one alloy,
both phases were present in the substrate to allow for cpitaxizl growth. The
planc-front solidification zonec which surrounds cach 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
few c¢ell spacings before it becomes unstable and breaks down into cellular
solidification. If crystals grow epitaxially from the melt periphery, then austenite
will grow {rom austenite and ferrite will grow from flerrite. This appeared to be the
behavior under all melt conditions, however, some cases were difficult to distinguish

because ol the solid state transformation of ferrite which made the growth of ferrite

into the resolidified region difficult to characterize.

4.1.2.2 Epitaxial Growth at Low Cooling Rates

At low cooling rates the effects of epitaxial growth arc casily observed. Figure 5.9
compares the bchavior ncar the root of weld 2 (25 mms) for Alloys 1, 4 and 7.
Single phase austenite in the melt zone is shown growing from an austenite basc-metal

grain in Fig. 59a.
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Epitaxial growth at the fusion line of melt 2 (25.4 mm/s) in a) Alloy 1, 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 cpitaxial and a planc-front solidification zonc c¢xtends for about 2
microns prior to breaking down into cellular solidification with microscgregation to
the ceil boundarics. Figure 3.9b illustrates the typical behavior of an alloy which
solidifics in an FA mode with a significant amount of sccond phasc austenite.
Examination of the interface region shows that the melt periphery cextends farther
into the austenite than the ferrite. This behavior was observed in all melts and can

be explained Ly the higher melting point ol the ferrite.

Table 5.2 compares the liquidus temperatures and solidus temperatures for ferrite
and austenite. The average composition of ferrite (344 Cr, 9.2 Ni, 56.1 Fe) and
austenite (24.5 Cr, 17.0 Ni, 58.9 Fe) was taken from microprobe measurements of the
ar¢c cast button, sec Table 2.5 and these compositions were used to cstimate the
liquidus and solidus temperatures of ferrite and austenite {5.12). The results show
that Fg<Ag<Ap<Fp where A and F refers to austenite and ferrite and the subscripts S

and L refer to the solidus and liquidus temperatures respectively.

Table 5.2: Liquidus and solidus temperatures for ferrite and austenite

Phase Liquidus Solidus
(oC) (°C)
Ferrite 1485 1398
Austenite 1418 1402

Figurc 5.10 illustrates the behavior of a two-phase substrate at the melt periphery
when subjected to a linecar temperature gradient. G. The ferrite from the substrate
protrudes into the melt for a distance greater than or cqual to (Fp-Ap)’G. In the
actual substrate. the ferrite and austenite phases have composition gradients caused
by noncquitibrium solidification leaving less solute in the dendrite core. Taking this
into account, and using the above relatise values for the liquidus and solidus
temperatures indicates that the ferrite should protrude into the melt and that the
austenite ferrite interfaces should melt back farther than the cores. This is exactly

what is observed in the surface melts.
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Returning to Fig. 5.9b, the epitaxial growth from austenite is apparcnat with its
associated planc front zone. However, the plane front solidification zone cxtending
from the ferrite does not show clearly in the micrographs. It is belicved that growth
from the ferrite is cpitaxial with an associated plane front but that this region has
been obscured by the subsequent solid state transformation of ferrite to austenite.
Evidence for transformation is present in many of the ferrite particles which have a
continuous ferrit¢ network extending into the melt. Other evidence is present from
the faceted surface of the ferritesaustenite interface which suggests that a significant
amount of transformation has occurred. Figure 5.9b also shows large ferrite particle
extending into the melt and has a network of ferrite fingers extending further into
the melt. These (ingers eventually lead to a primary ferrite solidified microstructure
that has undergone a signilicant amount of solid state transformation.

At higher Cr Ni ratios, the perecentage of ferrite in the substrate and the

percentage ol Territe which solidilies from the melt, increases. Dhis larger volume
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Figure 510 Protrusion of the higher melting point ferrite into the molten
zone of a two-phase substrate when subjected to a  lincar
temperature gradient at temperatures close to the melting point,
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fraction of more stable ferrite makes cpitaxial growth from the ferrite casier to
observe. Figure 5.9¢ shows the interface region from Alloy 7 where the substrate
contains approximately 30 percent ferrite. Epitaxial growth {rom both phases is
apparent. The austenite plane front breaks down into a ccllular mode which lecads
into single phase ferrite solidification. The ferrite phasc 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 zonc is reduced. This makes
resolution of the microstructural features at the interface more difficult. A carcful
analvsis ol the interface region would require transmission clectiron microscopy,
however, sample preparation on such small melts with the additional requirement of
analvzing the interface rcgion is difficult and precluded such analysis from this
investigation. Instead. optical metallographic obscervations were used and were found
10 be sufficient to support the cpitaxial growth thcory. However, these obscrvations

were not able to definitively prove epitaxial growth at high cooling rates.

Figurc 5.11 comparcs the behavior of Alloys I, 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 phasc ferritic mode (Alloys 5-7). Figurc 5.11a shows the growth of
singlc-phase austenite cells in the melt from single phase austenite cells in the
substrate. Obsecrvation of the interface region shows a plane front zone cxtending
from the austenite grains in thc substrate. The planc front zone quickly rcverts to

cetlular solidilication with microsegregation to the ccll boundaries.

Figurc 5.11b iliustrates the behavior ol single phasc austenitc growing from the
two-phasc substrate in Alloy 4. A thin planc front surrounds the melt periphery and
breaks down into a highly refined cellular network within the remelted zone. The cell
axcs are ncarly perpendicular to the substrate and the microstructure of the remclted
zong¢ is similar to that which occurs in the fully austenitic Alloy 1. The ferrite in the
substratc melts back close to the periphery and extending rom the ferrite is a dark
ctching phase. This phasc is also lerrite and typically finds its way to the cell walls
in the reselidificd zonc. Close to the melt periphery are blocks of ferrite which only

appcar in Allov 4 at the high cooling rates and look to be a continuation of the
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ferrite dendrites from the substratc. The origin of these blocks is thought to be
caused by incomplete mixing close to the mclt periphery. Because the mixing s
incomplete, regions of high Cr Ni ratios extend from the ferrite dendrites in the
substratc into the melt zone. These regions then have enough chemical driving force
to change the PSM from single phase austenite to single phasc ferrite. The ferritic
solidification quickly vanishes because of convective mixing in the bulk of the melt

zonc.

Figure 3.11c illustrates the high cooling rate behavior ol Alloys 3, 6 and 7. The
resolidificd region is single phase ferrite and the solidification substructurce is
apparcnt. Single phase ferrite grows cpitaxially from ferrite in the substrate and
carcful cxamination of the austenite blocks in the substrate show that they have
mclted back and that austenitc appcars to have grown cpitaxially from them. The
plance front austenite zone is smail and it directly changes to single phase ferritic
solidification close to the melt periphery. The resulting microstructure is fully

ferritic with no selid state transformation to austenite.

In suminary, analysis of the melt periphery shows that cpitaxial growth occurs
from the substrate at low and at high cooling rates. Sincc the substrate is a two phasc
material, both ferrite and austenitec grow from the interface. Onc of the two phascs
cventually 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 devclops from the two phase cpitaxial growth at the melt periphery.

5.2 Cellular/Dendritic Solidification and Competitive Growth

The priacipal factor in dctermining the PSM is the composition. High Cr/Ni ratio
alloys solidify as primary ferritc while low Cr’Ni ratio alloys solidifv as primary
austenite. However, for compositions which arc c¢lose to the line of two fold
saturation, the PSM was shown to change with increasing cooling rate. The rcason for
this bchavior is rclatcd to thc growth Kinctics which allow cpitaxial mctastable

austenite to grow throughout the resolidificd melt at high cooling rates.
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§.2.1 Primary Austenite Solidified Ailoys

Allovs I, 2 and 3 solidif'y in a primary austenitic mode (A or AF) at low and at
high cooling rates. Tablc 3.3 shows that the basc mctal substratc from Alloy 1
contains no ferrite and the base mectal substrate from Allovs 2 and 3 contains lese
than 6 pereent ferrite. This Icads to a plane front austenite zone which surrounds the
entire melt zone in Alloy | and the vast majority (>99%) of the melt in Allovs 2 and
3. Therefore, cpitaxial growth of austenite dominates the microstructure at the melt
periphery and where ferrite is present in U.¢ substrate at the periphery, it rapidiy

forms second phase ferrite at the cell boundarics.

Table 5.3: The {errite content in the 1| mm deep clectron-beam surface

trcated zonc and in the base metal substrate.

Alloy
Condition 1 2 3 4 5 6 7
base 0 1.6 5.9 9.6 224 | 26.7 | 36.3
Ferrite metal
(%) surface 0 0.7 34 12.0 | 23.4 | 494 | 869
trecated

In the casc of single phase austenite (Alloy 1) and AF solidilication (Allovs 2 and
3). chromium secgregates to the cell boundaries. However, because of the low initial
CriNi ratios of these Allovs, the amount of chromium which scgregates to the
boundarics is not sufficient to change the modc of solidification lrom primary
austenite to primary ferrite. Therefore. cven at low cooling rates, where scgregation
of ferritc stabilizing chromium to the cell boundaries is high. the mode of

solidification is primary austenite throughout the entire resolidilied zonec.



5.2.2 Primary Ferrite Solidified Alloys

Alloys 3. 6 and 7 solidify in a primary ferritec mode (F or FA) at low and at high
cooling rates. The Cr Ni ratios of these alloyvs is much higher than that off Alloys 1
and 2 which lcads to two signilicant differences. Firstlyv, Table 5.3 shows that the
ferrite content of the substrate is much higher and this reduces the amount of
epitaxial austenite that forms at the melt periphery. Sccondly. the liquid metul s
enriched in chromium to the point where a large pereentage (>80%) of the
microstructure solidifies as ferrite. Epitaxial growth of ferrite and austenite is
cvident in Alloys 5. 6 and 7 and becomes increasingly casier to observe as the amount

of ferrite in the substrate increases.

Fig. 5.12a shows that the planc tront austenite zonc in Alloy 3 breaks down into
primary austenite solidified cells within a few microns of the interface at slow scan
speeds. The primary austenite c¢cllular region extends for only an additional few
microns belore it transforms into primary lerrite (F or FA) solidified cells, however,
the solidilication mode is difficult to determine because of the substantial amount of
solid state transformation. The ferrite cells then grow into columnar dendrites and
finally cquiaxcd dendrites. At higher spceds. the plane front austenite and cellular
austenite rcgions arc compressed into a region ol about 1 micron or less. The

remainder ol the weld solidifics in an FA or F cellular mode.

The Cr Ni ratio of Alloys 6 and 7 is high cnough so that both alloys solidif'y in
the single phasc ferritic mode. Furthermore, because of the high Cr 'Ni ratio of the
alloys, less of the ferrite transforms as the alloy cools. Figure 3.12b shows the
development of the microstructure from the melt periphery in Atloy 7. The epitaxial
growth of austenite breaks down into cells and then single phase Ferrite within a lew
microns of the interface. The epitaxial growth ol ferrite leads directhy into the single
phasc ferrite solidified structure which continues to grow throughout the remainder
of the resolidilicd region. Austenite appears to be present as occasional grain
boundary allotriomorphs. but no interccllular austenite appears to solidify Irom the

melt.
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Figure 5.12 Epitaxial growth of austenite from the base metal subsirate guickly modu-
lates to the AF, FA and F modes of solidificatien in the high Cr/Ni ratio
alloys. a) shows Alloy § in which the ferrite undergoes substantial trans-
formation and b) shows Alloy 7 where the transformation is prevented by
the high Cr/Ni ratio of the alioy.



5.2.3 Alloys That Change Their Mode of Solidification With Cooling Rate

Allovs 1. 2 and 3 solidify as primary austenite while Alleys 306 and 7 solidi'y as
primary ferrite For ai: the cooling rate conditions. This behavior indicates that the
linc of two-fold saturation lies somewhere between Alloys 3 and 3 and as indicated in
Fig. 5.6. Alloy 4 changes its mode of solidification. At low rates. Alloy 4 soindifics as
primary ferrite (FA) and at high rates it solidilies as primary austenite (Af or Ay
Analysis of the microstructure shows that Alloy 4 lies on the primary Perrite side of
the line of two lold saturation, and that primary austenite Forms at high cooling rates
in this alloy duc to the favorable growth kinctics of the awustenite from the melt
periphery.

Figurc 5.13a shows that the resolidified sone ol Allov 4 consists mosthy of
primary ferrite dendrites at low scan specds although the magoriny of the melt
pertphery 1s austenite. This behavior is caused by a change i sohidification modes
from the epitaxially grown austenite to primary ferrite. AL cells grow from the
cpitaxial austenite and transtform to FA cells within a 'ew macrons of the mcht
periphery w0 6.3 mm.s. These FA c¢clls then grow into columnar and linally equiaxed
ferrite dendrites which coarsen in spacing towards the center of the cross section.
Figurc 3.13b indicates that the epitaxial growth of austenite leads to a much larger ¢

~) zone of AF cells at 25 mm.s. These AF cells transform anto the cutectic or
intercellular ferrite phase which continues throughout the remainder ol the
resolidified zone. At 100 mm s and faster the entire resoliditfied zone is composed ol
AF cclls or cutectic as indicated in Fig 5.13¢ and the amount of intercellular ferrite
decreases wath increasing travel speed.

Therefore, as the speed is increased two transitions occur an o Alloy 4 The
dendritic mode is replaced by cells or the cutectic phase and the amount of primary
austenite and cutectic sohdilied arcas increase at the expense of the primary ferrite
solidificed regions, This traasition is gradual and is related to the reduced amount of
time asailable for segregation as the couling rate 18 increased. Although these alloys
solidify as a large volume [raction (errite. only a small amount of ferrite (<1000 s
present in the substrate because ol the solid state transformation of ferrite. Since the
substrate provides epitanial growth sites at the melt perphery, the majority of the

periphery (>90%) initiates growth as primary austenite AU low speeds. there is
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cnough time for solidification scgregation to alter the cpitaxially grown austenite to a
primary ferritc mode. This fact is evidenced by the formation of ferrite dendrites
which imply a farge amount of scgregation. However, at high speceds. there is less
time for scgregation. as cvidenced by the lack of dendrites and the presence of
austenite cclls. Under these conditions, the cpitaxial grown primary austenite zone
does not change its solidification mode to the thermodynamically preferred primary

ferrite phase.

5.3 Microstructural Features of Resolidified Stainless Steel Alloys

This section describes the origin of the complex microstructures which develop in
solidilicd stainless steel allovs, These microstructures Form as a result of five
different  solidification modes and arc further modilicd by the solid state

transformation of lerrite.

The mode of sotiditfication has a large influcnce on the ferritc morphology by
providing nuclecation sites for austenite. Optical mctaliographic ¢xamination ol the
rcsolidificd  zones showed that cleven distinct morphologies c¢xist and these
morphologics can be thought of as subgroups of the primary modes of solidification.
The microstructures which develop during the solidification of stainless stecls have
been investigated [5.11.5.12-5.18], howcver. the terminology uscd to describe the
microstructurces sarics somcwhat between authors. Table 54 summarizes the names
given to the ferrite and austenite morphologices in this study and comparcs the

terminology used by several other investigators.

5.3.1 Characterizing the Ferrite and Austenite Morphologics

5.3.1.1 Ferrite Morphologies in A and AF Solidified Alloys

Second phasc ferrite Forms in primary austenite solidified allovs and is present at
the ccll or dendrite walls  Fhe amount of ferrite which forms dunine AR
solidification is small and i< surrounded by austenite  Therefare, during the ferrite
to austenite phasc transition, the amount of scoond phase Territe 1 reduoed even

further as it transforms to austen:te



Tabie 5.4 : Comparison of the terminology used to describe the different microstruc-

tural morphologies in stainless steet allovs,

Mode Refercnee
This Study Katayvama David Lippold Brooks Suutala
ct al. ct al. cral. ct al.
A dendritic A fully A fully A - austenite fully A

cellular A

inter- - - - - nter-
AF dendritic F dendritic F
inter- inter- inter- inter- - -
celtuiar F cetlular F  cellular F | cellular F
E cutectic cutectic F - - cutectic -
inter- - - - - -

cellutar A

FA vermicular F {vermicular | vermicular | vermicular | skelctal F | vermicular
F F F F
lacy F lacy F lacy F acicular A - lath F
blocky A - - - - -
Widman- Widman- | acicular F | Widman- Widman- lath A
statten A statten A statten A statten A
F massive A - - - - -

acicular A acicular A - - -

dendritic F fully F fully F - _ i
cellular F

Because of the high austenite ferrite interfacial arcas and  mall ~olumes of fernite
that form during AF solidificarion, nuclcation of austemite !rom wathin the fernite

does not occur in these allavs.

The microstructures that form from the A or AF modes are easily characterized
In the single phase austenite sohdification maode, there 15 no ferrite present Under

these conditions, primary austenite dendrites Form at low cooling rates, bigo 5 ta, and
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primary austenite cclls, Fig. 3.1b. form at high cooling rates. Microsegregation of
chromium to the cell walls results in the observed ctching differences but is not

sulficicntiy high cnough in concentration to form second phase ferrite.

In the AF solidilication mode. scgregation of chromium to the ccll and dendrite
walls s sufficient to form sccond phase ferrite. Interdendritic ferrite, Fig. Sle,
forms at low cooling rates when the primary phasc is austenite dendrites. Intercelular
ferrite. Fig, 3.1d. forms at high cooling rates when the primary phuase is austenite

cells,

5.3.1.2 The Eutectic Microstructure

The cutecctic microstructure Torms from the simultancous solidilfication ol
austenite and lerrite. Tts microstructure was discussed in scction 3.1.1.2 and is shown
in Fig 5.8b. Since this microstructure is similar in appcarance and tends to form with
intercellular ferrite and intercellular austenite, its presence s often difficult to
dctect. In this studyv. the term cutectic will be given to those microstructurces which
are dilfficult to judge and might in fact be interccllular ferrite or intercelluiar

austenite with a high volume fraction sccond phase.

5.3.1.3 Ferrite Morphologies Which Develop From FA Solidified Alloys

The ferrite morphologics which develop from the FA solidification mode are
more complex than those which develop from the A or AF modes. The complexity
arises from the substantial amount of solid statc ferrite transformation that occurs as
the melt cools. The (errite which forms during schidification of dJduplex stainicess
<teels s thermodynamically  stable at elevated  temperatures. hawever, as  the
trmperature is lowered, the compositional range over which ferrite 15 stabte decreases.
sustenite becomes the more stable phase at lower temperatures and the decrease in
temperature provides a driving force for the solid state transtformation of ferrite

This translormation can begin by the growth of ¢xisting primary or sccond phase

austenite, IT po austenite is present in the microstructure. as would be the case o
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single phasc ferrite solidification. then austenite can nucleate and grow from the
ferrite. The preferred heterogencous nuclecation sites for austenite arc arcas of low

Cr/Ni ratios such as grain boundarics or ccll walls.

In order to describe the microstructurcs which develop. a distinction must be
made between the austenite and ferrite which form during solidification and that
which forms during the solid state transformation of ferrite. The terminology used to

describe the various microstructural features is summarized in Table 5.5

Table 5.5 : Description of the ferrite and austenite phascs.

Syvmbol Description
Fr Residual ferrite in the microstructure at room temperature.
Fp Primary ferrite which solidifics from the F or FA modecs.
Fg Second phase (cutectic) ferrite which solidifics from the AF mode.
Ap Primary austenite which solidifics from the A or AF modcs.
AR Sccond phasc (cutectic) austenite which solidifies from the FA mode.
AT Austenite which forms during the solid state transformation of ferrite

by diffusion controlled growth of austenite from F’A boundarics.

AN Austenite which nucleates within primaryv ferrite dendrites.

Aw Austenite which forms during the solid ctate transformation ol ferrite

by a massive phase transformation within a ferrite matrix,

Aw Widmanstatten austenite "platelets” which nucleate and grow from the

grain boundarics in single phase ferrite solidified alloys.

Aa Acicular austenite "needles” which nucleate intragranutarly in the heat

(fected 7one of single phase ferrite solidified allovs

I Fe.Ag [ atectse Uorrite, cutectic austenite.
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There are four basic morphologics which develop from the FA mode of
solidification. fIntcrcellular austenite, vermicular ferrite, lacy ferrite and blocky
austenite. The vermicular and lacy ferritc morphologies have been rccognized by
other authors while the intercellular ferrite and blocky austenite morphologics have

not been given unique distinction in the past.

Figurc 5.3a shows the appea-ance of intercellular austenite which can occur under
two conditions. At modecrately high cooling rates the microstructure consists of
primary fecrrite cells growing approximately paralie! to the heat flow direction. The
solidification mode is FA and cach cell is surrounded by sccond phase austenite. This
microstructure has an appcarance of a scmircgular array of ferritc cores with
austznite at the cell walls. During the solid state transformation of ferrite, the
ferritec which is located at the cell cores partially transforms to austenite. The final
microstructure is an array of ferrite cores which have angular cdges because of the
snlid state transformation. The orientation relationship between ferrite and austenite
is known to be of a Kurdjumov-Sachs type {5.19] and Icads to the angular cdges at the
transformation interface. The resulting microstructure shows ferrite cores surrounded
by a laver of transformed austenite. AT, and an outer laver of sccond phase austenite,
Ag. A sccond sct of conditions that produce this type of microstructurc arc thosc
where cquiaxed ferrite cells form in the center of melts which were cooled at low
rates. Here the ccellular mode is produced by nucleation of ferrite cells in the

cquiaxed zonc but the microstructures arc quite similar,

Figurc 5.3b shows the typical appcarance of vermicular ferrite. This morphology
forms at low cooling rates and is the result of columnar dendritic ferrite
soliditication follewed by a substantial amount of solid state transformation. The
ferrite dendrites have well defined secondary arms with sccond phase austenite
present at the secondary ant primary dendrite arm walls, During the solid state
transtormation, the sccond phase austenite, Ag. grows into the ferrite dendrites
leaving transformed austenit.. AT, behind. The transformatan s seldom comp’ e,

and leaves the residual fervo s dendrite core in the microstructure

Figure 5.3¢ shows the lu.s ferrite morphology which was ob crved only in Alloy
5. This microstructure forms from primary ferrite dendrites which occur at low

cooling rates and higher Cr Ni ratios than vermicular ferrite  These alloys solidify



with a very high volume fraction ferritc and somc of the morphological featurcs are
the same as dendritic ferrite. The seccond phasc austenite, Ag. is present between the
sccondary arms and provides hcterogencous nuclcation sites for the ferrite
transformation. This austenite grows into the sccondary ferrite arms and into the
dendrite core lcaving a roughened outline of the original {errite dendrite. Howener.
because of the large volume fraction ferrite, the transformation does not appear to be
completed by the growth of sccondary austenite into the ferrite dendrite alone.
Austenite may possibly nucleate within the dendrite core which would help to explain
its microstructural appearance shown in Fig. 5.14. Intradendritic austenite, Ax.
appears to nucleate at many sites within the dendrite and its growth is controlled by
the diffusion of ferrite stabilizing clements ahead of austenite lerrite interface.
When adjacent austenite regions approach cach other, the transformation stops and
leaves a wall of ferrite between the two advancing fronts. The microstructural
appearance of lacy ferrite in its three principal directions is shown in Fig.5.14. The
top of the cubec shows dendrites with their axes normal to the planc of the
mctallographic cross section wkile 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
cxistence of intradendritically nucleated austenite, additional cxperimental work

would have to be performed.

Figure 5.3d shows the microstructural features of blocky austenite. Austcnite
blocks outline the columnar dendrite boundaries and wcere only observed in Alloy 6
at low cooling rates. This alloy solidified with a volume fraction ferritc which is
close to 100% and the origin of the austenite blocks is most likely to be that of
hcterogencousty nuclecated grain boundary allotriomorphs. Since the ferrite has a
higher Cr/Ni ratio, it is more stable than the ferrite of the previous two cases. This
stability prevents intradendritic nucleation of austenitc 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 volumec fraction ferrite
with blocks of austenite, AT, oricnted along the columnar grains This austenite
grows as the ferritc transforms, however, because of the higher stability of the

ferrite, less transformation occurs.
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Figure S.14 Microstructural features of lacy ferrite along its three principal directions.
The primary dendrite core and the secondary dendrite arms can ciearly be
distinguished.



Occasionally, austenite blocks are located between the dendrites. indicating that
possibly some sccond phasec austenite may have been present at the secondary dendrite

arm locations to provide a location for heterogencous nucleation ol austenite.

§.3.1.4 Single Phase Ferrite Solidified Alloys

Fig.5.2a shows thc appcarance of the single phase ferrite grains which form from
the fully ferritic solidification mode in high Cr Ni ratio allovs. Ferrite cells grow at
high rates and ferrite dendrites grow at low rates. The cell boundarics do not ctch as
promincntly as the grain boundarics which makes the ferritc grains the most
prominent features in the microstructure. The microstructure remains fully ferritic
as the alloy cools if the nucleation of austenite can be surpressed. This can be
accomplished by rapidly cooling the alloy through the transformaticon temperature

range. This occurred in the melts that solidified at 1040C s or faster.

At lower cooling rates, there is sufficient time to nuclcate and grow austenite as
the ferrite cools. The grain boundaries, which may have some sccond phase austenite,
provide heterogeneous nucleation sites for Widmanstatten austenite. Figure S5.2b
shows this microstructurc before significant growth has occurred and indicates that
thin adjacent platelets ol austenite nucleate at the grain boundarics and grow into the
ferrite matrix. Fig.5.2c shows the Widmanstatten microstructure at low cooling rate
when the austenite platelets have grown cntircly across the ferrite grasn. This
microstructurc has becn called acicular ferrite by other authors. however, since the
mechanism is the same, both morphologics will be referred 1o as Widmanstatten
austenite. Figure 5.2d shows that the plate-like appecarance of the Widmanstaiten
2 stenite which can be observed when the planc of the platefer lics nearly paralte!

with the polished surface.

The formation of massive austenite was only observed in Allay 3 and only at high
cooling rates. This alloy solidifies in the fully ferritic mode prior to transtformation
and this microstructure undergocs a massive transformation to austenite at subsolidus
temperatures. The morphology of massive austenite has been studied in stainless steel
atluvs [520) and is the result of undercooling the ferrite below the austenite ferrite

T temperature and will be discussed in detail in Chapter 8.
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Intragranular austenite ncedles were observed in the heat affected zone of the
high Cr Ni ratio allovs. Examples of this microstructure are shown in Chapter 8 and
indicate that this microstructure presumably forms during the rcheating of single
phase ferrite which can occur in the heat affected zone of a weld. The nucleation

characteristics of acicular needles are discussed in detail in Chapter 8.

5.3.2 The Combined Effects of Cooling Rate and Composition

The microstructures which develop during rapid resolidification were [irst shown
to be related 1o the primary solidification mode and second. to compositional and
cooling rate variations within a given PSM. Table 5.6 summarizes the sohidification
and solid statc transformation secquences that lead to the different morphologics.
These morphologies were described in the previous section and all were observed
during surface melting and resolidification except for acicular austenite, which was
obscrved only in the heat aflected zone.

The relationship between the various morphologics can be plotted on a scan-speed
versus coiaposition diagram in the same way as the four PSM regions were plotted.
Figurc 5.15 shows the map of the morphologies and since the morphologics are
"subscts” of the PSM, cach PSM region is divided into several different arcas which

represent the predominant morphology.

Variations in the cooling ratc cxist within cach resolidificd zone. Therelore. a
mixture of morphologics may be present for a given sct of clectron beam paramecters.
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 penctrating 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 alloys
sulidificd at the next higher trascl speed. These aspects were taken into account in

dratting Fig 515
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Table 5.6 : The solidification mode, solidification scquence and solid-state translor-

mation cvents responsible for the different microstructures.

Modec Solidification Solid Statc Morphology
Scquence Transformation
A L " (L+Ap) ~ A Nonc¢ Dendritic A
Cellular A
AF L ~{L+Ap) ~ Fg™ AT Interdendritic F
(L+Ap+Fg) = (Ap+Fg) Intereellutar F
E L = (L+Fg+tAg) ~ Fg~ AT Eutcctic
(Fe+Ag)
Fp~ AT Intcrecellular A
FA L " (L+Fp) ™~ Vermicular F
(L+Fp+Ag) ~ (Fp+AE) Blocky A
Fp ™ AT,AN LBC)’ F
Fp~ Aw Widmanstatten A
Fp~ AMm Massive A
F L ~(L+Fp) " Fp Fp~™ A, Acicular A
Nonc Dendritic F
Cellular F

The results presented in this diagram represent the combined cffects of two
factors. Firstly, the composition axis represents the thermodynamic stability of the
ferrite phase. As the Cr,Ni ratio is increased, a higher volume fraction of ferrite
solidilics trom the melt and the ferrite that forms becomes more resistant to the solid
state phase transformation. Secondly, the scan specd (cooling rate) axis represents the
khinetic response of the system. As the speed is incrcased, there is an increased
resistance to change. That is, the amount of solidification scegregation decreascs and
the amount of [ferrite that transforms 1o austenite decreases. In o the  limit,
partitionless soliditication would occur. however, these conditions were not observed
in this study. A more thorough analyvsis of the microstructures which were observed
in the resolidilied c¢lectron beam melts is presented in Chapter 8 which includes
discussions on the thermody namic and kinetic Mactors responsible for the transforma-

tron mechanisms



5.4 Conclusions

In summary, Tive modes of solidilication and cleven morphologics were observed
during the resolidification of the seven alloys. These microstructural characteristics
arc believed to be a complete ‘set’ of the possible solidification and solid state
transformation cvents 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
ol ferrite.

The results of this study were used to create diagrams which can be used to
predict the primary solidification mode and the austenite and ferrite morphologics,
based on chemical composition and cooling rate. Figure 5.6 shows the relationship
between the primary mode ol solidification and the cooling rate for the seven alloys
which cross the line of two-fold saturation while Fig. 5.15 shows the microstructural

morphologics which develop from these solidification conditions.

Carclul metallographic examination of the surface melts showed that lerrite and
austenite grow cpitaxially from the base metal substrate. Epitaxial growth rom the
resolidification of a two-phase substrate requires that the two phases compete to
become the primary solid phasc to solidil'y in the remelted zone. At low cooling rates,
the thermodynamic factors take preference and the PSM is dictated by the more
thermodynamically stable phase which can be predicted by the hine of two-fold
saturation. However, at high cooling rates, the growth kinetics of the metastable phase
may supersede the Formation of the equilibrium primary phasc. This situation was
observed in Alloy 4 which solidiflies in the FA mode at low rates and in the AF mode
at higher rates and in the fully austenitic mode at the highest rates.

Onc of the objectives of this investigation was to determine if the change in
sofidification modes with cooling rate was caused by the nucleation ol merastable
phases from within the melt. Although one cannot rule out the possibitity ol
metastable phase nucleation from within the molten zone at high cooling rates, it does
seem unlikely  that this nucleation cvent would occur because of the Jack of
heterogencous sites in the liguid, s 2 much more hkely pocability that the changes

i starndess steel solidilication mode observed by other investigators |3 6.5.7] 1s also
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the result of the epitaxially grown metastable austenite developing into the orimary

favorable growth Kinctics ol austenite  under  certain

sotid phase duce to the
solidification conditions.

In the next chapter, the influence that couling rate has en the ferrite content will
be investigated with specitic reference to the primary modes of sohidification and the

microstructural morphologics presented in Figures 3.6 and 3513,
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CHAPTER 6

The Influence Of Cooling Rate On
The Residual Ferrite Content Of Stainless Steel Alloys

Residual ferrite is present in the microstructure of duplex stainless stech allovs in
volume fractions as high as 30 percent. Lven at low volume fractions, ferrite can
influcnce the integrity ol stainless steel alloys and many investigators have tried to
develop relationships between the alloy composition and the Territe content of
statnless steel castings and welds. At slow cooling rates. the principal factor which
controls the amount of ferrite is the composition, however, rapid solidification
processing has bcen shown to dramatically alicr the amount of ferrite in the
microstructure. Under these conditions, the cooling rate becomes as important as the
composition in determining the resulting Perrite content. These elfects are not well
understood and an important aspect of this investigation was to develop a relationship
between cooling rate and the residual ferrite content in stainless steels.

This chapter examines the results of the cooling ratc cxperiments which were
performed on the serics ol seven Fe-Ni-Cr ternary alloyvs that span the line of
two-fold saturation along the 39% Fe isopleth. Cooling ratc variations were produced
by clectron-beam surface melting the alloyvs at rates between 4.74102 »C s and 7.5x810¢
oC 5. The results show that the cooling rate has a significant ¢flfect on the lerrite
content but that its influence is not casily gencralized. The solidilication mode,
cooling ratc and con position were shown to be cqually important. and interrelated.
factors in the determination of the ferrite content.

For primary austenite solidifted allovs. the ferrite content was shown 1o decrease
with increasing cooling rate. while for primary ferrite solidified alloyvs the ferrite
content was shown to increase with increasing cooling rate. These elfects are so
dramatic that at high cooling rates (>104 »C s} the allovs are cither Nully austenitic or
fully ferritic depending on thewr primary mode of solidification. The reasons For this
behavior can be explained by the influence of cooling rate on solidification

-

segregation, Chapter 7. and solid state translormation. Chuapter 8
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6.1 The Ferrite Content at Slow Cooling Rates

Vhe amount of residual Territe present an stainless steel ablovs is cquat to the
amount of ferrite which forms during sohditication minus the amount of ferrite
which transtorms as the melt ¢ools to room temperature. Both the sotidification and
solid state transtformation ctlects are intlucnced by cooling rate and are difficult 10
isolate from cach other. At slow cooling rates. the largest amount of territe
transforms as the melt couls and this section examines the ferrite content of slow
cooling rate melts by first estimating the amount ol ferrite which would be present if
cquilibrium conditions could be achiceved. Then. these results are compared with the

lerrite content of the slow-cooling-rate arc-cast buttons.

6.1.1 Full Diffusional Equilibrium

Full diffusional cquilibrium mcans that there is c¢nough time during the
soliditication process so that composition gradients are climinated in both the liquid
and sobid phases. Under these conditions, the amount of lerrite which solidilies from
the melt. the solidification path, and the composition ol the liquid and solid phascs
can be determined from the cquilibrium phase diagram.

The liguidus and solidus projections are shown on a portion of the Fe-Ni-Cr
system in big.6e.la. These data are taken from cxperimental measurements {60.1] and
the compositions ol the seven atloys examined in this tnyvestigation are plotted on this
figurc. The location of these alloyvs with respect to the liquidus and solidus lines
shows that Alloy | will solidifv in the fully austenitic mode. Allovs 2 and 3 in the
AF mode, Alloys 4. 5 and 6 in the FA mode and Alloy 7 in the fully Cerritic mode.
There is good agrcement with the primary modes of solidilication predicted by Fig.
6.la and those examincd in Chapter 3 for the slow cooling rate arc cast buttons.
however. the line of two-told saturation predicted by thermodynamic calculations
deviates at higher chromium contents.

Fig. 6.1b shows the location of the line of two-l'old saturation as determined by
various insestigators. The results o Kundrat [6.2]0 Chang [6.3] and [Thermocale [6.4]
arc predictions based on thermodyaamic calculations while those of Rivlin et al {6.1]
were dernved from exvperiments, The thermodynanue caleulations all fatl within 2

percent Chromium of the evperimentally determiined value, however, this refativets



Figure 61

NICKEL (Wt %)

{.ocation of the seven Fe-Ni-Cr allavs with respect to the ferrite
solvus, austenite solvus and the tine of two-fold saturation, after
Rivilin et af, (1.32].
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~mall G oiterence in the location of the line of two-fold saturation can be misleading
when trving to predict the PSM. Throughout this investigation, the experimentaily
determined liquidus and solidus lines by Rivlin and Raynor will be assumed to be the
“true’ vatues since they match the experimental results of this investigation. Howeser.
when comparisons are made between thermodynamic predictions and cxperimenial
measurements, a shift in the alloy compositions needs to bec made so that the two
mecthods agree on the location of the line of two-fold saturation.

For cquilibrium solidiftcation conditions. Fig. 6.1 indicates that Alloy | cools
through the L+A two-phase Ticld and dircctly into the single phase austenite field
with no rerrite in the microstructure. Allovs 2 and 3 cool through the L.+A two-phase
ficld and then into the L+A+F three phase ficld where sccond-phase errite forms in
the microstructure. Allovs 4. 5 and 6 cool through the L+F two-phasc ficld and then
through the L+A+F threce phase ficld where sccond-phase austenite forms, Finally,
Altoy 7 cools through the L+F two-phase ficld and directly into the single-phasc
ferrite field with no austenite in the microstructure.

From this tigure, the amount of ferrite that forms in the alloyvs can be estimated
by applving the lever rule 1o the tie lines in the F+A two phase ficld which are
ncarly parallel 1o the constant Fe section at these temperatures. Table 6.1 shows the
amount of ferrite which will solidify from cach allov under cquilibrium conditions.
These caleulations were predicted from Fig. 6.1a and indicate that the ferrite content
at the solidus temperature varies from 0% in Atloy | to 100% in Alloy 7.

The phase diagram can also be used to estimate the amount of ferrite which
transforms to austenite under cquilibrium conditions. At clevated temperaturcs, the
tic-lincs in the F+A region arc ncarly parallel to the 39" Fc isopleth and the isopleth
can be used to estimate the ferrite content. Table 6.1 shows the cquilibrium residual
ferrite content of the allovs at 10000C. At this temperature, all of the ferrite has
transformed to austenite in Atlov 2 and 60"% has transformed in Alloy 7. By
cxtrapolating the ferrite and austenite solvus lines to lower temperatures onc ¢an sce
that the sccond phase ferrite in Allovs 2 and 3 should completely transform and that
a majorits of the primary ferrite contained in Allovs 4-7 should transform by the
time the alloy cools to room temperature under cquilitiium conditions, Howcever, in
actual meits. kinctic limitations prevent the transformation at low temperatures and

somce residual ferrite remains in the microstructure.



Table 6.1 Equilibrium ferrite contents at the solidus and at 1000+C
"o Ferrite %% Residuat Ferrite
Alloy that solidifics at 10006C
| ¢ 0
2 20 0
3 35 8
4 35 14
5 70 24
6 92 31
7 100 40

6.1.2 The Arc Cast Buttons

The arc cast buttons represent the slowest cooling rates cxamined and were used as
a standard with which to compare the high cooling rate microstructures. In Chapter 4
it was shown that the primary and sccondary dendritec 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 solidif'y 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 ratc side of arc welding.

The Schaeffler diagram was used to predict the ferrite content of the arc cast
buttons. The alloy compositions arc plotted in Fig. 6.2. Allov 1 is in the [lully
austenitic region and Allovs 2-7 arc in the duplex. lerrite-austenite. region. The
ferrite contents estimated from the Schacffler diagram are shown in Table 6-2 and
range from 0% lor Alloy | to 32% for Allov 7.

A sccond, and less convcertional, mcthod was uscd to estinate the amount of
residual ferrite. Based on several investigations [6.5.6.6.6.7]. where the ferritc content
ol a large number of commercial stainless steel (AISI 304, 308, 309. 316) arc-welds was

mecasurced. Fig. 6.3 can be uscd to predict the ferrite content {or different Cr Ni ratio

atloys.
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Table 6.2 Predicted and measured ferrite contents of the arc cast buttons

Predictive Methods Mecasurcd
Alloy (") ("0) Avg
Schaeffler Cr, Ni MG VSM QM (%)
! 0 0 0 0 0 0
2 5 7 5.4 4.6 5.4 5.5
3 7.5 1i.5 8.7 9.8 1.0 9.7
4 12 14.8 14.6 15.8 142 14.3
5 16 235 236 23.2 22, 21.8
6 27 29.7 274 26.4 324 28.6
7 2 359 36.5 321 39.2 35.1
30
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Tigure 6.2 l.ocation of the seven Fe-Ni-Cr alloys on the Schaeffler dingram.
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For Cr Ni ratios below 1.20 the ferrite content is zero while for Cr Ni ratios between
1.20 and 2.0. a regression analyvsis shows the following relationship between Cr Ni

ratio and ferrite content:

b= 36.6 (Cir/N\y) - 13.8 (6.1)
The ferrite is cstimated in weight percent and the Cr and Ni cquivalents suggested by
Dclong (eq. 1.1 and 1.2) should be used. Table 6.2 shows that this approach also
predicts ferrite contents of the cast allovs should vary from 0 to above 30 percent.

The ferrite content of the castings was mecasured using several techniques. Since
the castings had a thickness greater than 10 mm, the ferrite number could be
measurcd using the Magne-Gage. Since the castings had a coarse microstructure, the
ferrite could be directly measurcd using quantitative metallography. These
Magne-Gage readings were converted to percent ferrite using the procedure that was
discussed in Chapter 3. Using the cxtended ferrite measurement method [3.4] the
ferrite cantent was dectermined and the results are shown in Table 6.2. These
measurcments indicate that the ferrite content varies from 0 to 35%. The VSM
technique was used as the sccond mecasurcment mcthod and is also described in
Chapter 3. The results of these measurements are also presented in Table 6.2 and
indicate that the ferrite contents vary from O to 32.1 pereent.  Finally, quantitative
mcrtallographic measurcments were used to confirm the ferrite content of the scyven
allovs.

Figurc 6.4 compares the mecasured ferrite content (VSM) with the predicted ferrite
content (Schaeffler) along the 59 wt. % Fe composition axis of the Fe-Ni-Cr ternary
svstem. The Schacffler prediction shows that the ferrite cortent varies from 0% at
233 wt" Cr to 100™ at 39 wt.% Cr and predicts a linear increase in ferrite content
for the compositions studied that varies rom 23.3 to 26.5 wt% Cr. The predicted
amount of ferrite deviates sharply from this lincar rclationship to higher ferrite
contents at chromium lcvels greater 26.5 wt. %. The measured ferrite contents arc
close to the predicted values and follow an interesting trend. For chromium contents
above 26.5%, i.c. in the nonlincar Schacffler region, the mecasured values arc lower
than the predicted valucs. For chromium contents below 26.5%. ic. in the lincar

Schacffler region, the mecasured values arc higher than the predicted values.
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Percent residual ferrite as a function of Cr/Ni ratio in arc-welds
of typical 304 type stainless steel alloys.
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Figure 6.4 Residual ferrite on the seven arc-casi aflovs compared to the

residual ferrite predicted by the Schaeffler diagram Tor 59 wt%
Fe altoys. The solidification modes, as determined from the cast
alloys, are indicated.
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The differences between the measured and predicted values can be explained by
the fact that the cast alloys cool at a slower rate than what the Schacttler predictions
arc based on. It was shown in Chapter 5 that below 27 wt. % chromium,. the cast
allovs containing 39"% Fe solidify in a duplex ferrite-austenite modes while above 27
wi. " chromium. the alloys solidify in the tully ferritic mode. This change in
solidification modes at 27% Cr can be used to cxplain the deviation in lincarity of the
Schaelfler prediction and also can be used to explain the difference in predicted and
mecasured values above and below 27% Cr.

The deviation of the Schaeffler prediction from its initial. low Cr. lincar
behavior is associated with the change in solidilication modes from the A 10 the ©
mode. In the FA modec, increases in chromium content increase the amount of ferrite
that solidifies from the melt. Therefore, there is a gencral increase in the ferrite
content with increasing chromium. When the chromium level is increased to the point
where the solidification becomes fully ferritic, there is no lurther increase in the
amount of ferrite that forms during solidification with increasing chromium and the
resulting ferrite content is solelv dependent upon the amount of ferrite to austenite
transformation that occurs. This transformation requires nucleation ol Widmanstatien
austenite at the ferrite grain boundaries. Since the grain boundary arca is much less
than the interdendritic arca where austenite is present in the FA mode. less
transformation occurs in the fully ferritic mode.

The differcnce between the measured ferrite content of the castings and the
predicted values from the Schaeffler diagram can be cxplained by transformation
kinctics. The ferrite content of alloys which solidify in the fully ferritic mode arc
very sensitive to cooling rates. A slower cooling rate allows more time for austenite
to nuclcatec and grow from the fully ferritic microstructure. Therefore. slower
cooling rates always result in lower residual ferrite contents. Since the castings cool
at a slower rate than the Schaeffler predictions, a lower ferrite content is cxpected in
the castings.

fn thec FA modc howcver, the situation is morc complicated because two phases
solidif v from the melt. A slower cooling rate allows for more segregation, creates a
large dendrite arm spacing and allows more timec for the ferrite to austcnite
transformation. These factors have mixed effects on the residual ferrite content. In

the FA modc. more segregation means less lerrite, however, the errite that forms will



have a higher Cr Ni ratio and will be more resistant to transformation. A larger
dendrite arm spacing has less austenite Cerrite interfacial area which provides less
arca for austenite 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 efTect of a slower cooling rate is difficult to predict
in the FA mode. The experimental results show that the castings have more lerrite
than the SchacfTller diagram estimates and indicates that the larger dendrite arm
spacing and higher stability of the ferrite outweigh the lower initial amount of

ferrite and the greater time for the ferrite to transform at lower cooling raics.

6.2 The Ferrite Content of Electron Beam Surface Melts

Electron beam surface melts were performed on cach of the alloys to produce
cooling rates that varied from 4.7 x 102oC,s to 7.5 x 106oC/s. The ferrite content was
shown to change significantly with cooling rate. These changes can be deseribed by
the influcnce of cooling rate on the mode of solidification, the amount of
solidilication scgregation and the extent of the solid state transformation of ferrite.

The ferrite content of cach alloy was measured by the vibrating sample
magnetometer method which is described in Chapter 3 and the results of the ferrite
measurcments are presented in Table 6.3 for cach of the seven alloys and cach of the
solidification conditions. Three readings were made on cach cast alloy and onc
reading was made on each clectron-beam mclt. At the highest travel speed, 5 m/s, the
samples were too small to be extracied without substrate conzamination. Nevertheless,
the results showed the ferrite content of these melts to be close to 100% ferrite for
the primary ferrite solidified alloys and close to 0% [errite for the primary austenite
solidified alloys.

Two tyapes of diagrams represcnting the ferrite content as a function ol vcooling
ratc arce shown in this chapter. The actual measured ferrite content is plotted versus
scan speed on figures 6.5, 6.7, 69. 6.11 and 6.14. The second type of diagram is
schematic in nature and represent the estimated amount of Territe for particular
tdealized solidification modes. Figures 6.6, 6.8. 6.10, 6.12 and 6.13 arc plotted as
approximate ferrite content versus approximate cooling rate where the cooling rate

scale of these Figures 1s similar to that of the actual ferrite content versus scan speed
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ligures. By selecting the scales of Territe content and cooling rate to be the same tor
the actual and schematic drawings, figures 6.3 through 6.13 can be directly compared

10 observe changes in the ferrite content with cooling rate.

6.2.1 Primary Austenite Solidified Alloys 1, 2 and 3

The behavior of alloys which solidil'y in the A or AF modes will be described by
cxamining the behavior of alloys 1. 2, and 3. Alloy 1 solidifies in a (ully austenitic
mode at all cooling rates and contains no ferrite. Allovs 2 and 3 both solidify in an
austenitic-tferritic mode at low cooling rates and in a fully austenitic mode at high
cooling rates. Therelore, the ferrite content of these alloys decreases as the cooling
rate increases. The results presented here show that the amount of sccond phase
ferrite decreases with increasing scan speed. This bchavior can be cxplained by
undercooling at the dendrite tip. Chapter 7 will present calculations which show that
the dendrite tip undcrcooling increases with increasing scan spced and that the
amount of sccond phasc which lorms dccreases accordingly.

Figurc 6.5 shows the mcasurcd ferrite content versus scan speed relationship for

.

allovs 1, 2 and 3. Alloy 1 is fully austenitic at all spceds and its ferrite content is
zero regardless of the cooling rate. Alloys 2 and 3 both have ferrite contents in the
arc cast condition (0.7 mm/s cquivalent speed) which arc close to the Schaclfler
prediction and both have a gradual decrcase in ferrite content as the scan speed is
increased. Alloy 2 reaches zero percent ferrite at a scan speed of about 100 mimy/s
while Alloy 3 rcaches zcro percent ferrite at slightly higher speeds. The fact that
Alloy 3 has more ferrite and requires higher scan speeds to reach zero pereent ferrite
than Alloy 2 is a rcsult of its higher Cr/Ni ratio.

The cooling rate influences the ferrite content in two wavs. Firstly, it influcnces
the amount of ferrite which solidifics I'rom the melt. Sarrcal and Abbaschian [6.9]
have shown that the amount of sccond phase that forms reaches a maximum valuc at

intermediate cooling rates. At high rates. dendrite tip undercooling increases the

percentage of primary phase and reduces the amount of sccond phase that lorms.,



100 —W
sof - AF —
}———.—A —d
80
70F Alloys 1,2 and 3
@ 80F
g 50}
w
® a0
30~
20 -
10 - 3
0 l 1 ‘M 1 .
6® 102 0" 10° 10’ 102 0* 10
Scan Speed (mm/s)
Figure 6.5 The mcasured ferrite content of A and AF solidified alloys 1, 2
and 3 as a function of electron beam scan speed.
100
AF sohidification
2
T
&
e~ BEFORE TRANSFORMATION
N - e (F)
~,
~
\\\ AFTER TRANSFORMATION
ol (R
~
‘/\/
T T T~ AN
— \\\ \\
- —~— ~
o - | el N
<10 2 -10°! 107
Log Cooling Rate (°C/s)
Iigure 6.6 The estimated trend of ferrite content in A and AF solidificd
allovs as a function of solidification rate. The amount of ferrite
that  sotidifies and the residual ferrite, alter solid state

transformation, arc indicated.

161



A fow cooling rates, back diftusion in the sebid roduces the amount of second phase
which formy Between these extremes. the second phase reaches 1 manvimum amount
at g coching rate of ateut 100-C san the AL-Cu system and this amount corresponds to
the amount of sccond phase predicted by the Sched cquation. Sceondiyv, the cooling
rate antlucnces the amount of ferrite which transforms to austenite. At high rates
there is no time For transformation to occur while at low rates the mavimum amount
of Territe transtorms and the ferrite content appreaches it cquilibrium yvalue.

These two factors are schematically shown in Fig. 6.6, At low cooling rates, a
high percentage ol ferrite transforms to austenite while at high cooling rates. the
pereentage that transforms approaches zero. Therelfore. a maximum in the amount of
residual ferrite also occurs at an intermediate cooling rate for primary austenite
solidified allovs., Comparing the actual amount of residual ferrite in Alloyvs 2 and 3
(Fig. 6.3) with Fig. 6.6 shows that the tests performed in this study all occur at the
high cooling rate side ol Fig. 6.4 since a peak in the actval ferrite content was not
observed  This I'act is contirmed by a small value (:< 0.1) of the Brody-Flemings back
dil'fusion paramcter in the arc cast buttons and even smaller values tor the

clectron-beam melts.

6.2.2 Alloy 4

Alloy 4 behaves uniquely because it solidifies in a primary ferritic mode (FA) at
low cooling rates and in a primar) austenitic mode (AF or A) at high cooling rates.
['his change in solidification behavior has a signifiicant ¢lffect on the ferrite content.
Figure 6.7 shows the actual ferrite content of Alloy 4 as a lunction of the clectron
beam scan speed. The ferrite content was measured by the vibrating sample
magnctometer and the results are compared to the amount predicted by the Schaceffler
diagram.

As the scan speed increases rom 0.7 to 100 mm s, the Ferrite level incereases from
14 10 18 percent. In this region, the mode of solidification is FA and the increase in
ferrite content is ¢aused by the increase 1o the amount of primary ferrite that
sotidifies and the decrease in the amount of lerrite that transforms AU scan speeds
ahove 100 mm s, the Ferrite content decreases because the T'A maode of solidification

15 beng replaced by the AF or £ mode of sohidillication and Cinally
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the fully auvstenitic mode of solidification. The change in solidification modes with
scan speed was discussed in Chapter 5 and is shown in Fig. 5.11.

The sceparate contributions of solidification and solid-state transformation are¢
schematically shown in Fig. 6.8 for primary lercite solidified altoys. This figure
ilfustrates both the amount of ferrite thar solidifies 'rom the melt and the amount of
ferrite that transfforms as a function of cooling rate. The ferrite content versus
covling rate bchavior passes through a minimum {for primary lerrite solidificd alloys
rather than o maximum as it did lor primary austenite sohidificd atlovs and the
minimum occurs at an intermediate cooling rate when the highest volume fraction of
seccond phasce austenite solidifics. The range of cooling rates over which alloy 4
solidifics in the FA modc is indicated on this diagram and occurs where the amount
of lerrite is shown to increase with cooling rate.

At scan spceds greater than 100 mm s. the residual ferrite content of Alloy 4
decreases and reaches zero percent at speeds above 300 mm s. The decrease in ferrite
content can not be cexplained by primary Ierrite solidification. Examination of the
microstructurc showed primary austenite (AF and A) solidificd regions in the high
speed meclts. At 100 mm's, approximatcly 20% of the microstructure solidified in the
AT modce but at 2000 mm/s, 90% of thc microstructure solidificd in the A or AF
modes. This ¢hange in solidilication mode cxplains the decrcase in ferrite content
alter the initial increase in ferrite with increasing cooling rate. The microstructure
of Allov 4 at low and at high scan specds was discussed in Chapter 3 and is shown in

Fig. 5.12.

0.2.3 Alloy 3

Alloy 3 solidilies in a fully ferritic mode or in an FA mode at low cooling ratces
and follows a similar pattern as Alloy 4 up to 100 mm.s. However, at higher travel
speeds. Alloy 3 salidifics only in the fully ferritic mode and the low cooling rate
portions of the melt undergoes a transformation to Widmanstatten austenite while the
high cooiing ratc portions of the melt undergo a transformation to massive ausienite.
I'herelore. the amount of ferrite which solidilics from the melt in Alloy 3 is quite
different from that in Alloy 4. but. because of the massive transformation ol ferrite,

the residual ferrite content in Alloy 3 also decreases at high cooling rates.
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The measured ferrite content of Altoy 3 is plotted versus scan speed in Fig. 69
The solidilication mode is primary f{errite. FA. at scan speeds befow 100 mm 5. The
lerrite content increases with cooling rate just as in the FA solidification mode region
of Alloy 4. At scan spceds greater than 100 mm s, the soliditfication mode begins to
convert to the fully ferritic mode. At 100 mm s, approximately 30" of the mclht
solidifics in the F modc and these regions are concentrated close to the melt
periphery. At scan speeds of 500 mm s and higher, 100% of the melt solidifics in the
fully Territic mode. This transition was discussed in Chapter 5 and the microstruc-
tures of the mcelis are shown in Fig. 5.10.

The massive transformation only occurs in alleys which solidify in the fully
ferritic mode. It sccond phase austenite is present. FA mode, the austenite provides
heterogencous nucleation sites which begin to transform before the alloy has recached
sufficient undercooling to nucleate the massive austenite grains. Alloy 3 becomes
fully Territic at cooling rates of 105 0C or greater but the actual ferrite content of
Alloy 3 docs not show a sharp drop in ferritc content with travel speced. This occurs
because the surface melts do not cool at a uniform rate and allows a pecrcentage of
the melt to transform as massive austenite and the remainder of the melt to transform
as Widmanstattea austenite. The percentage of 1the microstructure that transforms
into massive awustenite grains increases with cooling rate and crecates a smooth
transition between the FA and F modces. This behavior is responsible for the
maximum in the ferrite versus cooling rate curve.

Al scan rates greater than 2000 mm/s the fcrritc content begins to increasc.
Examination of the microstructure shows that these melts also solidify in a fully
ferritic mode and that this ferrite also undergoces a massive transformation, however,
some ol thc ariginal fecrrite is lelt behind in the microstructure because only a
portion of the ferrite transforms to austenite. This behavior will be discussed in
morc dctail in Chapter 8 and is a rcsult of incompletc mixing in the high spced
surfacc melts which Icave regions ol high Cr Ni ratio ferrite that are resistant to the
massive transformation.

Figurc 6.10 schematically shows the behavior of Alloy 5 which solidifies as
primary ferrite and then undergoes @ massive transformation ol Ferrite in the Jully
ferritic solidified regions. The amount of lerrite that solidifies from the melt is the

same as that which is schematicaily indicated in Fig, 6.8 in the FA regians, howeser,
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because of the change in the solid state transtormation mechanism at high cooling
rates, the residual ferrite content is drastically reduced. The massive transtormation
occurs  without long-range  dilfusion and requires undercooling  below s 1
temperature, therelare it is only abserved at high cooling rates. Alloy 3 s the anly
alloy to show this behavier because the remaining alloys swhich solidify in a Tully
ferritic mode have higher Cr Ni ratios and have ferrite compositions which are stable

cnough to present the massive transfoarmation.

6.2.4 Fully Ferritic Solidified Alloys 6 and 7

AHoy T osolrditics in the fully ferritic mode at all of the scan speeds investigated
in this study and Alloy 6 solidifics in the fully ferritic mode at scan speeds greater
than 23 mm s Under these conditions, changes in the ferrite content with cooling
rate arce Jdirect!sy related to the extent of the ferrite 1o austenite solid state phase
transformation.

The ferrite content versus scan speed relationship is shown for Alluys 6 and 7 in
Fig. o.11. This diagram indicates that the residual ferrite content increases lrom its
arc cast vaiue of about 30% to 100% at a scan spced of 6 mm s in Alloy 7 and 23
mm s in Alloy 6. The lerrite contents arc compared with the Schacffler predicted
values and show that in the cast condition (0.7 mm- s cquivalent scan speed) the
ferrite contents arc slightly lower than predicied by the Schacfller diagram. This
fact has alrcady been discussed and is caused by the difference in cooling ratcs
between the castings and arc welds. The influence of cooling rate on the
microstructure of fully ferritic solidified allovs is the best understood ol the cases
studied because the amount of ferrite that solidifics from the melt is known 10 be
160" and the average lerrite composition 15 the same as the nonunal alloy

CHmposition.

The schematic sotlidification and solid-state transformation behavior of these
allovs is shown in Fig. 6.12. The 100% flerrite line represents the amount of ferrite
that solidifics from the melt and the residual ferrite is related to the amount of time
for the solid state transformation to occur. At slow cooling rates. more trme s

atlowed I'nr the transformation and a lower lerrite content results
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Therefore, the ferrite content increases with cooling rate to the point where no
transformation occurs and the microstructure remains lully ferritic. The criteat
couting rate where transformation is suppressed is a function of composition and this

critical cooling rate decreases with increasing Cr Ni ratio of the alloy.

6.3 Summary and Conclusions

For allovs which solidify in the AF mode, the residual ferrite content was shown
to decrease with increasing cooling rate. This behavior is casily cxplained by the
deerease in the amount of ferrite that solidifies from the mclt as the cooling rate is
increased and a gquantitative analyvsis of solidification segregation will be presented in
Chapter 7 1o describe this behasior. Figure 6.13 shows that the Icrrite content of
Alloys 1. 20 and 3. which solidif'y in the AF mode. approaches zero as the scan speed
is increased. The measured residual ferrite content of Allovs |, 2. and 3 is shown in
figurc 6.14 to confirm this bchavior. The scan rate rcquired to produce Tully
austenitic behavior increases with incrcasing Cr Ni ratio of the alloy duc to the
higher amounts of chromium and nickel “solute’ that are associated with higher Cr Ni
ratio alloyvs. Alloy 4 solidilics in the AF mode at scan spceds greater than 100 mm s,
theretore, its ferrite content also approaches zero at the high speeds.

Attoy 4. at scan speeds less than about 100 mm:-s. and Alloy 5. at scan speeds lcss
than about 10 mm s. solidify in thc FA mode and the amount of ferrite that forms
during sotidification increases with increasing cooling rate. The approximate amount
of ferrite that solidifies from the melt in these alloys is indicated in Figure 6.13. The
cquilibrium ferrite content is represented at low cooling rates and this tigure shows
that a smaller amount of sccond phasc ferrite Torms at intermediate cooling ratcs.
Howescr, this trend is reversed at higher cooling rates which Icads to a minimum in
the ferrite cooling-rate curve. Ncither Alloy 4 nor Alloy 5 solidif'y in the FA modces
at high cooling rates and their solidification behavior becomes tully austenitic or
Tully ferritic respectively.

The ctffect of cooling ratc on the solid state transformation behavior in the B A
solidificd allovs is such that less of the ferrite transfforms as the cooling rate

increases. This fact is discussed in Chapter 8 by considering both the reduction in
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dendrite arm spacing and the reduction in characteristic diffusion distance as the
cooling rate is increased. Therefore, the residual (errite of TA solidified allovs,
shown in Figure 6.14, is reduced more at low cooling rates and this tends 1o remove
the minimum in the residual ferrite versus cooling rate behavior of these aflovs.
Although Alloy 4 and Alloy 5 solidify with different primary modes of
solidification at high cooling rates, their ferrite versus cooling rate behavior is
similar. This apparent anomaly was related to the formation of massive austenite in
Alloy 5 at high cooling rates which rapidly transforms the ferrite to austenite because
of its high interface velocity. These aspects will be discussed in more detail in
Chapter 8 and since the massive transformation leaves some residual ferrite in the

microstructure. Allov S does not approach zero ferrite at high cooling rates.
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Alloys 6 and 7 solidify in the fully ferritic made for all of the conditions studied
During cooling, the ferrite transforms by the nucleation and growth of Widmanstatten
platelets. Therefore, the residual ferrite content of these allovs increases with
increasing cooling rate due to the reduced amount of time for growth of austenite A
critical cooling rate was observed, where no transformation occurs in these allovs
This cooling rate is higher for the lower Cr Ni ratio allovs duc to the reduced
thermodyvnamic stability of ferrite of the lower Cr Ni compositions.

Based on the measured ferrite contents of the electron beam melts and the
metallographic observations of the microstructure, the following conclusions can be

made relating the effects of cooling rate to the ferrite content of stainlcss stcel alloyvs

e VSM
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Figure 6 14 Summary of the measured residual ferrite contents in the seven
alloys as a function of clectron beam scan speed.



Conclusions

(]

The composition and the primarv mode of solidification determine how the

cooling rate will influence the amount of ferrite that solidifies from the melt

At high cooling rates the alloys solidify in cither the fully ferritic or fully

austenitic modes with no second phase in the microstructure.

At low cooling rates, the residual ferrite content increases for F oand FA
solidificd alloys but decreases for AF solidified alloys. This hehavior can be
cxplained by the combined effects of the decreasing amount of solute
scgregation and the decreasing amount of ferrite transformation  with

increasing cooling rate.

Based on conc.asions 2 and 3, one would expect the ferrite content in the alloyvs

to either increase towards the fully ferritic condition or decrease towards the

fully austenitic condition as the cooling rate increases. However, the residual

ferrite content of Alloys 4 and 5 goes through a maximum at intermediite

cooling rates. This bechavior was cxplained by 1) the change in solidificatian
N

mode of Alloy 4 from FA to AF with increasing cooling ratec and 2) the

formation of massive austenite in Alloy 5 at high cooling rates.



CHAPTER 7

The Influence Of Cooling Rate On
Solute Redistribution And Second Phase Formation

The precceding chapters investigated the effects that cooling rate and compaosition
have on the ferrite content and morphology of resolidified stainless stecl allovs, For
the most part. the results were empirtcal and were based on the observations of the
electron beam surface melts. This chapter takes a morce fundamental approach, by
studying the ctffect of cooling rate on the factors which are responsible lor
solidification scgregation,

Microsegregation can be modeled sufficiently well to predict the influence of
cooling rate on solute redistribution in binary alloy systems (7.1} The factors which
influence  microscgregation  include the physical properies of  the alloy, the
solidilication parameters and the kinctic response of the system, oll of which are
known or can be estimated in many binary alloy syvstems. In ternary alloy syvstems,
such as the Fe-Ni-Cr, the redistribution of solute during solidilication is much more
difficult to mode! and to verify because of the lack of information about the

behavior of ternary allovs,

The difficultics associated with predicting microsegregation in ternary  alloy
svstems are related to the lack of information about the solidilication paramcters.
For cxample. the ternary component gives the system an additional degree of Ireedom
which lIcaves the solidification path unspezilied, thercefore, 1t must be determined
cxperimentally or estimated by solidilication modeling. Mcthods v predict the
sotidification paths in the Fe-Ni-Cr system will be presented in the [irst section of
this chapter and once the solidification path has been cstablished. the remaining
paramters which influcnce solidificaion can be determined {rom the cquilibrium
phase diagram.

Predicting the amount of microsegregation invoelves other difficultics as well
Interface instabalitics teading to cellular or dendrite growth nced to be taken into

acvount and the solute redistribution models arc based on assumptions which have o



be carefully justified. These factors were studied in the Fe-Ni-Cr ternary system and
the results werce used to calculate solute redistribution as a lunction of interface
velocity for the electron-becam surface-melted alloys. The solute  redistribution
calculations incorporate undercooling at the dendrite tip using a constrained dendritic
growth model and the results were used to predict the amount of primary and sccond

phasc ferrite that solidifics in cach alloy as a function ol clectron beam scan speed.

The solidificaton scgregation mode!l predicts the amount of ferrite that forms
during solidification but does not incorporate the effects of the solid state
transformation that occurs in the low cooling rate melts. Therelore, the calculated
ferrite contents represent an upper bound for the residual ferrite content and this
upper bound provides a uscful starting point for understanding microstructures which
develop in resolidiffied stainless steel alloys. In addition, the dendrite tip calculations
can be used to predict the solidificaton conditions that lcad to the undercouling
necessary for the growth of metastable phases by comparing the undercooling at the
dendrite tip with the thermodynamically calculated equilibrium and meiastable phase

diagrams.

7.1 Solidification Paths and Parameters in the Fe-Ni-Cr System

During the solidification of binary alloys. the composit*on of the solid and liquid
phases arc given by the solidus and liquidus lines respectively. Therefore, the
solidification path and tic lines arc known by virtue of the fact that the Gibbs phasce
rule allows zcro degrees of frecedom for two phases in cquilibrium at constant

temperature and pressure.

If a third component is added to the system, two phases will be in cquilibrium at
constant temperature and pressure but onc degree of freedom still exists. This
compositional degree of freedom extends the liquidus and solidus lines into surfaces.
The tic lines which join the liquidus and salidus surfaces arc not fixed in any given
temperature-composition plane and arec not known a priori. Therefore, withuui
knowledge of the tic linc locations, the path that the solid and liquid compositions

foltow during solidification is also not known.
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Fortunately, thermodynamic calculation of phase cquilibria in ternary  alloy
systems has been refined to the point where tie lines can be predicted in many
svstems. These types of calculations will be briefly summarized in this scction and
results will be presented which show the location of tie lines and solid.fication paths
tor the alloys studied in this investigation. From these solidification paths,
pscudobinary diagrams wiil be determined to represent the solidification behavior of

cach alloy and the solidification parameters can be determined from these diagrams.

7.1.1 Solidification Paths

Isathermal sections were caleuiated in the Fe-Ni-Cr system using the Thermocale
software package. Details of the computations and plots of the isothermal sections
are summarized in Appendin €. The results of the calvuations give information
regardiag phase cquilibria. including tic lines in all of the two-phasc regions, lor

temperatures ranging from 1023K 1¢ the melting point of chromium.

From a saliditication standpoint. the most important isothermal sections are those
which are close to the liquidus temperature. Figure 7.1 shows the 14129C isotherm
and iltustrates the tie line locations for primary austenite and primary lerrite
solidification. The Fe-Ni-Cr system has a small tempe.ature difference between the
tiquidus and solidus and the orientation of the tic lines does not change significantly
from the beginning to the end of solidification. Therefore, these tie lines can be used
to approximate the solidification path because segregation will be in the general tic
linc "direction” until the remaining liquid reaches the line of two-told saturation. At
this temperature, the liquid composition follows the line of twa-lfold saturation while
three phases (liquid. austenite and lerrite) coexist until solidification is completed at
the minimum in the line of two-lold saturation (49%Cr. 43"%Ni. 8%F¢). The
solidification paths for alloy 1 (primary austenite) and alloy 7 (primary ferrite) are

shown in Figo 7.2, based on the extrapolated tie lines, the initial composition of the

altovs and the line of two-fold suturation (132}
1 he sohidification path can be determined more accurately by accounting lor tic
hine movement with temperature. This requires  a sohidification model which

mcorporates  thermody namcatly cateulated e hines and adjusts the interfacial



176

compositions as a function of solidification temperature. One such model was
developed by Kundrat [7.2, 7.3] and utilizes the Scheil approximation to represcnt
solute redistribution. Kundrat's model was used to calculate solidification paths fo
altoys 1 and 7 in the Fe-Ni-Cr ternary system [7.4} and these paths are shown in Fig.
7.3. Also plotted in this figure are the tie lines predicted by Thermocale to show that
the two methods of predicting the solidification paths give similar results. The
closeness of these estimations is related to the narrow separation between liquidus and

solidus temperatures and the fact that the tie-lines generated by Kundrat's model are

nearly identical to those generated by Thermocale.

Pl

through the

Thermodynamically calculated isothermal section :
l-c-Ni-('r‘tcrn:\r,\' syvstem at 1413°C shew'ng the orientation ol
tie-lines in the two-phase regions at temperatures close 1o the
solidificatior range of the scven alloys.

Figure 7.1



177

Figure 7.2 shows that the solidification paths do not curve significantly from the
initial solidification composition to thc 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 the ternary alloys to be treated in a
manner similar to that of binary alloys. The pseudobinary diagram, which represents
the solidilication behavior along thesc paths, can be determined by plotting the

temperature-composition vertical plane containing these paths.

Segregation Model

50

o Liquid
a Solid
x Initial

/AN

Two-Fold\
Saturation \\

0 5 10 15 20 25
Nickel (wt.%)

Figure 7.2 Solidification paths for Alloys | and 7 estimated from the linear
extrapolation of the tie lines shown in Figure 7.1



7.1.2 Psevdobinary Diagrams to Represent Solidification Behavior

Pscudobinary diagrams were determined for primary austcenite and primary ferrite
solidification behavior using the thermodynamically calculated isothermal phase
diagrams 2nd the solidification paths prescnted in Fig. 7.3. These diagrams are shown
in Figures 7.4 and 7.5 and represent the solidification behavior for primary ferrite
and primary austenite solidified alloys that contain 59 wt.% Fe. Constant Fe vertical
sections have been ased in the past to estimate the solidification behavior of stainless

stecl alloys by many investigators. However. these diagrams do not accurately

50 Tie—Line Approximation

e Liquid
& Solid
o\; 40 v
"\.“ \\
& / N /
$ o3/ 0
S
O
&
30
. /N
~Two-Fold  /
Saturation/‘

20/

0 5 10 15 20 25
Nickel (wt.%)

Figure 7.3  Solidification pzths for Alloys 1 and 7 calculated by solidifica-
tion segregation modeling.
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represent the solidification scgregation since the tie hines in the L+S phase ficlds do
rnot lic in the constant Fe plane. By choosing the vertical scctions presented in
Figurcs 7.¢ and 7.5 to lic along the soiidilication path, the tic-fines also lie in these
plancs. Theretore. the diagrams presented in Figures 7.4 and 7.5 accurately represent
the solidification behavior of primary ferrite and primary austenite solidilication
conditions. These new diagrams are zignilicant improsements over the constant Fe
vertical sections used in the past.

Partition ratios. k. and the stope of the liquidus surlace, my . can be determined
For Cr and lur Ni partitioning {rom the pscudobinary diagrams using the lotlowing

cquations {7.5

e o= (7.

where L orefers ta liquid. the subscript 1 denotes Cr or Ni and the subscript § denotes
the¢ austenite or ferrite phases. The other nomenclature which are used in this chapter
arc summarized in Table 7.6, Figure 7.4 can be used to calculate k and my, For Alloy
I (primary austenite) where the subseript § denotes the austenite phase while Figure
7.5 can be used to calculate k and my lor alloy 7 (primary ferrite) where the subseript

j now denuotes the errite phase.

Since the liguidus and solidus lines along the solidification paths are nearly fincar
with composition. k and myp, can be treated as constant throughout the solidification
process and their numerical values are summarized in Table 7.1 Since the inital

A

compositions of the primary austenite solidilficd alloys (1.2.3) arc simifar it can be
assumed that k and mp will not be significantly different lor allovs 1. 2 and 3
Likewisc. the compositions ol the primary lerrite solidified alloys (4.5.6.7) arc simifa
and should have similar solidification segregation behavior. Therefore. the vatues of
k and mp calculated for alloy 1 can be used 1o represent the behavior of allovs 2 and
3 while k and my, calculated Tor alloy 7 can be used 1o represent the behavior of

allays 4.5 and 6.
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Alloy 1
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+
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\ L+F
650 .
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1600 |—
F

1550 ! I |
Cr 10.0 20.0 30.0 40.0 50.0
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Composition (wt. %)

Figure 7.4 Pscudobinary diagram along the salidification path of Atloy ||
based on thermodynamic calculations. The solidilication behav-
ior of primary austenite solidificc alloys is represented for
chromium contents up to 31.5 wt',
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Figure 7.5 Pscudobinary diagram along the solidification path of Alloy 7,

based on Thermodynamic calculations. The solidification behav-
jor of primary ferrite solidified alloys is rcpresented for Ni
contents up to 16.3 wt.%,
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Table 7.1 Partition coelfticients and the slope of the liquidus lines tor

primary ferrite and primary austenite soliditied alloyvs.

Primary Phasc Quantity Value
m¥p e, 13.10C “oCr
Ferrite mFy ., -7.40C NG
KFe, 1.10
KFy, 0.74
mAL o -5.6MC T WCr
Austenite mAL N 12.4°C "™Cr
KA, 0.80
KA 1.05

Another cssential solidification parameter is the composition that corresponds to
the line of two-foid saturation of the liquid with vespect to ferrite and ausienite, Cg.
When the liguid composition reaches this point then a second solid phase begins to
cosolidif’y with the primary phasc. Since Cg is the intersection of the solidification
path and the line of two-fold saturation, cach alloy has a ditferent Cg composition.

-

Assuming the solidilication path ‘dircction” for allovs 2 and 3 are parallel 1o alloy 1
and that the solidilication path dircction for alloys 4. 3 and 6 arc parallel to alloy 7,
Cg can be determined for cach alloy. Figure 7.6 shows the solidification paths for the
seven alloys and their intersection with the line of two-fold s1turation. Compositions

af Cg Far cach of the seven altovs arc listed in Table 7.2

In summary, the “lincar’ soliditication paths which where determined in section
7.1 allowed pscudobinary diagrams to be determined for primary qustenite and
primary ferrite solidification.  These diagrams were used to predict values of kK and
mr lfor Cr and Ni partitioning f{or primary  austenite  and  primary  Territe
solidification behasvior. The composition of the liquid where the sccond phase [irst
tepins to devctop during solidification was also determined Tor cach alloy by the

tersection ol the solidification path with the linc ol two-I'old saturation. These
solidification paramecters will be wsed in Tollowing scctions .o quuantily  solute

redistribution during sotidification.



Table 7.2:  Nominal, cutectic and maximum solid compositions {wt. .
Primar: C, Cg Can
Alloy Phasc Cr Nij Cr Nj Cr Ni
1 220 19.0 31.0 18.0 250 18.5
2 Austenite 23.7 17.3 28.0 17.0 24.0 17.1
3 24.6 16.4 26.2 16.1 220 16.6
4 254 15.6 255 15.9 26.8 11.8
5 Ferrite 26.6 14.4 26.0 16.0 27.5 12.0
6 27.4 13.6 26.5 16.1 28.0 121
B 27.8 12.8 27.0 16.3 285 12.2

Figure 7.6

20
Nickel (wt,%)

The estimated solidification paths and the intersection of [l.lCSC
paths with the line of two-fold saturation, for the seven Fe-Ni-Cr

atloys.
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7.2 Interface Stability

During planc front solidification, the liquid solid interface is assumed to be a
smooth planc traveling in a direction normal to its surlace. A solute-rich boundary
laver builds up ahcad of the interface and this configuration is stable at low growtn
rates, R. and high temperature gradients, G. However, typical castings, wcelds and
surface meits solidil'y by a cellular or dendritic mode rather than by a planc front.
Constitutional supcrcooling. caused by the solutc-rich boundary laver. is responsible
for instabiiitics in the plane-front that Icad to cclliular deadritic growth. Since this

theory is well developed it will only be brielly discussed here.

The conditiaons necessary to cause instabilities in the plane front arc rclated to G,

R and the alloy propertics k. Co. mp,, and D by the following equation [7.5]:

S, Co (- A
¢C/R O A ) (7.3)
IS

Where D relfers to the diffusivity and the subscript L refers to the tiquid. If the
above incquality is satisfied, solidification will take place via a planc-Tront. I the
incquality is not satisfied. the interface is unstable but cquation 7.3 only indicates
that instability is prescnt and does not relate any turther information about the

details of the L. § interlace.

In 1963, Mullins and Sckerka [7.6] provided a rigorous solution to the dynamics of
the L S interfacc in a constitutionally supcrcoolcd 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 cnergy o, and Yinctics of the
interface. Their results incorporate the solidification paramcters and alloy propertics

and refie the stability criteria presented in equation 7.3,

Mullins and Sckerka predict a transition from plane front to the celfular mode as
the growth rate is increased. They also predict a reverse transition from cetlular to
planc front at high (>1.0 m/s) growth rates. This reversion to plane front
solidification is termed absolute stability and is causced 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 surlace arca. This factor increases the

surface cnergy of the interface which opposes the driving force produced by
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constitutional supercooling. Therefore, a lower limit is placed on the dendrite arm
(cell) spacing when these two effects are equal and below this limit, the interlace
becomes planar.

The above mentioned stability criteria have been introduced to iflustrate the three
interretated solidilication parameters which are important to the stability ol the
interface: the growth rate R. the temperature gradient G, and the dendrite tip radius
ri. The extent to which these factors are hnown depends on the sotidification process.
For example. during the surface reselidification experiments performed in this study.
R can be estimated from the imposcd scan velocity of the electron beam. however, G

and r, must be caleulated rom first principles.

In the ollowing section. methods for estimating R and lor calculating G will be
applied to the different solidification conditions uscd in this study, From these data,

ry will be caleulated and used to predict undercooling at the dendrite tip.

7.2.1 Growth Rate and Temperature Gradient

The growth rate is defined as the local rate ol advance of the liquid solid
interface. For surface resolidified melts, the quasi-steady-state heat flow assamptions
were discussed in Chapter 4. These assumptions allow the LS interface shape to be
treated as constant, therefore, the growth rate can be estimated from the travel speed.

S. and the wetld pool shape.

For a given quasistationary surface melt, growth rates vary Irom zero to a
maximum saluc which can not exceed the travel speced of the source. Variations in
growth rates around the melt pool surface were shown in Chapter 4 1o be related to
changes in the solidification direction with respect to the direction of the heat source.
Although the growth rate varics from 0 to a maximum of S, the majority of the L S
intcrface moves at some intermediate growth rate. This "average” growth rate of a
given wceld can be approximated from the geometry of the molten zone and can be
determined by mctallographic examination of the resolidified zonc.

At slow travel speeds, the width of the fusion zone is smaller than its depth and

the growth dJircction is predominantly across the width of the weld. For these

conditions, the surface topography of the resolidified melt can be used to estimate the



186

growith rate. The o angle which represents the truiling edge of the melt pool and s
whseryed on the surface of resolidified melts is itlustrated in Fig. 7.7 T'he angle of
mterest, ¢, tHes between R and S and can be calculated from o or from the length, 1,

and the width, W, by the following geometric equation:

TR
W a0 L [ D]
o
The ~olidification front velocits, Ry can be ealeutated from - by the tollowing
cquation
- E— (]

where 7 orepresents the average sohidilication rate of the melt.

At high travel specds. the depth becomes smaller than the widith and the growth

dircction s predominantdy from the bottom 1o the surface of the weld. For these

condivens, should be estimated from the fength and depth of riace melt
JATRIR
v i i RS
o

where D orepresents the depth ol the melt. The average solidification front velociiy

can then be caleuliated for these conditions using eqn. 7.5,

Fhe average length, width and depth of the surface melts performed in this
mmyvestigdtion are shawn in Table 7.3 From these data, « . - and ~owere caleutated
and are also summarized n Table 7.3 Fquation 7.3 was used 1o calculate ~ lor the
taw speed melts 1, 2 and 3 while cquation 7.6 was used 10 caleulate + For the high
speed miclts 403 and 6. The average growth rate Tor cach travel speed was caleulated

Feoam S and «using cquation 7.5,
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Figure =7  Schematic representation of a surface melt showing the relation-
ship between the travel speed, S, melt geometry and the
interfacial velocity, R.

Iable 7.3 Weld pool dimensions and average interface velocity for each of the six

clectron beam surface melting conditions.

Mclt S w,2 L D 4] cos0 R
(mm's) {mm) (mm) (mm) (deg) (mm-s)
1 6.3 25 5.4 5.3 3! 0.86 5.4
2 25 1.5 5.8 31 76 0.26 6.5
3 100 0.8 5.1 1.1 81 0.16 16
4 500 0.63 2.0 0.20 843 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 'rom 3.4 10 175 mm s lor
variations in travel speed from 6.3 to 5000 mm: s respectively. The 3000 mm s melt
was too shailow to metallographically examine for its mclt pool length. Therefore, its
length was initially assumed to bc cqual to the radius of the clectron beam spot
Table 2.4 gives this radius as 0.55 mm and using this valuc. an ascrage interlace
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 ingreased from
2000 to 5000 mm s. Therefore, the average interface velocity for the 3000 mm s
speed melt was cstimated by extrapollating the S versus R behavior of the first 3
melts. This gave the average interface velocity of 175 mm s which v reported in
Table 7.3

It is apparcnt tha. at the high travel speeds. the shallow nature o the surlace
melt reduces the growth rate substantially. This fact has sometimes eon jgnored by
other investigators who have used cither the travel speed or the yolosity estimated
from the meclt width to incorrectly represent the interface selocity o high-speed
directed-encrgy resolidified melts. The maximum interface velocity ol cived in the
high speed clectron beam melts in this study was only 175 mm s which 15 not high

enough to produce the conditions necessary for partitionless solidification

Equation 4.4 was used to determine the average temperature gradient surrounding
the clectron beam melts produced in this investigation. As discussed in Chapter 4,
this equation relates R, G and ihe cooling rate, . Assuming the temperature gradient
is in the dircction of heat flow, G is normal to the LS interface and R can be
assumed to be in this same direction. Therefore, the average cooling rates which were
estimated by the dendrite arm spacing mecasurements in Chapter 4 and ® which was
calculated above from the melt poui geometry were used to determine the average

temperatuse gradient on the L,/S interface:
G = (7.7)

Using this relationship, ¢ was calculated for cach surface meli and these values are

summarized in Table 7.4,


file:///clociiv
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Table "4 Avcrage temperature gradicents during solidification of the 6 clectron

beanm melts.

Melt ¢ R @ ALZK7, [ G .
(oC g) (mm s) (eC ')
1 4.7x102 54 8.7x101 04 6.1x101 t.5x10?
2 1.9x103 6.0 3.3x10? 0.5 2.5x102 4.9x102
3 1.7x 104 16 1.3x103 0.5 9.8x102 2.0x103
4 44105 50 8.0x103 1 8.0x103 8.0x103
5 1.5x108 1J0 2.0x10¢ 2 3.0x104 1.5x104
4 7.5x108 175 4.6x104 2 6.9x105 3.5x104

The average temperature gradient varics from 8.7x10! to 4.6x104 »C 'mm as the
trasel speed 15 incrcased rom 6.3 to 3000 mm s. These values are plotted in Fig. 7.8

T can also be defined as the conductivity-weighted thermal gradient [7.7):
- C (7.8)

and using the relationship between Gy and G (Gg=(ky kg)Gp). the ascrage
temperature gradient in the solid, < |, and liquid. & |, can bc calculated. Values for
> and T are reported in Table 7.4 and arc plotted in Fig. 7.8. At low travel speeds
the Peclet number is large and ¢ is less than & because convection in the melt is
important. At high travel speeds, the Peclet number is smalt and convection becomes
less important, reversing the relationship between = and ..

The a-erage temperature gradient in the solid was also calculated by the finite
clement method tor two travel speeds. These calcuations are summarized in Chapter
4 and arc plotted in Fig. 7.8. There is good coarrclation between the calculated
temperature gradients and the estimated temperature gradicnts. The calculated values

of = arc within a factor of two and have the samc apparcnt slope as the estimated

values of = based on the weld pool gcometry and DAS calculations.
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Average temperature gradient on t“¢ melt pool surface, 7, and the
estimated temperature gradients in the liquid, . . and solid,

at the L/S interface. FEM tempersture gradient calculations are
plotted for comparison.
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7.2.2 Dendrite Tip Characteristics

The diffusion ol solute away from the sohid hguid interface controls the givwth
ratc of columnar dendrites growing parallel to the heat flun direciion [T 8] For
solute Jdiffusion-controlled growth. ncedle-like crystals can grow ai hmigher rat than
a planar interface because the redistributien of solute 1s more efficient around 3 tp
with a sma'l radius of curvature. The rejected solute oreates a boundary laver.
around the tip and the diffusion of solute is controllcd by the solute gradients
created an the hiquid. Therefore. the growth rate and morphological charactenstics off

the dendrites are dependent on the behasior at the dendriie tip.

The driving force for diffusion of solute at the dendrite tip s represented By the

supersaturation,

W = S0
T Ci(l-4) ¢ )

Since a relationship exists between the temperature and the composition of the liquid,
also represents the related undercooling, *° . which drives the solidification process:
| \

: 10
V-0 -4k) ¢ )

I = m €, -C;, = m(.‘{l -

The shape ol the dendrite tip is closely represented by a paraboloid of rovolution
[7.8] and for this gcometric shape. the mathematical solution to the diffusion problem
was derived by Ivanstov {7.9]. This relavionship cauates . to rp and R via the solutal

Peclet number. P. . and the Ivanstov function 1 (P.):

TR A (/.41)
where

. Rr. "

/ T an (7.1
and

I = Iexp P, FP, (7.13)

Here. Ey is the exponential integral function and 7 1s the interdiffusion coefficient in
the tiquid. For numerical calculations Ey(P.) and Py can be approximated from the

following cquations [7.8]:
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for O~/ o~

N R N (RS RIS Ry D O O T 2 R ENE
where.
cg = -0.577216 <y = 0.999992
¢z = -0.249911 ¢3 = 0.055200
cq = -0.009760 cs = 0.001079
for | ~p <w
o ) Flea, P/ ~a P ~a.b ~a, R
PYeb, P ~b Piob.] b,
where,
a; = 8573329 b; = 9.573322
az =18.059017 b; =25.632956
ag = 8.634761 bs =21.099653
ag = 0267774 by = 3.958497

Equation 7.11, 2 =1(P.). docs net specily a unique functional dependence between
the tip radius and the interface velocity, therefore, another cquation is required.
This ad iitional equation comes from the stability criterion and rclates the tip radius
to the surface cnergy and the temperature gradient. According to Trivedi {7.10}. a
relationship can be derived to describe growth at the limit of morphological stability.
The marginal stability thecory is based on a dendrite tip having a small radius would
increase its radius duc to the growth of perturbations close to the tip. Howescer, a
dendrite tip with large radius would decrease its curvature duc to instabilitics
Conscquently, growth occurs at an intermediate tip radius which s represented by the
following cquation:

o d

L LR
! me.-C ( /
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where © 1s the Gibbs-Thompson paramcter (ratio of surface cncrgy to mcliting
centropy). G¢ 1s the concentration gradient in the liquid and G s the temperature

gradicnt in the liquid at the L S interface. G s given by Lipton ¢t al [7.7] to be

~2P CI(1 -4
¢ = :( ) (7.10)
rl

Therefore, by combining cquations 7.9, 7.11, 7.12, 7.15 and 7.16 thc tollowing

relationship can be derived which relates R, ry and G:

{pPim(1-A)C, DIPIGH
] ) R« = 0 (7.17)

., |
\n-!i 1P, (1-k)-1 \ n’l

This cquation is identical to that described by Esaka and Kurz [7.11] as the
parabolic model Il. Solving cquation 7.17 cxplicitly for r, is an impossiblc task sincc
the product Rr, is incorporated in P.. Thercfore, the cquation is solved by choosing
specific values for P. and G and calculating R from equation 7.17. Knowing R and
P. . the tip radius can be calcualted from the definition of the Peclet number,
ecquation 7.12, For surface mclting. R is considercd the indcpendent variable and yet
it must be calculated from a sclected value of P.. Thercfore 10 calculate ry for a
specilfic R and G combination requires an iterative scheme to guess the Peclet number
which corresponds to the desired velocity. Altcrnately, a plot of r, vs. R can be
generated by sclecting 2 range of Peclet numbers and calculating the rclationship

between these variables.

Once the dendrite tip radius is known. the undercooling created by the solutal
boundary laver, .17, can be calculated from cquation 7.10 and undercooling caused by

the radius of curvature, .17, can be calculated from the Gibbs-Thompson relationship:

W\, = T,-1, = 2/ (7.18)

Lo

11 describes the depression of the cquilibrium melting point of solid with infinite

radius of curvature, Ty, . with the actual temperature at the tip. T,
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Finally, the composition of the hquid at the dendrite tip can be caloulited My

combining ¢cquations .9 and T {1,

A computer program was used to generate Poyvs Rorgvs R and T, w5 R curves for
all seven allovs. To simplify the calculauons. the nsecudotinary  approvimations
described tn scction 7.1 were used and only partitioning of the Jununant scgregating
clement was considered. e, Ni for primary ferrite allovs and Cr for primary
austcnite alloys. The physical property values tor the allovs are histed in Table 7.3
and the calculations were performed for a serics of temperature gradicents that ranged

from 105¢(K m) 1o 109 (K m).

Table 7.5 Propertics uscd 1o calculate the dendrite tip characteristics.

Properiy Units Alloy | Alloy 7
mp N (K ) . 74
my.cr (K %) -5.6 -

Kx, - ~1.0 0.74
Ker - 0.8 ~1.0
D, ., (m? s) . 467 x 104
D, (m? s) 30 < 10® -
a J m?) 0.403 0269
N (J m3K) 1.21 x 108 937 x 105
I (mK) 333 x 107 2.86 x 107
0 (kg m3) 8.000 7730
| (m3 molc) 6.98 x 10-6 [N BN N
TL (K) 1671.0 17094
1=, -1, (K) 450 244
D, (m? sy 114 x 10-12 -
12} (m? g) - 140 x 1g12




Figure 7.9 shows the plots of Peclet number versus velociey for allovs 1 and 7 At
large Peclet numbers (Po > 102y a critrcal velociy s approached (V. = GD ) which
corresponds to the lint of constitutional supercooling. As R s ancreased. Poodrops
rapidiy to a minimum yalue which is strongly dependent on the temperature gradient
As R is increcased further, P, continucs to increase but becomes independent ol the
temperature gradient at high growth sclocities. Alloys Fand 7 Behave noa similae
manncr and there is htde difference between the Po versus R ocurses Tor the two

alloys. The behasior of the remaining alloyvs Falls Detween these two extremes.

Figure 10 shows the plots of dendrite tip radius versus velocaty Tor allovs 1 oand

Large tip radit are found at low velocities  As the welocnty s ancreased. the radius
drops sharply and is strongly dependent on the temperature gradient  This regime
corresponds to the planar (r=-) to ccHular transition. At higher velocities the tip
radius becomes independent ol temperature gradient. Herce, sohidification takes place
i a Jdendritic mode until the tip radius is reduced to the point where capillariny
citects become dominant and the structure reverts to cellutar and Finally planar at
the Timit of absolute stability. The tip radius versus velocity behavior of all of the

alloys are guite similar,

Figure 711 shows the plots of dendrite tip temperature. 1, . versus scelocity for
alloys 1 and 7 The amount ol undercooling © - - -+ can be determined from
these plots by subtracting the cquilibrium temperature, by, 'rom the tip temperature
At high growth rates. the undcercooling increases with increasing selocity and s
imdependent of the temperature gradient. This behavior is associated with  the
capiltarity contribution, *© | to the undercooling. As the velooity decreases. desiations
from this general behasior occur and arve dependent on the temperature gradient,
Fhese deviations are caused by solutal effects. cand are assoonated with the
transition from dendritic to planar solidification as the growth rate approaches ils
crivical velocity, The maximum amount of undercoolhing that can be achicved by
solutal ¢lffects s equal to ~ and the lower limit of the nip temperature at low
velocities s the equilibrivm solidus temperature. Allovs 1 through 7 again behave in
a sinilar manncr. The remaining allovs were shown to have similar characteristics

and the results of the calculations are summarized in Appendin D
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7.2.3 Cellular to Dendritic Transition

The stability of the liqu d-sohid interface was shown to be related to the *mount
of undcroooling in the solute boundary laver and the gronth kincnics of surface
perturbations. These factors were in turn shown to be related 1o the solidinicatios
paramcters G and R, Fquation 7 3 can be used to deseribe the conditions under which
a plang tront will break down into cells based an constitutional supercoohing theor
and the alloy properties histed in Table 7.5 were vsed to show that the crincal G R
value for the planc I'ront to cellular (P C) transition s 330 v 102 Ks m? for Aoy |
and 36 v 100 Ks m2 Tor Allov 7. A plot of this relationship is shown s big. T 12
where G R values higher than  this reiationship  will result an plane Front

sobidification while (G R svatues lower than this relationship will be unstable

G R values which correspond to an unstable interface can sohidify as cells or
dendrites Howeser, the conditions under which the cellular o dendritic (C Dy
trancition tahes place arc not as casily defined as the planar to cellutar transition
One theory Cor the cellular o dendritic transition is based on the Po versus R curves

which were caleulated 'rom the denrite tip characteristics.

Somboonserk et al [7.12] proposed that the cellular to dendritic transition tahes
place close to the minimum in the P versus R orelationship. Let P.° orepresent the
Peclet number at the minimum 1n the curve. see Fig. 79, and let R cepresent the
velocity at this point. P.° and thus R® are funtions of the temperature gradient,
therelore, a plot of R™ versus G will separate the conditions fer cetlutar and dendritie
saulidification. The Peclet number versus vclocity plots presented in Fag. 7.9 for Alloy

I and were both shown to hasce similar ¢nitical salues and arce plonted as a single
line in Fig. .12, For temperature gradicnts below this fine. dendritic solidification

hehavior would be expected by this theory,
A comparison can be made between the cellular to dendritic transition predi_ted

by the dendrite tip characterictics and the experimental results. The specific ©and =

values Tor cach of the six surface melting condition® are listed in Table 7.4 and are

also plotted in Figure The morphotlogical characteristics of cach melt was
discussed 1in Chapter 5 and dendrites with well defined sccondary arms were onls
observed in the two lowest growth-rate meclts. The remaining Cour. higher

growth-rate. melts were composed centirely of celis  Therefore, the two low speed
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melts which solidified in a dendritic manner should tie below the ¢ D transivon line
while the remaining melts should lic above the C D line but below the P € transition
line. The experimental results show that all of the melts lic below the P C transition
as they should., however. the C D transition is not correctlhy predicted by the

minimuam in the Peclet number versus velocity cursve theory.
The cxperimental data points which are plotted in Figure 712 are coded. The
solid circles represent the melts that contained dendrites with well defined secondary

arms and *he open circles are entirely composed of fincly spaced cells.
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Figure 7.12 Tempcrature gradicnt versus interface velocity comparing the
calculated and measured transitions for planar, cellular and
dendritic growth conditions.



Therefore. the C I transitson should separate the sohid from the open aircles and this
would require a towering of the C D hinc from 12 X 102 Ks m2 10 .0 X 107 Ks m?
which is a factor of about 17 Scveral possible cxplanations for thas discrepancy
exist

First. aithough the C D transition is known to take place close to the minimum 1n
the Peclet number sersus growth rate curse, it most fikely occurs at higher ycloatics
Mivata et al [T.13) have evidence for this but their data only appcears to account tfor a
lactor of 3 or so and does not in itself cxplain the factor of 17 Sccond, the 39wt
percent iron alloyvs studied in this investigation contain a large percentage ol solute.
The dendrite tip characteristics were calculated based on assumptions that are more
likely to be valid for less concentrated solutions. Third, concentration independent
diffusivitics were assumed and the cffect of ternary allov additions on diffusivity
was not taken into account when calculating the dendrite tip characteristics. These
cffects might change the calculated Peclet number versus growth rate characteristics.
Finally, the fine cells that appear in the microstructure may possibly have solidificd
as dendrites which have coarscned during solidification. It is not possible 1o
dctermine which of these cffects has contributed to the diffcrences betwceen

obscrvation and theory without further investigation.

In summary, the growth ratc and vclocitics were calculaied for cach of the surface
mclting conditions. These measurcr.cnis were used to calculate the dendrite tip
characteristics and onc of these characteristics, the minimum in the Peclet number
versus scelocity curve. was used to predict the cellutar 1o dendritic transition. This
transition was compared to the experimental data and was shown to be off by a
constant multiplving factor of about 17. This difference can be rationalized by the
asumptions uscd to calculate the dendrite tip characteristics and uncertainty in the

C D transition theory itsclf.

7.3 Solute Redistribution Models

Solute redistribution occurs during the cellutar or dendrite solidification of all
alloys. The amount of solute which scgregates is rclated to the solidilication

paramcters, G, R and r,. Solute redistribution ¢a . influence the amount, composition
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intlucnce mecharwal propertics \Maay anvestigators hasve attempted t wnderstand
and model solute redistnibution Jduring cobidaitication. howeser, because of  the
nurmcrous Factors anvolved, no anahvtical treatment has been developed whaich s

capatic of descrr-bing sohdification redistribution wathout making assumptions

In thiy sectien, the more prominent models For sojute redestribotion in bing
costems will ko discussed  The classical noncquibibrium treatment by Scherl wall be
presented Tarst along wath its ranges ol appheatabty Modifications to this treatmen?
inciuce the ¢'fects of undercooling at hagh cooling rates and back iffusion at fow
covline rates  The behavior of the more complicated ternary allovs wall be addressed
and approximations will be made te allow the ternary aitos system to be treated as a
tinary allon svstem  These approvimations will be used to predict solute redistribu-
ton and the amaunt of ferrite which sohidifics from the seven atlovs for cach of the

colidification condstions studied in this investigation

7.3.1 The Scheil Approximation

Chemical potential dilfferences which ¢vst between the sohd and hiquid phases
provide the deiving force for solute redistribution duning sohidifscation. In an
attempt to minimize chemical potential gradients, the clements preferentially ditffose
to their respective phases. This requires a redistribution of the atoms from their
random  solution tn tne hiquid state During the redistnibution. concentraton
eradicnts are cstablished in the liquid and sohid phases bectause of hirctic limatatiops
placed on the diffusing atoms. Theretore, the Factors which control a steady-state
redistribution of solute become those ractors which attempt to remose congentration

gradients from the system

For the special ¢ase of equilibriovm solidification, concentration gradients are
chiminated and the solid and liquid phases have uniterm composition. Under these
conditions, the Lever rule can be applied to calculate the composainion as a function of
temperature or fraction solidified. For lincar fLigusdus and <ohidus tines these

cquations arg ;

{ = o0 )



Table 7.6 summarizes the nomenclature used to represent the solidification related

variables.

During most solidification processes. the concentration gradicnts can not be
climinated and noncquilibrium conditions exist For these cases. assumptions are
made to simplify the problem. The ciassical noncquilibrium treatment assumes
perfect diffusion in the liquid phase and no diffusion in the solid phase These
assumptions provide for 2 mavimum amount of solute to be stored in the remaining
fiquid. which represents an upper fimit on the amount of sccond phase which .an
form during solidificatien. This treatment 1s often referred to as the Scherl approach
and represents the anterfacial composition an terms of temperature or fraction

so.idilied:

The differential Form of equation ~ 21 3 can casily be derived by a mass balance and

is of'ten usciul:

The Scheil cquation can be used to predict the composition and relative amounts
of the primary and sccondary phases. Howeser. this method can only be apphicd o
systems in which the dJdiffusivities of the alloving clements are similar and for
intermediate cooling rates {7.1). At slow cooling rates {71, 715} or for syvstems with
last ditfusing clements such as nterstitials [T.14). back diffusion into the solid phase
limits the applicatality of the Scheil equation. At high cooling rates. dendrite tip
undcrcoohing {710 T.160 .17 and cutectic temperature depresston [T 1 T 18] aiso himit
the applicabiliis of the Scheil cquation  Therclore. the Scherl cquation represents
solute  redistribution  reasanably  well, but only for antermediate caoling  rates

AMadifications are required for the high and low cooling rate regimes



Table 7.6 Nomenclature used to describe solute redistribution
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Variables Description
C.T composition, temperature
k cquilibrium partition ratio
fs fraction solid
D volume diffusion cocefficient
B, tocal solidification time
a.a coefficient for back-diffusion
solutal supersaturation
r Gibbs-Thompson paramcter
Subscripts Description
s solid, solidus
L liquid, liquidus
° nominal
Superscripts Description
4 ‘nterface
EM,C cutectic, maximum, solutal
r.t radius of curvature, dendrite tip

7.3.2 Back-diffusion and Undercooling

Brody and Flumings [7.15] modified the Scheil equation to account for the
back-diffusion which occurs at low cooling rates. In their modcl, they assume perfect
diffusion in the liquid and account for volume diffusion in the solid for two types of
dendrite shapes: lincar and parabolic plates. In practice, cells and dendrites tend to
be shaped closc o0 a parabloid and tnis approximation is more accurate. For this case,

the composition of the solid at the interface was shown to be [7.15}:

C. = KC° ) -()-2ak)f, ‘e (7.23)



1.0,
a = i (/.21

A-

Clvne and Wursz [T 14] show that these cquations rcmain approximatcly valid.

pronvidine the @ fuaion boundary layer in the solid is small {small o) compared to the
collospacine cctherwase, for large a solute is not comserved and c¢rrors become
apparcer v ooand kurs [7.14] modified cquation 7.24 to cnsure that the model

approachkes the Scherl equation as + approaches zero and that the model approaches
the lever rule v approaches infinity. Their modification tv a for a parabolic

deadrite shape

I o=
_ o 7.0
) 2 Pioa (7-25)
Although this cquation is not based on a physical model at intermediate values of o

[7.1]. it remains to bec a uscful relationship for describing solute diffusion at low to

intermediate cooling rates.

At high cooling rates. back-diffusion is climinated but other deviations from the
Scheil cquation occur. The lever law and Scheil models both assume that the
temperature at the dendrite tip is the cquilibrium liguidus temperature. However,
because of incomplcte diffusion of solute in the liquid and because of radius of
curvature cffects, the dendrite tip temperature is depressed. These conditions cause a
reduction in the amount of second phase which forms and can be described by the

overall undercooling which is present at the dendrite tip.

During surface melting, the heat is extracted by the substrate and no thermal
undercooling cxists ahead of the dendrite. Therefore, the only contributions to the
overall undercooling are the constitutional cffects caused by solute buildup at the tip.
47, radius of curvaturc effects .17. and the attachment Kinctics of the atoms at the
interface 7. The interface kinetic term is known to bc small for nonfaceted
matcrials and can be ignored [7.8]. This lcaves two terms to represent the overall

unde¢rcooling 17

\ro= o, o« r, (7.76)



206

Both - and ‘s decpend on the radius of the dendrite tip. These guantitics were
calculated and the results were used to calculate solidification segregation and will be

discussed in following scctions.

7.3.3 Ternary Alloy Systems

The principles for solute redistribution in termary alloy systems arc the same as
those in binary alloy systems. However, the additional degree of freedom in ternary
alloy svstems not only complicates the computations bu: also results in additional
problems causcd by a lack of phasc diagram information rcgarding tic lincs and
solidification paths. Uniess simplifving assumptions ar¢c made, solutions to the soluic
redistribution cquations require a numerical approach since the partition cocfficient
15 a4 function of temperature. Although the tic-lincs, which define the partition
coclficient, are not gencrally known in tcrnary systems. computer-calculated
phase-diagram information can be used to gencerate the necessary data. In this
section, the basic solute redistribution cquations for ternary alloy systems will be
discussed and simplifications will be presented for the case where the solidification

path allows the ternary system to be represented by 2 pscudebinary diagram.

Interface stability and solute redistribution can cach be mathematically described
by models ol varving complexity in binary allov systems. This ternary alioy
representation of the basic models has been made. For example, the threc-component
analog to the Mullins and Sckerka interface-stability analysis and the threc-compo-
nent anatog to the Scheil cquation have been investigated but are not widely used
because of a lack in phase diagram and physical property data. However, to the
author’s knowledge, the more desciiptive dendrite-tip radius calculations have not

been applied 10 ternary alioy svstems.

The three component analog to the Scheil cquation can be derted from a1 mass
balance of the two segregating species. [nitially, the primary phasc begins to solidify
from the melt and assuming no diffusion in the solid and perfect diffusion in the
Yiquid. the differential form of the Scheil equation (7.22) can be written with respect

to ¢ach component.
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df. -/ { .
dC Cov 144,

df. _ -/ O
dCw Cup -k o

Where Cpa and Cpp refer to the liquid composition of clements A and B respectively
while 4,. and +,. refer to the partition ratios between the liguid and primary phase »
for clements A and B respectively. Therciore, by knowing the tie line locations as a

-

function of temperature Cpa, Crp, ka and kg can be determined and cquations 7.2

can be solved to predict the composition of the solid phase.

At some point during the solidification process, the liguid will be sutficiently
cnriched 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 cquations:

ot -/, Cha -k o
roL ks j /s o)
dO Cio L-hay l-hA,y Jalyy
o -/ (K gr— A, df
L 1 B s A\' /s (7 .781)
dl Cig T -hLs I -Aus dCyy
where - .00 refer 1o the weight fraction of second phase a and 5 respectively while «,
and + . refer to the partition ratio between the liquid and # phasc for components A

and B respectivley., If dCp is taken to be the independent variable and the
scgregation ratios are defined by the phase diagram then there are two unknown
quantitics : 1. and fy. Therefore, cquations 7.28a and 7.28b arc both required to
solve lor the change in fraction liquid with a change in liquid composition along the

line of two-Told 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 by the tic-lines in the two-phase lhiquid and solid ficlds and is ¢alled

the equilibrium partition ratio. k. At high intertfacial velocities. 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]. Modecls of the interface kinctics have been devcloped
to represent the deviations from cquilibrium and indicate that k increases with
increasing R from its cquilibrium valuc at low rates to unity at high rates.

Onc modecl lor solute redistribution during rapid solidilication was developed by
Aziz (7.22] and predicts equilibrium partitioning from R<<Dp a and complete solute
trapping (k=1) for R>Dy’a where a is the interatomic spacing. For the alloys studied

in this investigation, Dy/a is approximately 7.5 m/s.

Tablc 7.3 lists the avcrage interface velocity for cach imposed travel speed.
Although the travel speed, S, recaches velocities close to that of 7.5 m.s, the maximum
interface velocity, R, is only 0.175 m/s at its highcst valuc because of the gcometry of
the shallow surface melts. Therlore, assuming 0.175 m/s is significantly less than 7.5
m/s, the partition ratio can bc assumed to be close to its equilibrium valuc for all of

the travel speeds investigated in this stud,.

7.4 Calculations of Solute Redistribution in the Electron Beam Melts

7.4.1 Solute Redistribution and Second Phase Formation

The Scheil equation can be used to predict solute redistribution and the amount
of sccond phasc that forms during solidification. This modcl rclies on some basic
assumptions which limit its uscfullness to a narrow cooling ratc change. However, the
results provided by the Scheil equaticn arc an important point of reference because
they predict the maximum amount of sccond phasc which can form during any
solidification process. The assumptions and details of the Scheil cquation have
alrcady becn discussed and in this scction they will be used to provide first-order
solution to the amount of ferrite which solidifies from the melt for cach of the seven
alloys.

Figure 7.13 shows the solute distribution predicted by the Scheil cquation (7.20a)
for a hypothctical binary alloy cutectic system with k<l. The composition of the first
solid to form is kC, and since solute is rcjected in the liquid, the composition of the

solid increascs with fraction solidificd. When g=[g*. the 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 Cgy and the composition of the liquid is Cg. The remaining liquid solidifies

at this eutectic composition.

The amount of primary phase a that solidifies is represented by the fraction fg*
while the amount of second phase, 5, that solidifies is represented by (1-fg*)x, where
x = {€e-cilscty-cil) is derived from the lever rule at the cutectic temperature. The
total amount of « phase is therefore the amount of primary a plus the amount of a

that solidifies as eutectic (1-fg)(1-x).

Scheil Prediction
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Figure 7.13 Schematic drawing showing the solute redistribution predicted by
the Scheil equation.
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A similar approach can be applied 10 the pscudobinary diagrams. Following the

- =

mcthod described by cquations 7.27, scgregation of Cr and Ni can be independenth

predicted using figures ~.4 and 7.5. Thc amount of the primary phasc can thercfore
be predicted by noting g when the eutectic composition is reached. The amount of
seoonnd L ase that 1 .orms can then be predicted using cquations 7.28 and partition

a0~ m the thermodynamically calculated isothermal sections.

Fhe Scheil cquation can be used to predict 1g* ffor cither Cr or Ni partitioning and
in oo roo both ciements would give the same numecerical value lor fg* However, in
prictice. the approvimations made in deriving the pscudobinary diagrams result in
sina 4 corences in fg* when considering Cr oor Ni segregation. The more accurate
value ot e* s caleulated by the element that partitions the greatest extent during
solidification since this clement averages out the uncertaintics in the phasc diagram.
The solidification paths presented in Fig. 7.6 show that Nji scgregates to a greater
cxtent than Cr during primary f(errite solidification and Cr segregates to a greater
cxtunt than Ni during primary austenite sohidification. Therefore, the Scheil equation
was solved by considering nickel scgregation during primary ferrite sohdification
«v+ 4w =1 . and chromium scgregation during primary austenite solidification

[ Y L=l

Using the above partition ratios and the C, and Cg compositions listed in Table
7.2, the Scheil equation was uscd to calculate the amount of primary (P), sccondary
(S) and total (T) amounts of phases that form during solidification of the seven
alloys. These values arc listed in Table 7.7 and show that the amount of primary
phase decreases as the nominal composition nears the line of two-fold saturation,
which 1s located between alloyvs 3 and 4. The amount of cuicctic is similarly
presented. From this cutectic, the sccond phase forms and additional amounts of the

initial phase will also form, but of the cutectic and not the primary composition.
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Tablec 7.7 The Scheil approximation of the primary. sccondary. and total
amount of ferrite and austenite in the scven allovs

Alloy Fp Fg Fr Ap Ag Ar
1 0 7.2 7.2 82 10.8 928
2 0 18 18 55 27 82
3 0 30 30 26 44 T0
4 B 37 14 0 o 30
5 33 27 60 0 40 40
6 17 21 68 0 iz 32
7 60 16 7o 0 24 24

The amount of sccond phase that forms is a fraction of the amount ol cutectic
liguid. This fraction can be cstimated by the lever rule and the isothermal section at
the cutectic temperature. Comparison of the line of two-fold saturation with the
tic-triangles from the isothcrmal scctions shows the perceniage of the liquid that
solidiflics as ferrite and the percentage that solidilies as austenite. Figure 7.14 shows
the amount ol ferrite that forms from the cutectic liquid as a function of
temperature, For liquid compositions ranging 'rom 39%1¢ (1450 C) 1o the minimum
in the linc ol two-fold saturation (1310°C).  Using an average value of this ratio,
25% ferrite. the amount of second phase that forms during the solidification of

cutectic-composition liquid was caleulated and is listed in Table 77,

A histogram of these resulis s shown in Fig.7.15, indicating the relative amounts
of primary and sccond phasc austenite and primary and sccond phase ferrite that
solidify from the seven alloys. The amount of primary ferrite and the total ferrite
content increascs From alloy 1 1o alloy 7 as the amount of primary and sccondary
austenite decrease. The maximum ferrite content predicted in alloy 7 is 76 pereent
with a majority (60™) being the primary phase. In subsequent sections of  this
chapter. a model will be utilized to predict segregation during dendritic soliditication

and the results ol this model will be comparcd with the results of the Scheil

approximation which are summarized in big 715
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7.4.2 Back-diffusion Effects

The Brody and Flemings model was presented in scction 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 unnccessary

modification at high cooling rates where the characteristic diffusion distance is small.

Therefore, there is a cooling rate that scparates the low from the high rate
behavior. This cooling rate can be estimated from the Brody and Flemings
parameter o. For « 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.

0.8} MELTING POINT
minimum

0.6}

0.4

0.2

FRACTION FERRITE

0 1 1 J I | I L 1 3 1 i } i1 | 1
1300 1350 1400 1450
TEMPERATURE (°C)

Figure 7.14 The fraction ferrite that solidifies from the cutectic liquid as a
function of temperature along the line of two-fold saturation,
based on thermodynamic calculations.
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Figure 7.15 Results of the Scheil calculations showing the rclative amounts of
primary and sccond phase ferritc and primary and sccond phase
austenite that solidifies from cach of the seven alloyvs.
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Values of 1 for the casting and cach of the six clectron beam melts arc presented
in Table 7.8 for primary austenite and primary Territe solidification conditions,
These calculations were made using the scecondary dendrite arm spacings of the

casting. melt T and melt 2 and cell spacing measurcments for melts 4-6.

able 7.8  The Brody and Flemings bach-diffusion paramerer calculated

for allovs 1 and 7 at cach of the solidification conditions:

NMelt ' 0 A A a a
(K s) (s) (peme) (pne) Alloy 7 Alloy |
Cast 7.0 57 - 18.0 7.4x10-2 8.4x10-2
1 4.7x102 4.7x10-2 - 4.7 8.8\10-3 1.2x10-2
2 1.9x103 9.6x10-3 - 30 4.4x10-3 6.0x10-3
3 1.7x104 1.3x10-3 3.2 - 5.3x10-4 1.9x10-3
4 4.4x105 4.1x10-5 1.1 - 1. 4x10-4 1.9x10-4
5 1.5x106 1.2x10-5 0.73 - 9.4x10-5 1.2x10-4
6 7.5x108 2.4x10-6 0.43 - 3.3x10-3 7.2x10-8

The highest o value occurs in the slow cooling cate casting and is less than 0.1,
The lowest « value occurs in the highest cooling rate weld and s less than 10-4
Theretore, singe all the sotidification conditions have » values which arc significantly
fess than unity, it was concluded that the c¢ffects of back-dil'Tusion on solidification

scgregation could be neglected in this study.

7.4.3 Dendrite Tip Undercooling and Second ’hase Formation

In section 7.2.20 a methad was described o calculate the characteristies at the tip
ol a columnar dendrite growing under steadv-state conditions  In this section, the

dendrite tip model will be used to caleulite the undercooling or ¢ach of the allovs
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and for cach ol the solidilication conditions studicd. From these data, the amount of
solute segregation will be predicted and these reselts will be comparcd with the Sched
approximation.

A computer program was writien to ~olve equatoan T 1T tor the Jdoe b FSER IS FRYIN

and undcrcooling. The input to the progsram con i ol Coomy, ko 1 1)y ani
for cach alloy and G Vor cach welding condition he cutpul trom the pro -amoa B
r.. © . and Cp* as a funtion of elocity for cach vatue of G The dondnite tp

radius calculations were performed on cach ot the sevea alloss o cach ot the
aserage temperature gradients histed in Table =3 The physical proporiy data For the
seven altovs s listed in Table 7.3 and the nonunal and cutectic compe e re e Iisted
in Table 7.2

The average interface yveloeity for cach melting condition is aiso listed in Table
T4 These data were used to determine, ry . . and Cp* for cach of the
solidification conditions from the computer gencrated solutions to cquation 7.17.
These data arc summarized in Appendix D For cach allov. the total undercooling
increases with increasing interface velocity rom values of about 109C ia the casting

to values of about 30°C in the highest speed clectron beam mcit

Sarrcal et at [T.0] presenated a2 model for predicting the amount of solute
scgregation that occurs for undercooled dendritic growth conditions. In this riodel. it
is assumcd that the undercooling i1s dissipated at the dendritic tip by orming a
certain fraction of the primary phase solid. 159, corresponding to the fever rule at the
undercooled temperature The remaining liquid (1-1¢2) 1« then assumed to colidily
via the Scheil approximation. Solute conscrvation cguations apphicd to the dendrite

tip under these conditions vield the following cquations

[

where g refers to the Fraction cutectie For the undercnnled Jdendrite
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A modification to these cquations is required il the undercooling brings the tip
temperature below the “cutectic’ temperature. For this case, . as calculaied by
cquation 7.29. is still accurate, assuming the metastable extensions of the liquidus and
selidus are lincar. However, the cutectic composition and the maximum solid
solubility increcase to higher solute lesels with increasing undercooling. These
paramctcrs in turn, influcnce the percentage of liquid which solidifics as the primary
solid phase and Cgy must be corrected to account foi this difference. Assuming
lincar bchavior for the metastable extensions, Fig. 7.16 illustrates the adjustments that
should be made to Cgyq by the addition of the quantity * | to account for the

undcreooling below the cutectic temperature -

1,
C = . (7.3
m,

Therefore. equation 7.30 and 7.31 can bc used to represent the fraction of the liquid

that solidifies as cutectic for the following conditions:

for 10 <T. - I, o, = Oy (7.37a)

tor 11, >, - 1, O, -0 (7.30h)

Using the above cquations and the dendrite tip undercooling calculations. the
amount of primary austenite and primary ferrite that forms during solidification was
calculated for cach solidification condition. Once the amount of primary phasc is
known the remaining liquid solidifics at the cutectic compasition but the percentage
of the cutectic liquid that solidifies as ferrite must still be calculated. Figure 7.14 is
a plot of the percentage of the cutectic liquid that solidifies as ferrite as a function
of temperaturce atong the line of two-fold saturation. From this figure, the average

fraction of the liquid that forms sccand-phase ferrite was determined to be 0.32 and

this value was used for all of the calculations.
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The results showing the amount of each phase that solidilics trom the melt are
tabulated in Appndix D for cach of the seven alloas ana for cach of the
solidification conditions. Also included in these tables ave the resulis of the Scheil
analysis and the equilibrium solidification predictions (ar comparicaon  Siace Alos 4
was observed to solidify in the FA mode at low rates and in the Al mode at high
ccoling rates. the solidification scgregation calculations were peeformed for both
mades of solidification in this altoy.

The solidification scgregation calculations. which incorporate  dendrite tip
undercaniing effects, are plotted in the histograms presented in Figures ~ 17, 7 18, and
7.19. These figures show the influence of composition. at a given cooling rate, on the
amount of ferrite and austenite that solidifies in each allay Figure 17 represents
the slowest cooling rate (cast) condition. Figure 718 represents an intermediate
cooling rate condition (FB melt 2) and Tigure * 19 represents the highest cooling rate

condition 11 B melt 6)

SLP L DR A

100

80—

Porcent of Phagse

Figure 7.17 Results of the solidification scaregation madel <hawing the
retative amounts of ferrite and austenite that solidity tor the
slow cooling rate cast condition The solidification mode
changes from primary austenite to primary ferrite between
Alloys 3 and 4.
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Figurc 7.18 Resuits of the solidification segregation model showing the
relative amounts of ferrite and austenite that solidify at
intermediate coofing rates in clectron beam melt No. 4. The
calcutations were performed for both primary phases in Alloy
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Figure 7.19 Results of the solidilication scgregation model showing the
relative amounts of ferrite and austenite that solidify at high
cooling rates in electron beam melt No. 6. The primary mode
of solidification changes from primary austenite to primary
ferrite between Alloys 4 and 5
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Of the seven solidification conditions, the casting shows the highest amount of
seccond phasc formation. As cxpected, the segregation calculations for the casting are
similar to the results predicted by the Schei! squation which were presented in Figure
7.15. In the casting, the calculations indicate that for the primary austenite solidified
alloys 1, 2 and 3, the amount of primary phase austenite decreases and the amount of
sccond phasc ferrite sncrease with increasing Cr Ni ratio. This results 1n a maximum
sccond phase ferrite content of about 15% in alloy 3 as compared 1o about Z3"
predicted by the Scheil equation. For the primary ferrite solidificd alloys 4, 5. 6 and
7. the amount of primary phasc ferrite increases with Cr Ni ratio at the expense of
sccond phasc austenite. The total ferrite content of these alloys increases from 51"
in Alloy 4 to 74% in Alloy 7 as compared with the range of 3™ to 73" predicted by
the Scheil approach.

The major difference between the Scheil approximation and the castings is in the
rcduction in the amount of second phases that form. These differences become most
apparent when comparing Alloys 3 and 4 which have similar compositions but hase
different primary modes of solidification. Where the Scheil cquation predicts a small
increasc in the total ferrite content between Alloys 3 and 4 (13%), the scgregation
calculations for the casting show a larger increasc (36%). This discontinuity (the
difference in total ferrite content between the primary austenite and primary lerrite
solidified allovs) increases as the cool.ng rate increases and is responsible for the
alloys solidifving in cither the fully ferritic mode or fully austenitic mode at high
cooling rates.

The solidification scgregation calculations for EB inelt 2 a1t 25 mm.s and EB melt
6 at 5.000 mm s arc¢ represented by Figures 7.18 and 7.19 respectively. The influence
of cooling rate on the phase which forms can be seen by comparing the results for the
casting (7°Cs). a 25 mm/s melt (1.9 x 103°C 's) and the 5 mm s melt (7.5 x 106eC‘s).
The amounts of primary phase increasc and the amounts of secondary phase decrease
which creates the discontinuity in total ferritc content between the primary ferrite
and primary austenite solidified alloys. At the highest cooling rate, this discontinuity
was calculated to be 77% between Allovs 4 and 5. However, the clectron beam
resolidification experiments show Alloy 4 to be fully austenitic and Alloy 5 to be
fully ferritic at this speed, i.e., the discontinuity in ferrite content is actuatly 100%.

The difference between the calculations and experimental obscrvations at high
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cooling rates is most likely caused by the approximations that were made in deriving
the pscudobinary diagrams or in the approximations made in estimating the interlface
velocity for the high scan speed mclts. The fact that no second phase iformation is
observed in the high speced melts suggests that these alloys are being undercooled to a
tcmperature where single phase solidification can occur, ic.. below the solidus
tcmperature and into the stable (or metastable) single phase rcgion. The nccessary
undercooling to bring the alloy into the single phase rcgion can be defined as Ty, - Ts
and is a function of alloy composition. Table 7.9 summarizes Ty, - Tg for cach of the
allovs and compares these values to the undercoolings calculated for the casting, EB
melt 2 and EB melt 6. In the highest spced melt, where single phasc solidification
behavior was observed, the undercoolings that were calculated Fall 10 to 15°C above
the calculated solidus temperature. Therefore. it is apparcnt that cither the
calculated solidus temperatures arc too low or the amount of undercooling calculated
at the dendrite 1ip is too low., However, since approximations werc made in deriving
the pscudobinary diagrams and since approximations were made in the dendrite tip
calculations, cither onc might be in crror and additional analysis would need to be

performed to specify the solidification conditions more precisely.

Tablc 7.9: Comparison of the solutal undercooling with the undcrcooling
necessary to reach the solidus temperature.

Alloy Ty-Ts
(°C) AT

Cast E-B 2 E-B 6
(oC}) (oC) (C)
1 313 7.3 ) 12.4 222
2 34.0 7.6 12.8 238
3 35.0 7.8 13.5 246
4-A 357 8.0 13.9 25.0
4-F 41.0 6.8 12.9 25.5
5 37.1 6.8 12.0 230

6 35.6 6.5 11.5 22
I 7 33.0 6.2 11.0 21.9
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7.5 Summary and Conclusions

Solidification paths were calculated for primary ferrite and primary austenite
solidification conditions. These paths were used 1o determine pscudonbinary diagrams
through the Fe-Ni-Cr system to allow the solidification behavior of the ternary alloyvs
to be treated like binary alloys. These diagrams are shown in Figures “4 and 7.5 and
represent significant improsements over the constant Fe sections that have been used
in the past to itlustrate the solidification behavior of stainless steel alloyvs,

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 undcrcooling for
cach alloy and each solidification condition using a constrained Jendrite growth
modc¢l. The results of these calculations showed that the solutal underconling varics
from about 3°C to about 30°C as the cooling rate is increased from the casting (7¢C <)
to the highest speed clectron beam melt (7.5 x 106eC 's).

Based on the minimum in the Peclet number versus interface sclocity curses,
prcdictions were made for the cellular to dendritic transition as a function ol growth
ratc and temperature gradient. These calculations were comparced with the mi-
crostructures from cach melt to show that the calculations appeared to be olf by a
constant multiplying factor. The differcnce in calculated and cxperimental behavior
was rationalized by the uncertaintics 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 resubts 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 sccondary 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 rat¢s, there is a
continuous increase in the total ferrite content with Cr Ni ratio of the allov. The
calculations at siow cooling rates are confirmed by the Scheil predictions and by the

general trend in ferrite content measured on the arc cast buttons. As the cooling rate
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is increased. the calculations indicate a discontinuity in the total ferrite content
which develops between the primary ferrite and primary ausienite solidifving alloys.
The calculations show that this discontinuity reaches 77% between Alloys 4 and 5 in
the highest speed melt, ic.. these results indicate that AHoy 5 should solidily with
77% more ferrite than Alloy 4 in EB melt 6.

The calcuiated discontinuity in ferrite content helps to explain the single phase
nature of the high speed clectron beam melts. At high speeds, the reduction in the
amount of the sccond phase that forms is so severce that the allovs solidify in the
fully austenitic or fully ferritic mode depending on their PSM. Although the
calculations do not predict pure single phase bchavior, they do show the trend which
evplains 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

Mectallographic analysis 07 the clectron beam melis was presented in Chapter §
to illustrate the complex microstructures which develop during the resolidification of
stainless steels. These observations indicate that the ferrite which forms during the
FA or AF modes of solidification transforms by the diffusion controlled growth
(DCG) of preexisting austenite at the ferrite/austenite interface. However, for alloys
that solidify in the f(ully ferritic mode, nucleation of austenite from the ferrite
matrix must precede its growth, For these cases, the transformation of ferritc was
shown to occur by: 1) the growth of massive austenite, which was limited to alloy 5
and was only observed at high cooling rates, and 2) the growth of Widmanstatten

austenite platelets or needles from grain boundary allotriomorphs.

Qualitative analysis of the conditions responsible for the different transformation
mecchanisms was used to develop the microstructural map of the microstructures
shown in Fig. 5.15. This figure shows the cooling-rate and compositions ranges where
cach transformation mechanism was observed. In this chapter, the cmpirical
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 ferrite are discussed in two modcels. The first model is a
first order approximation to the diffusion equation, applied to the continuous cooling
characteristics of the clectron beam surface melts. This model correlates well with
the experimental observations and was uscful in describing the amount of
transformation that occurs as a function of cooling rate for DCG conditions. A morc
carcful analysis of the diffusion problem requires a numerical model to incorporate
the complexitics of ternary alloy diffusion and the moving boundary nature of the

transformation. A mathematical formulation of this problem was devcloped



specifically for the Fe-Ni-Cr system. When coupled with  the  thermods namie
cquilibrium at the Territe austenite interface. this approach can be used to predict the
rate and cxtent of the transformation as a function of cooling rate.

The microstructures which desclop during cooling of tully ferritic solidified
Fe-Ni-Cr allovs were shown to be analogous to the microstructures which develop
during the decomposition of austenite in the Fe-C system. This analogy proved to be
uscful in understanding the kinctics of the ferrite transformation by providing the
wcealth of analysis which has been performed on the Fe-C system to be applicd o the
Fe-Ni-Cr system. Experimental studies of the ferrite to austenite transtarmation were
also conducted on fully ferritic specimens to determine the transtormation rate at
difterent temperatures. These results were analyzed by the Johnson-Mcehl and Asvrann
approach to determine the transformation kinetics. and 1o 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 s cooled through
the F+A two phase ficld. Oricentation of the tic-lincs in the Fe-Ni-Cr system shovws
that the partitioning of Ni and Cr occurs along constant Fe isopleths at temperatures
ncar the solidus. As the allov cools. the ferrite which forms during solidification
begins to transform by the diffu.ion of Cr to the ferrite and Ni to the austenite. The
ratc at which this transformation takes place is governed by the rate at which the
slowest moving clement can diffuse from the austenite ferrite interface.

Diffusion cocfficients have been mecasured for Fe. Cr and i in lerrite and
austenite [8.1-8.8) and the results are summarized in Table 8.1 and 8.2 These results
suggest that the diffusion occurs at a slower rate in austenite than in ferrite 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 austenite show that the actisation
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encrgy tends to decrcase as the alloy content of the stainiess steel increases. has a
measured activation energy. Q. of about 63 keal mole and a precxponential constant,

D.. of about 5 x 10-3 m2 s
AN Doespl QART

where R s the gas constant and T is the temperature in Kelvin, This results inoa

difTusivity ol about 9v10-1 m2 s a1 13300C.

Table 8.1; Volume diflfusion in BCC Ferrite

Q D.

Plement Alloy (heal moley (m? v s Rel.

be - - - -

Pure be 62.7 9.7 x 10-4 8.1

Pure Fe 56.0 1.3 x 10-4 8.2

Ni Fe-2.0Cr 63.4 1.2 x 10-3 8.3

1e-10Cr 65.6 36 ¢ 10-3 §3

I'c-20Cr 336 7.0 x 10-7 8.3

Cr Pure Fe 57.3 24 v 104 8.4
Fe-25Cr-5N, 50.7 6.0 x 106 8.5 88

Table 8.2: Volume ditffusion in FCC Austenite
Q D.,
I'lement Alloy tkeal mole) (m? v y-4) Rel
te Fe-17Cr-12N4 66.8 36100 8.0
Purc t'e 67.0 TN 1055 82
Ni Fe-9N) 66.4 5.0 v 1055 83
Fe-10N1 634 0 100 83
Fe-17CT- 12N G601 9.0 « (-7 87
Pure Ie 6.3 6.3 7 106 84
Cr Fe-17Cr-12N4 631 1.3 1055 8.6
Fe-17CT-128N1-30Mo 381 63 1ar 5 88
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A first order approximation of the amount of transformation that occurs during
cooling in the resolidification meits can be estimated from the above diffusivity of

nickel in austenite and the characteristic dil'fusion distance, L

| T B T (8.2)
Where v represents the transformation time and is inverseh related to the cooling

rate, .. and the tcmperature range over which transformation is occurring. v
It = (8.3)

Since equation 8.2 is nonlincar, a numcrical approach is required 1o calculate the
amount of diffusion that occurs as the alloy cools to room temperature. By selecting
a small temperature range. ¥/, estimating the diffusivity, Dy, using cquation 8.1 and
estimating the transformation time, .1, over this tcmperature range using cquation 8.3,
the product . v can be determined. The characteristic diffusion distance, L, can

then be calculated from the summation of ». .t by the following cquation:

s - Pes

o= yf\)",'j',";"‘ /)M(/')("(’N (8.1)

The o'ffusivity of nickel in austenite 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 cquation 8.4 with a
temperature increment of 1°C. The results of these calculations arc summarized in
Table 8.1 for cach of the cooling rates studicd in this investigation. The largest
degree of transformation was obscrved in the casting which requircd 197s to rcach
room temperature while the least amount of transformation was obscrved in the
highest spced clectron beam mclt which required only 1.9 x 10-4 s to rcach room
temperature. This difference in cooling rates reduccd the characteristic diffusion

distance 'rom 2.9 . for the casting to 2.8 x 10-3 . for the highest spccd melt.

During cooling, the pcrcentage ol ferrite that transforms is rclated to the
characteristic diffusion distance and the thickness of the ferrite particles. Both L
and the dendrite arm spacing. «, decrease with increasing cooling rate. However, since
the characteristic diffusion distance ts proportional to v and since the dendrite arm

spacing is proportional to about » | L decreases faster than » with increasing cooling
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ratc. Thercefore. as the cooling rate is increased. less percentage ol the ferrite in the
microstructure transforms, ic., the soligification microstructure becomes "quenched
in" at high cooling rates. This fact becomes obvious by comparing the ratio of L to «
which is shown in Tablc 8.3 to decrcase from 16.0% in the casting to 0.7% in the

highest speed E-B melt.

Table 8.3: Charactcristic diffusion distance and dendrite arm spacings.

Time to Diffusion
Cooling Ratc Rcach RT Distance. L AL A L7A

Melt (°C s) {s) (germ) (prmy L ()

Cast 7 197 29 - 18 1.6 x 10-1
1 4.7 x 102 29 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 104 82 x 10-2 5.8 x 10-2 32 - 1.8 x 10-2
4 4.4 x 105 3.2 x 102 1.1 x 10-2 1.1 - 1.0 x 10-2
3 1.5 x 106 9.2 x 101 6.1 x 10-3 0.7 - 8.7 x 10-2
6 7.5 x 108 1.9 x 104 2.8 x 10-23 0.4 - 7.0 x 10-23

The percentage of the microstructure that transforms can be caleulated lor cach
cooling rate. Figure 8.1 tllustrates a simple made!l that can be used 1o predict the
amount of transformation. Thc sccondary dendrite arms arc assumed to be cqually
spaced right circular cylinders and the distance between the ferrite particles is equal
to the sccondary arm spacing. To account fur sccond phasc austenite between the
ferrite dendrites, the diameter of the initial Territe ‘eviinder” belore transformation
was mctallographically mcasurced on several specimens to be about 2 3 of this spacing.

Taking this factor into account, the pereentage of ferrite that transformed can be

approximatcd by the ratio of arcas before and atter transformation:
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- -y’ _
% Transforimmed = , v100 (8.9)
.

where r refers to the radius of the ferrite 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 fcrrite that solidifies in the highest speed electron beam melt will
transform. Therefore, the residual ferrite content of primary ferrite solidificd alloyvs
should increasc as the cooling rate increases. This behavior was observed in the
actual electron-beam melts. For example Alloy 7 which solidifies in the fully ferritic
mode has a mcasured 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 ferrite in the
microstructure that transforms [for a given characteristic diffu-
sion distance, L.
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atle 8.4: The amount o1 ferrite that transfarms as 2 runction of coohing rate

i r I .

Melt TSR L R transtormed
Cast 18 6.0 29 IR

1 4.7 1.5 Q033 312

z 30 1.0 0.1- i

3 5.2 11 38102 103

4 11 0.2 (I RN U 8.0

3 0.” 0.24 61\ 10-3 S0

o) 0.4 014 28103 40

I'he transformation characteristics can also be observed by opuical mictallogra-
phy  Fipure 8.2 chows the microstructure of Alloy 4 which <olidified in the F A mode
imomelt 1 oat a cc ling rate of 4.7 x 102 °C s Primary ferrite dendrites, Fag. 8.2a, and
cquiaxed lerrite cells, Fig. 8.2b, were present in the microstructure, This specimen
was etched with a color metatlographic technique that reveals 1) primary Yerrite
cwhiter, 2y austenite that transtformed from lerrite and ensclops the primary ferrite
core tdark grevy, and 3) sccond phase austenite that solidified rom the melt (hght
grevy. The width of the transformed regions varies from about 0.5 .+ to 1.0 .- which

compares fasorably to the calculated characteristic diffusion distance of 0.3 .~

8.1.2 Finite Difference Approach

Appendix D summarizes a mathematical mode!l which can be used to sulve the
moving-boundary, ternary-atioy difluston-controlled phase transtormation problem
T'his farmulation is an application of the linite dilferenee form of Tick™ sconnd taw
and. since thermodynamic cquilibrium must be mairtained at the austenite-tferrite
interface. the phase cquilitria in the Fe-Ni-Cr ternary svstem must be coupled with
the mass conservation and the kinctic cquations vovenng Jiftucion. This method s
sufficient to develop a computer program to predict the tran-formation rate and the

extent ot the ferrite to austenite phase transfoarmation as a function of coonling rate
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Figure 8.2 Co' v metallographic technique used to distinguish between the austenite
which forms during solidification and the austenite which forms during
transformation of ferrite.  a) shows ferrite dendrites and b) saows ferrite
cells, hoth from Alloy 4.



8.2 The Massive Transformation

Massive phasc transformatiwens change mctastable phases to cquilibrium phases
or other mectastable phascs by a diffusional process that invelves a  rapid
noncoopcerative transfer of atoms across a high-cnergy interface. These transforma-
tions arc thermally activated and cxhibit nucleation and growth characteristics but
rcquire only short rangc diffusion of a few atomic jumps to change onc crystal
structurc to another. The cooling rates necessary For ihe massive transformation must
be sulficiently rapid to supprcss the Formation of product phases that involive long
range dilfusion. The resulting massive transformation docs not involve any change in
the overall composition. This composition invariance is an important charactenstic of
the massive transformation and can be used to aid in its identification. Characicris-
tic patches of the massiscly farmed phasc appear as blocks in the microstructurc and
cvhibit ledge features. planar faccts and twinning in somc alloy ssstems. The large
driving force for the transformation allows thc product phasc to c¢ross grain
boundarics and other abstacles.

The massive transformation was obscrved in Alloy 5 at high cooling rates but
was not observed in any of the other alloys. cven though they had similar
compositions. One of the objectives of this chapter is te cxplain, through
thermodynamic and kinctic arguments, the conditions for which the massive
translormation occurs in the Fe-Ni-Cr system and usc these results to show why the

massive transformation was only obscrved in Alloy 5.

8.2.1 Microstructural Characteristics

Arohreho oo iow rates. Allov 3 solidifies in the fully ferritic mode and upon
. ng. tran tore o 1 hev vdume fraction austenite by the growth of new
4 Mt ogran T - raansr ormygt an ohas also been observed inoa high purity 20Cr
Posoha be a Nengh ooty 91 Although the nominal Fe content of their allos
v O wt e and o ramae s b content of Aoy 3 s 39wt both allove have
prooar CroN g Tooandt p s~ gerectinnedy, which places both allove Jhose e rh

fras o twoe-told - praratenn
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Figurc 8.3 comparcs the microstructure ol massively formed austenmite in Alloy 3
with single phase ferrite in Alloy 7. The single phase ferrite microsiructure is shown
in Fig. 8.3 and indicates that the ferritc grain boundarics ctch prominently and a
cellular solidification "substructurc” can be observed. This specimen is hnown to be

fully ferritic because of its high value of saturation magactization (107 cmu g).

The microstructure of Alloy 3. prior tv the transtormation, is single phasc
ferrite and should be similar in appcarance to Fig. 8.3a. Howcever, after the
transiormation, the microstructure s predominantiy single-phase austenite grains and
the grain boundaries tend to be aligned perpendicular to the sohidilication direction
with a jagged appcarance. Twinning is observed within the austenite grains and the
specimen is known to hasve a high volume fraction austenite due to its low saturation
magnctization (18 emu g). The microstructure also shows that some ferrite is present
at the austenite grain boundaries as a result of the incomplete transformation to
austenite. this ferrite is responsible I'or what magnetic moment the specimen has; il
the transformation to austenite had been complete. the saturation magnetization of

the specimen would be zero.

To prose that the microstructures obseryved in Alloy 5 are indeed formed by the
massive transtormation, the composition invariance across the territe and austenite
patches was determined by clectron microprobe analysis. TNigurc 8.4a shows the
microstructure at the root of melt 3. This mclt was moving at 100 mm s, has a

solidillication cell spacing of 3.2 ..-» and cooled at a rate of about 2000 0C s

Two microhardness indentions were placed on the specimen and between these
two indentions is an austenite ferrite interface. The microprobe was used to measurce
the Fe. Niand Cr compositions at 2 .~ iatervals with a 1. focal spot size  bigure
8.4b shows the results of these measurements and indicates that the average

composition of the austenite phase is identical to that of the territe phase and that

there does not appear to be a change in cemposition near o austenite ferrite
interface. This cvidence indicates the composition tnvarian. - af the transformation
and. afong with the microstructural features, shows that A. . 3 can transform ty

au-tente by the massive transformation at hgh cooling rates
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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 temperaturée. T, where the Gibbs f'ree energy of the lerrite and austenite
ol the same compositions are equal. Howcver, experimental evidence exists to show
that the effective start temperature for the trantrormation requires additional
undercooling so that the nucleation temperature is closer to the austenite solvus {8.10]
Therefore. the allovs which are susceptible to the massive transformation tend to be
located close to the line of two-fold saturation to minimize the amount of

undcrcooling required to bring the alloy close to the austenite solvus.

Figure 8.5 plots the composition of the seven alloys on a vertical section through
the Fe-Ni-Cr ternary phase diagram. This sertical scction was taken along a
campaosition path that represents the partitioning of Ni and Cr at temperatures just
below the solidus temperature of these allovs, i.e.. the 14000C tic lines in the F+A
two-phase ficld lies in the plane of Fig. 8.5 and was determined from the isothcrmal
sections presented in Appendix C. As mentioned in Chapter 7, there is a dilference
in the location of the line of two-fold saturation calculated by Thermocalc and the
caperimental observations. Since the relative location of the allovs with respect to the
linc of two-fold saturation is important, this difference was taken into account by
shitting the position of the scven alloys by subtracting 2.8% Ni l'rom cach composition
betfore plotting them on the diagram. With this adjustment, the thermodynamic
caleulations can be correlated directly with the crperimental observations.

The location of the T, line can be determined from the Gihbs free encrgy ver-us
composition plots in the Fe-Ni-Cr svstem. These calculations were also performe i
using Thermocale and the results for 38wt Fe alloyvs are shown in Fig 8.6 at 1304«
and t373%C. The T, composition i~ defined where the free encrey of the ferrite and
austenite of the same compositions ar¢ cqual. These two pointe that were calculated
Irom Fig. 8.6 can be used to estimate the T, linc 1n the ferrite + austenite two phase
field.

The T, line s indicated in Fig. 85 and is located approximately midwis
between the ferrite and austenite solvus lines. This figure indicates that T, rapidiv

decreases in temperature with small changes in composition.
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For cxample, a 1% change in nickel content. drops the T, temperature 850C. therefore,
Alloys 5, 6 and 7 which solidify in the fully ferritic mode at high cooling rates have
significantly different T, tempecratures c¢ven though their compositions are similar.
Dcfining .+ Ty to be undercooling required to bring the alloy from its solidus
temperature to the T, temperature, 3 T, will be an indication of how much
undcrcooling is necessary for the massive transformation to become feasible.

1 T, was dctermined to be 310C, 1019C and 1869C for Alloys 5. 6 and 7
respectively. Additional undercooling would be required to bring these alloys closer
to the austenite solvus temperature where the massive transformation is most likely to
occur. However, the trend in undercooling, required to nucleate massive austenite,
will be the same: Alloy 5 will requirce the least undercooling and Alloys 6 and 7 will

require significantly morc undercooling to bring about the massive transformation.

8.2.3 Nucleation Kinetics

The rate at which the alloy cools through the austenite + lerrite two phase ficld
is largely responsible for the amount of undcrcooling prior to thc nucleation of
austenite. At slow cooling rates, nucleation of Widmanstatten platelets occurs beflore
the temperature rcaches T, i.c., there is insufficicnt undercooling at slow cooling
rates for the massive transformation to occur becausc it is superscded by the
formation of Widmanstatten austenite. At higher cooling rates, nuclcation of
Widmanstatten austenite can be prevented because of the reduced time available for
Widmanstatten austenite nuclcation. Under these conditions, the tempcerature drops 10
larger undercoolings before the austenite nucleates. The massive transformation of
Alloy 5 was observed in the high cooling-rate portion ol meclt 2 and in all of the
higher cooling rate melts. This places the necessary cooling rate lor the massive
transformation at about 2 x 103 K/s and greater lor the 26.4 Cr.14.3 Ni alloy.

The nucleation kinetics [8.11] and growth kinctics {8.12) of the massive
translormation have rccently been reviewed. A relationship between the vooling rate
and thc undercooling for nucleation can be derived from the classical approach. The
resulting expression relates the undercooling below ., -7 -, to the cooling rate
as lollows:

!
\; R

. . . €
Wy = 1,1, (

A
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where ¢« is the cooling rate C is a matcrial-dcpendent and ¢cmbryo-gecometry-dependent
constant [8.11] and Ty is the nucleation temperature for massive austenite. Therefore,
larger undercoolings precede the transformation at higher cooling rates.

In order to explain why Alloy 5 undergoes the massive transformation while
Alloys 6 and 7 do not, the effect of composition on the nucleation kinctics of
austenitc must be examined. From the classical nuclcation thecory, applied to
nucleation at grain boundarics during isothermal transformation {8.13}, onc can derive

the following relationship for the nucleation rate, J™:

J' = ZB'Nexp exp

-TJ 8.7)
t (8.

kT

where Z is the Zeldovich nonecquilibrium factor relating the percentage of atoms
which attach to the number of attempts, 8° is the rate at which individual atoms
aticmpt to attach to the critical nuclcus, N is the number of atomic siles per unit
volume, .+ G* is the free cnergy for the formation of a critical nucleus, @ is the
incubation time, t is the isothermal hold time and kT has its usual meaning.

The most important factor in cquation 8.7 is the free ¢nergy of formation of the
critical nucleus which is related to the volume free energy change 4 Gy and the strain
cnergy ' G, as follows:
lonoy k
1c = S ) (8.8)

304G, + G
where k is a factor reclated to the gecometry of the embryo and o,, is the interfacial
encrgy between the ferrite and austenite phases. Alloys 5, 6 ana 7 differ only
slightly in composition, therefore, only sc.-c:-¢: changes significantly between these
allovs.

The free energy versus composition curve for 59 % Fc alloys at 12509C is shown
in Fig. 8.7. In addition to predicting the T, temperaturc, these curves can be used to
estimate the difference in free energy for the ferrite 10 austenite transformation as a
function of composition. At 1250 0C Alloy 5 is 119 0C bclow its T, temperature and
1 Gy=-150 J/mole, Alloy 6 is 49°C below its T, temperature and 1 Gy= -20 J/mole.
Finally, Alloy 7 is 36 °C above its T, tcmperaturc and therefore has no driving force

for the massive transformation.
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The results of the electron beam melting experiments confirm these calculations.
At low cooling rates the massive transiormation was superseded by the formation of
Widmanstatien austenite. At higher cooling rates, nuclcation of Widmanstatten
austenite platelets was suppressed and the massive transformation was observed in

alloy 5 which has the largest 5 G, for the nucleation at any given amount of

J T=1250 °C
Fe= 0.58
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Figure 8.7  Gibbs free energy versus composition plat along the SR wt™ns te
isopleth showing the volume free cnergy change tor ferrite
transforming t9 austcnite in Alloy 5
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undcreooling. However, Allovs 6 and 7 apparently did not have sulticient driving
force for the nucleation ol massive austenite and remained fully Ferritic under all of

the high cooling rate conditions.

8.2.4 Growth Kinetics

The massive transformation has been observed 1o grow at very rapid rates in
many alloy systems [8.12]. The high growth rates are the result of 1) the high
thermodynamic driving force for the transformation which is nearly proportional to
the degree of undercooling below T, [8.12) and 2) the nature of atomic transler across
the interface which involves a noncooperative rearrangement ot atoms involving only
a Tew atomic jumps 1o change the erystal structure [§.12]. Because of the high growth
rates. characterization ot the anterface elocity, R ois dilficult, howewver, the
mcasurements that have been made show that R is on the order of 1 to 10 mm s in
the Ag-Al system [8.12]

The relationship between undercooling and interlace velocity has been studiced
by Perepezho [8.12] and the results show that the behavior at low undercoolings and
high undcrcoolings are different. At low undercoolings (0 < 100C in the Ag-Al
svstem) the results were interpreted by a step growth model. For the case off step

formation limiting the reaction rate, the following expression was developed:

K o= hvesp owmo o SCSE U LA (.0)

where hois the step height and ¢ s the encrey per wnit cdee fength of steps This

relationship predicts o nearly linear increase an veiocity with R oand agrees with

cxperiments at low undercoolings. At high undercoolines, the interlace velooa.

increases but at a decreasing rate with undercooling. Thiv Fohoveor v ertor » o

by oa continuous growth expression which can be taken 1o be

I \oo

where A oas the antert tce moliliey Moand  Gyoaond o o compen e faot e

,

at hvh undercoolines where  Goyoas Jarges the molihite o by ond Loned the oot 1.

vedocirty tabout 1O nmim o ~oan Ae-2453 0 A allon s



8.2.5 Massive Austenite Summary

The ferrite content of Alloy 5 can be used as a mecasurc of the degree to which
the massive transformation has occurred in cach of the clectron beam melts. In
Chapter 6, ferritec measurements were presented to indicate the total amount of ferrite
present in cach mclt. The results are resummarized in Table 8.5. In this Table, Ay
and Ap, refer 10 the percentage of the fully ferritic solidified areas that transformed
to Widmanstaticn and massive austenite respectively, while Fy refers to the amount of
untransformed single-phasc ferrite. The microstructurces of these mcelts are shown in
Fig. 8.8 to illustrate the regions of massive austenite (light areas) and the regions of

Widmanstatten austenite (dark arcas)

Tablc 8.5 Pcrcentage of massive and Widmanstatten austenite that forms in the

fully ferritic solidified portions of the clectron beam melts in Alloy 5.

melt 4 % Phasc Fy
Am Aw
1 4.7 x 102 0 100 0
2 19 x 103 10 85 S
3 1.7 x 104 30 63 5
4 4.4 x 108 85 0 15
5 1.5 x 106 75 0 23
6 7.5 x 107 70 0 30

8.3 The Decomposition of Single Phase Ferrite

Scctrion 8.1 discussed the transformation of ferrite by the diffusion controlicd
growth of pre-existing austenitc which forms during the AF and FA modes of
solidification. Because the austenite was prescnt prior to the solid state transforma-
tion, nucleation was not required and the marphalogy of the resulting microstructure

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. Massively transformed areas appear
as white regions, while the remainder of the melt transforms by Widman-
statten austenite formation. a) 6.3 mm/s, b) 25 mm's, ¢) 100 mm/s and d)
500 mm/s.
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Sooto 8T dseu sad g masaine Formation of Qustemite which requues Laee thermat
nder Dot broine the ansformate notemperature below the Totemperature
Nuche coon ol duetenite ombre s ooccur ard thoy rapadly o grew Byoan antertace-con-

trolled reaction mechanism Under these conditions, the nucrostructures which
develop are cquated with the nucleation rate rather that the growth hinctics of
massive qustenite  In this section, the decomposttion of ferrite will be studied with
reference to morphologics that require nuclcation of austemite from a fully ferritic
matriv but where the microstructure is controlled by diffusional growth mechanisms

The morphologics that were obsersed in the Fe-Ni-Cr osystem can be directiy
cquated with morphologics which desvelop in the Fe-C osystem. Grain boundary
allatriomorphs, Widmanstatten sideplates. sidencedles and degencrate forms ol the
Widmanstatten morpholagics were all observed in the clectron beam welds of the high
Cr Ni ratio aflovs. The analogy between the Fe-Ni-Cr and Fe-C system appears 1o be
very good and allows the wealth of inlormation about the Fe-C sysiem to be applied
to the tess-studicd Fe-Ni-Cr system.

In this section, the marphological features of the ferrite decomposition will be
presented through the examination ol the clectron beam melis. Because of the large
number of morphological features that were observed, detailed modeling ol the
nucication and growth kinctics of cach variation is not possible. However, general
guidelines will be established to show how the diffusion controlled processes can be
modeled for a simple sideplate geometry,

Isothermal transformation cxperiments were also conducted on Fully ferritic
specimens to monitor the translormation hinctics of the ferrite decomposition. The
results of these caperiments were analyzed by the Johnson-Mchl-Avrami approach
which alfows the effects of nucleation and growth to be combined into a single

cquation,

8.3.1 Morphological Classification

Many of the austenite morphologies that form during the decomposition of fernte
in the Fe-Ni-Cr system have a similar appearance to the forrite marphaologies which
develop during the decomposttion of austenite in the Fe-C o svstem In the Fe-Ni-Cr

svstem it s the diffusion of Naoand Croat the transformation anterface which controls
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the cate wf greswes wede an the bee-c svsterm 1t oy the Jorfusion of carbon whion
covteals the rate 1 os with o Varde from the ditference in mobaihities between carlh
and aickel or ot oevem, the ~ohld state transformations that occur an these tw o
astems are analesous  Theretore, the morphologieal classitiwcation svstem developed

by Dubce [8.14] and presented Py Aaronsen {8 130 to describe the Fe-C osystem

marphologies. can e used torepresent the Fe-N-Cr sastem as well,

Grain Boundary Allotriomorphs

Gramn boundary allotriomorphs are crystals ol the product phase which nucleate
at grain boundaries and grow preferentiatly along the boundary. The allotriomorphs
end to have smooth shapes and provide heterogencous nucication sites Tor the other
growth morphologies. Figure 8.9 shows typical austenite grain boundary allotri-
omorphs which form in the Fe-Ni-Cr alloys. The allotriomorphs are very common and
are present at nearly all ol the grain boundaries in the alloys that have undergone

transtormation and provide sites for Widmanstatten austenite growth

Widmanstatten Plates

Widmanstatten sideplates are plate-shaped cryvstals that grow from the vicinity
of grain boundarics into the interior of the grain and can be categorized as having
cither primary or sccondary characteristics. Primary sideplates grow dircetly from
the grain boundary and sccondary sideplates devclop From crystals of another
morphology of the same phasc. Sccondary sideplates were by far the most commonly
observed morphology in the Fe-Ni-Cr allovs and primary sideplates are not abundant.
Figurc 8.9 shows the sideplate morphology under high and low cooling ratc conditions.
At high cooling rates (8.9a) the sideplates do not have time to grow across the grain
and they appear as finely spaced laths growing along crystallographically defined
dircctions. At low cooling rates (8.9h). Widmanstatten sideplates grow across the
entire grain and also coarsen as the melt conls 10 room temperature.

Widmanstatten plates may also nucleate and grow from the interior of grains.
This intragranular morphology tends to be present in the Fe-Ni-Cr alloys which cool
at low rates. Figure 89¢ shows the intragranular sideplate morphology. Mixed in
with this microstructure arc small intragranular blochs of austenite which arce

referred to as idiomorphs. Individual plates nucleate and grow aleng srystallographi-
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cally detrined directions as do the other platelet variants. These plates may provide
nucleation sites for other plates and when combined with the sideplates growing from
the grain boundarics. thev provide an cttective means for transforming a1 large

volume {raction of the microstructure.

Widmanstatten Needles

Widmanstatten needles. which are somctimes referred to as acicular needles. are
ncedle-shaped crystals which also can be categorized as having primary and secondary
characteristics. Primary sidencedles arc again the less dominant variation in the
Fe-Ni-Cr alloys studied. Figure 8.10a shows thc morphology of the austcnite
sidenccdlcs which grow "radially” from the grain boundaries and allotriomorphs. The
nucleation I'requency is casily observed since cach needle has a distinct appearance
and docs not tend to degencrate to other morphologics.

Intragranular necedles were also observed and arc a common f{ecature of the
microstructure. These needles nuclcate within the grain and grow along well defined
crystallographic directions as weli. Figure 8.10b shows this morphology and indicates
that intragranular needles provide nucleation sites for other needles.

All of the Widmanstatten ncedles observed in this investigation were located in
the heat affected zone of a previous melt. Therefore, the ncedle morphology is the
product of a high-tempcraturc "hcat treatment” rather ihan the direct product of the
resolidification e¢xperiments. This behavior can be explained in terms of nucleation

behavior and will be discussed in later section of this chapter.

Degenerate Widman.tatten Sideplates

Variations of the austenite sideplate morphology may occur when the plates A)
form "faccts" on their faces. B) branch to form new plates or ) "sympathetically”
nucleate new plates with new habit plancs. Each of thesc variation was observed in
the Fe-Ni-Cr allovs studied in this investigation. The A morphology was the most
commoniy observed degencration of the sideplates. Figures 8.11a and 8 11b show this
microstructure in Alloys 6 and 7 respectively. In this microstructure. the light colored
phase is austenite and the dark colored phasc is ferrite. Many lacets have desceloped

on the austenite plates and give a random appearance to the microstructure
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Figure 8.9 a) Widmanstatten austenite sideplates growing from grain boundary allotri-
omgorphs at intermediate cooling rates, b) Widmanstatten sideplates at low
cooling rates and c) intragranular Widmanstatten plates in AHoy 7.
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Figure 8.10 2) Primary Widmanstatten side-needles growing from grain boundary allo-
iriomorphs in Alloy 7 and b) intragranular Widmanstatten needles in the
heat affected zone of Alloy 7.



Yigure 8.11 Degenerate forms of Widmanstatten sideplates. a) indicates faceting of the
austenite plates; b) and c¢) show sympathetically nucleated austenite side-
plates, and d) indicates branching of the austenite plates.



The 'B' morphology was less frequently observed and is shown in Fig. 8.11d. In
this microstructure, 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 ncedles nucleating as the result of
the growth of other plates or ncedles. Examples of this microstructure arc shown in
Figurc 89c and 8.10b for intragranular plates and needles respectively. The C
morphology may also combinec with ‘A’ morphology 10 create the complex
microstructures shown in Fig. 8.11¢c. The micrograph was taken from alloy 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 supersaturation and the primary ferrite grain size arc the two most
important factors controlling the austenite morphology. Both of these factors are
influcnced by the cooling rate since the grain size and thc transformation
tempcraturc both decrease with increasing cooling rate.

The cffect that grain size has on the austenite morphology is to provide
nuclcation sites for grain boundary allotriomorphs and Widmanstatten sideplates or
sidencedles. Therefore, as the grain size decreases, the larger grain boundary arca
results in a microstructure that has a larger percentage of the transformation
originating from grain boundarics and a lesser percentage of intragranular
morphologies.

The dcgree of supersaturation (the amount of wundercooling) increases with
increasing cooling rate and provides the driving force for the transformation. Small
supersaturations onty provide small driving forces. Therefore, the austenite requires
heterogencous sites such as grain boundaries or allotriomorphs to provide nucleation
sites. The resulting microstructures consist of grain boundary allotriomorphs and
Widmanstatten sidceplates and sidencedles. Large supersaturations provide large
driving forces and the austenite may nucleate at matrix or lattice defects within the
interior of grains. The resulting microstructures at high supersaturations are

typically a combination of grain-boundary nucleated and intragranular morphologics.



8.3.3 Nucleation and Growth Kinetics

Grain Boundary Allotriomorphs

Nucleation of grain boundary allotriomorphs. intragranular plates and intra-
granular necedles leads to the majority of the microstructures observed in this study.
Of these three. nucleation of grain boundary allotriomorphs is important since the
sideplates that arc responsible for the majority of the transformation, grow from the
allotriomorphs. Aaronson [8.15] dcvecloped an equation to represent the nucleation
rate. N, for hemispherical shaped ecmbryos heterogencously nuclcated against a planar
grain boundary in the Fe-C system. Again, using the analogy bctween the Fe-Ni-Cr
systcm where diffusion is controlled by the diffusion of Ni in austenite instcad of

carbon in the Fe-C system, Aaronson’s equation becomes:

- R
N 304,-0,, R .
N. = Kk-exp| - +1C, |Z7(RT) (8.11)

3 .1C,+.1C,
where K is a composition dependent constant, «., and o.. arc interfacial cnergies for
ferritc-austenite and ferrite-ferrite interfaces rerpectively. oGp is the activation
cnergyv for the diffusion of Ni in austcnitc and the remaining terms have been

previously defined.

The most important factor from the standpoint of nucleation kinctics is o+ Gy
because it varics considerably with transformation temperaturc. As transformation
temperature decreases, 1 Gy, becomes more negative and N, incrcases accordingly.
Therefore, with larger undercoolings. produced by rapid cooling rate conditions, the
nuclcation rate increascs. However, as the cooling rate increases, less time is available
for the nuclcation events. Thercfore, as cxperiments will show, the total number of
nuclei that form and grow to a perceptible level per unit volume decrcases with
increasing cooling rate past some critical value. This critical cooling rate was shown
to be about 2000 9C/s. Above this value the nuclcation of austenite allotriomorphs
can be suppressed and the microstructurces remain fully ferritic.

Growth of the allotriomorphs is also controlted by diffusion and, once again, the
diffusion of nickel in austenite is assumed to be the rate controlling step. The rate at

which the allotriomorphs thicken can be shown to be proportional to (Dt)! Z

Vo= oa(hn)'’’ (8.12)
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for planar and spherical gecometries [8.13] where the constant X is related 1o the
dcgree ol supersaturation and the diffusion geometry. As previousiy discussed, the
transformation time, diffusivity and diffusion distance decreases with incrcasing

cooling rate which results in less transformation at high cooling rates.

Orientation Relationship

Widmanstatten plates and necedles grow with a crystallographic orientation
relationship with the parent phase. In plain carbon steels and in Fe-Ni-Cr alloys this

relationship is known to follow the Kurdjumov-Sachs specifications:

(11, (110),
[11o], (111, (r
where the subscript v refers to the FCC austenite and the subscripts relers to the

BCC ferrite.

Widmanstatten Plates

The spacing between adjacent Widmanstatten sideplates is related to the nucleation
frequency of the plates along the grain boundary allotriomorph interface. Therefore.
a model to describe the sideplate spacing would need to cxplain how the initially
planar austcnite allotriomorph interface becomes unstable and forms a series of
relatively cven spaced platelets growing towards the interior of_fhc grain. Townsend
and Kirkaldy [8.18} applied thc Mullins and Scrkerka [8.19] interface stability analysis
to analyze the spacing of Widmanstatten sideplates in Fe-C allovs. Their analvsis
shows a good corrclation betwcen theorctical and cxperimental results. The details of
these calculations will not be presented here, however, one result of their analysis
indicates that the perturbation frequency increases parabolicaliy with increasing

transformation tcmperature:

A« (5.11)

m

Thercfore, the spacing of the sideplates should also incrcasc with increasing

transf(ormation temperature.



Nbcrostructural examination was performed on the clectron beam resoliditied
alloys o determine how the cooling rate intlucnces the sideplate spacing. In the cast
condition. Alloy 6 showed a spacing of 11 mm whereas in the clectron beam mcelts of
Alloy 6. the spacing was 1 mm or less. The smaller spacing of the higher cooling rate
melts is consistent with the thecory proposed by Townsend and Kirkaldy since the
higher couling rates would provide higher undercoolings prior to the nuclcation of the
sideplates.

The platelet spacing of the castings is significantly smalicr for Alloy 7 (2 mm)
than tor 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
ditlerence atone docs not cxplain the order of magnitude difference in spacing for
the allovs cooled at the same rate. Therefore, the effect of composition on the
thermudynamic drisving force for the allotriomorph interface instability must also
play a  significant role. This factor enters into cquation 8.14 through the
proportionality constant and is explained in morec detail by Townsend and Kirkaldy.

The grawth kinctics of the Widmanstatten platelets were also studied by
Townsend and Kirkaldy for Fe-C allovs. Following the method descloped by Zener
[8.20] they derived an expression for the growth rate. R, of a platelet having constant

radius of cursature, r:

DiCh=Cy
- . . (8.10)
HACu=Cly,
Using the analogy between the Fe-Ni-Cr system . the Fe-C syvstem, D is the

diffusivity of Ni in austenite, Co is the equilibrit cancentration of cliement 1 in
ferrite at infinite radius of curvature at the A F criface, and Ci, Ca arc the
concentrations of clement i in ferrite and austeni  :zspectively at the radius of

curvature cqual tor.
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8.4 Isothermal Transformation Experiments

The transformation kinctics of the decomposition of lerrite were swudied under
isothermal conditions. Section 2.5 summarized the experimental procedure in which
small specimens (~50mg) were heat treated in a salt bath for various times, at 6250C
and 7209C. The ferrite content of each specimen was measurced betore and after cach
heat trecatment using the vibrating sample magnctometer. This technique allowed
accurate ferrite mecasurements to be made so that the percent ferrite that had
transformed could be determined as function of timc under the isothermal
temperature conditions. These cxperiments were conducted on Alloys 6 and 7 to
cvaluate the effects of ferrite composition as well as temperature on  the
translformation kinctics.

The cxperimental test matrix was formulated so that the amount of time that
cach specimen was transformed corresponded to a doubling of the previous total
transformation time. At 7200C, the transformation rate was rapid and the initial time
increment was taken to be 15s, whereas at 6259C, the transtormation ratec was slower
and thc initial time increment was taken to be 120s. The cxperiments were continued
to a total transformation time¢ that corresponded to near equilibrium conditions at
.heir respective transformation temperature.

Table 8.5 summarizes the results of these experiments and reports the percent
ferrite after each isothermal heat trcatment. Figure 8.12 plots the results of Allovs 6
and 7 as fraction transformed (!-fracticn ferrite) versus log time at a transformation
temperature of 6259C. For all cases, Alloy 6. which has a lower Cr/Ni ratio than
Alloy 7, transforms at higher rates than Alloy 7. The transformation curves have the
classic sigmoidal shape which is characteristic of nucleation and growth kinetics. At
short times, the transformation rate is slow duc to the incubation time required to
form austenite nuclci. During later stages. thc transformation rate again rcduces
because of impingemcat cffects. The maximum transformation ratc occurs at
intermediate times where the reaction is approximatcly half-way to complction.
Figurc 8.12 also shows similar results for Atloys 6 and 7 at a transformation
temperature of 7200C. At the higher temperature, the curves have the same genceral
shape, however, the transformation rates are much higher and there is a larger effect

of composition on the transformation rate at 720°C than at 6250C.
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Figure 8.12 Comparison of the isothermal transformation kinctics of Alloys 6
and Alloy 7.



The carly studics of the kinetics of nucleation and growth phase transtormations
were conducted by Johnson and Mchl [8.16). these studics led to the deselopment of
the relationship between the (raction transtormed, T, and the isothermal transtorma-

tion time,

Jo= enp AU (&.10)
For continuous cooling transformation kinctics, Christian [8.13] reports that the time
cxponcnt, n. is related to the precipitate morphology and the behavior ol the
nucleation rate with transformation time B is a material dcpendent constant. These
variables can be determined (rom a lincarization of cquation 8§14 by taking repeated

logarithms to give the lollowing cquation:

Foglinet - fy) = logB~nloqt (8.174)
From a plot of In(I-f) versus t on a Log-Log scale. n can be determined from the slope

of the linc and B (rom the intercept at t=1s.

-

Figurc 8.13a and 8.13b shows this relationship for Alloys 6 and 7 respectively.
For cach allov. the relationship is approximatcly lincar at short and intermediate
transformation tinics but impingement cffcects at long transtormation times reduce the
slopc dramatically. The initial slope provides the time ¢xponent. For both alloyvs, the
lower transtormation temperature is associated with a lower slope. The measurcd
values tor B and n arc reported in Table 8.6 and corrcspond to the cocflicients lor
equation 8.16. At S0% transformation and 625 oC, the values ol n are 0.94 and 1.30
for Allovs 6 and 7 respectively, while at 7200C, the vatues of n are 1.40 and 1.74 for

Alloys 6 and 7 respectively.

It was once belicved that from the svalue of n, onc could determine the
morphology of the precipitate. Although the morphology of the precipitate can
influence the rate of transformation, other lactors are also incorporated into the rate
cxponcnt. Data in the literature seems to indicate that n= 3 2 for diffusion
controlled growth of plates. spheroids or necedies as long as the particles were all
present at time zero and had negligibly small initial dimensions [8.13]. Therefore,
variations in the observed values of n are the result of non-zero finite initial particle

size or non-dilfusion controlled growth mechanisms,
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The significance of differences in the measured svalues of n. s difticult to
cvaluate, however. 2 few observations can be made. Firstly, n was obscryved to vary
from va'ucs slightly less than 4 4 to salues of about 7 4 This range s centered
about n=3 2 and suggests that diffusion limited growth is controlling the
transtormation. Seccondly, for cach alloy. n is approximately 04 lower at 6235¢C than
at 720°C. Obscryations of the microstructure indicates that there is a diference in
particlc morphologys  at these two  temperatures. Optical metatlography  clearhy
indicates that Widmanstatten needles form at 623%C whercas Widmaastatien platclets
form at 7209C ror both Allovs 6 and 7. If the dilfereace in particle shape 15 not
responsible for these differences in the value of n. then other factors, such as the
influence of temperature on aucleation rate must be responsible. Further studies

would be required to evaluate the significance of the difference in rate cxponents at

the two temperatures.

Table 86  Results of the isothermal transformation cxperiments listing wi. {raction

ferrite as a function ol time.

time Alloy 6 Alloy 7
(s) 6250C 7200C 6250C 7200C
0 1.00 1.00 1.00 1.00
1.3 x 103 - 1.00 - 1.00
30 x 101 - 0.96 - 0.99
6.0 x 10! - 0.89 - 0.97
1.2 x 102 0.98 0N 1.0 0.88
24 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 Q.67 0.29
36 x 103 0.50 0.23 0.52 0.27
T2 x 103 . 0.38 0.21 0.39 0.23
1.44 x 104 0.32 0.20 0.34 0.24
2.88 x 104 0.28 - 0.30 -
576 x 104 0.25 - - -
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Tabic 8.7 CoefTlicients for the Johnson-Mchl-Asrami cquation.
Temperature
Alloy (oC) n B
6 625 0.94 3.8 x 104
720 1.40 4.0 x 10-4
7 625 1.30 3.0 x 10-5
720 1.74 3.0 x 10-%

B. comparing the transformation rate at the two temperatures, an cstimate of the
activation ¢nergy for the transformation can be made. Assuming the transformation
is thermally activated. given a time, t. required to transform a certain volume

fracuion lerrite. the temperature dependence of the transformation rate becomes:

l S, R
=g Y (8.18)

where Qr represents the combined activation encrgies of nucleation, Qu. and growth
Qg. By taking the ratio of cquation 8.18 at the two temperatures and simplifying, the

cxpression. Qr becomes:

e [ ([ o
v, = -R k/' o i , (3.19)
2 i |

where t; and tz represent the times required for 50% transfcermation at temperatures
T, and Tq respectively.

Applving cquation 8.19 to the results presented in Figures 8.12 gives the
activation cnergy for the transformation of Alioy 6 to be 33.6 Kcal mole and Alloy 7
1o be 44.2 Kcal -mole. Comparing these values to the activation cnergy for diffusion,
shown in Tables 8.1 and 8.2, shows that the apparent actisation cnergy for the
transformation is 10 to 20 Kcal mole less than the anticipated activation cnergy for
diffusion ol nickel in austenite. This behavior might be caused by a non-zcro
nucleation rate throughout the transformation experiments., combined with an
additional dependence of the nucleation rate on the temperature. This effect would
result in a higher volume fraction translformed than that associated with the

diffusional growth ol a fixed number of nuclet present at time zere A second
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pussibility for the fower actination cnergy might be related to the assumptions made
about the mechanism lor growth. It the transformation takes place by an mterface
controlicd growth mechanism rather than the assumed diffusion controlled growth
mechanism  the analvsis of the results would have 1o be aliered sigmificantiy,
Additional ¢xperiments would have 10 be performed in order to separiate out the

rcasons responsible for the activation energy ol the transtormation

8.5 Summary and Conclusions

The microstructurcs which were observed in the Fe-Ni-Cr allovs were shawn 1o
depend on the primary mode ot solidilication, the specifiic altoy composition and the
coonling rate. Many of the microstru..aral morphologics were related to the solid-state
transformations that occur as the resolidified alicy cools to room temperature.

for alloyvs which solidify in the AF or FA modes, the transformation occurs by
the diffusion controlled growth of austenitc. The resulting microstructures consist of
isolated ferrite particles, vermicular Territe or lacy Ferrite. depending on the initial
Ferrite content and the cooling rate. The transformation rate for the diffusion
controlled growth of austenite was modeled using the diffusion of Ni in austenite as
the rate limiting factor. A simple. first-order. model allowed the transformation rate
to be calculated for cach ol the solidification conditions that were studied in this
investigation. The results of these calculations showed that a decreasing percentage
of the microstructure transforms as the cooling rate increases. despite the fact that
the “scale” ol the microstructure also decreascs with increasing cooling rate. This
simpie model correlated well with experimental observations and provided a usclul
appraximation to determine the influence ol cooling rate on the amount of ferrite

that transforms by diffusion controlled growth.

A second. and maore accurate. model of the diffusion controlled transformation of
ferrite was also developed. This model utitizes the finite difference Carm of Ficks
second law 1o caleulate the rate of interiace movement as the forrite transtformsy o
austenite. Howeser, due 1o the complexity of applving this approach to a ternary
alloy svsiem. the application of this modcel 10 the transformation characteristics of

ferrite wall be postponed to future work.
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For the allovs that sobidify an the Tully fermtic conditen, nuclcation of austemite
15 necessary hefore the rransformaton can proceed and the temperature at which the
austenite phase nucleates dictates the type of transformation that wall occur At the
small amount of undereoehing which occur a1t low coohing rates. Widmanstatten
austenite  platelets  grow from  graan boundary  allotriomorphs  The  nucleation
characteristicos and the nstabilities that form from the atlotriomorphs arce responsibie
for the spacing ol the Widmanstatten platelets Once the spacing  has  been
determined. the platelets grow by a dilffusion contralicd mechanism  Therefore, more
transtormation occurs at low cooling rates.

A second type of Widmaastatten austenite morphology was observed an the heat
alfected zone of the resehiditied melts. This morphology consisted ol austenite
necdles and through asothermal transformation experiments. was shown o ogcur at
larger undercoohings than the platelets,

The transtormation hinctics of  Widmanstatien  austenite were studicd by
isothermal experiments to measure the fraction of the Ferrite that transforms as 2
function of time at two different temperatures. These caperimental measurements
were anterpreted by a Johnson-Mchl-Avrams apalysis to guantify the transformation
ratc and the cffects of temperature were used to cestimate the activation cncrgy lor
the transformation. These calculations showed the activation cnergy to be about 30
Kcal mole which correlates with the actinvation cnergy for a diffusion controlled
transtformation with a temperature dependent and non-zero nucleation rate 1he
Johnsan-Mehl-Avrami and activation cnergy calculations can be used to predict the
ratc and extent of the phase transformation as a l'unction of time and tecmperature.

The massive transformation of ferrite to austenite was only observed in Allov 3
Thiv transformation occurs at  high cooling rates and  through the use ol
thermodynamically  calculated Gibbs Free energy versus camposition curyves, the
presence of the massive transformation in Aoy 3 caa casily be oesplained The
thermodynamic calculations were also used to show why Allovs 6 and 7. which have
higher Cr Nioratio than Alloy 3 do not undergo the massive translormation for the

cooling rates investigated in this study.
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CHAPTER 9

Summary, Conclusions and Future Work

The influcnce of cooling rate on the microstructure of starnless steel allovs has
been investigated through the examination and analysis of clectron beam resoliditied
melts. The Fe-Na-Cr alovs used in the coyvperiments spanncd the line of two-fold
saturation atong the 39 wi “wasopleth and were cooled at rates between 7C < and 73
v 0% s The macrostructures which developed from these allovs varied from fulh
austenitic to futlsy ferotic and many  duplex microstructures were characterized
botween these two exgremes.

IThe complex microstructures which develop during the resolidification experi-
ments were cnamined and analyzed to separate the clfects of conling rate on solute
redistribution during soliditication from the effects of cooling rate on the solid state
ranstformation of  ermite. This required a combination of ¢xperimental results,
thermadynamic analvsis and kinctic analysis ol the different allovs and diflerent
satidification conditions. The thermodynamic data was acquired by calculations of
isothermal <ections and Gibbs free encergy versus composition plots For the allovs used
in this study. The kinctics of the solidification behavior were studied by analvzing
the growth characteristics of cotumnar dendrites. These results were used 1o madel
solute redistribution and to calculate the percentage of primary and sccondary phases
that Tarm an cach alloy as a function of cooling rate. Furthermore. the hinctics of
the sohid ~tate transformation were modeled by a diffucion controlled growth anuivsis
and experimentally verified through isothermal transtormation studies.

Ihis chapter summarizes the resufts of this investigation and is meant (o he an
overview of the work that was performed  Scotion 91 presents a summary of the
important cxperimental results and a summary of the analvsis that was performed.
Scection 97 Jists the conclusions From cach of the separate studies of this mvestication

while sectvon Y 3 discusses the areas that were wdentiticd For tuture wark


file:///aried

264

9.1 Summary

9.1.1 Experimental Results

The experimental results which show the influence al codling rate on the
microstructure of stainless steel allovs are summarized in a number of kecv Tigures
and tables in Chapters 5, 6 and 8. Figurc 5.6 shows the influcnce of clectron beam
scan speed (cooling rate) on the primary mode of solidification for cach of the seven
Fe-Ni-Cr alloys. At Jow cooling rates. four modes of solidification arc present while
at high cooling rates only the lully ferritic and fully austenitic modcs are present.
The regions where cach PSM exists are indicated and this figure also shows that the
solidification mode of Alloy 4 changes rom primary ferrite to primary ausicnite as
the cooling rate ingreases.

I'he microstructural morphologics which develop as the resolidificd melts cool to
room temperature are summarized in Figure 5,15 This tigurc indicates the cooling
ratc-composition range where cach morphology was observed and shows that the PSM
is an important factor in the devclopment of the microstructural morphologics. At
low cooling rates. the widest range of microstructures appears. Cellular-dendrite
single-phase austenite, interdendritic ferrite, vermicular ferrite, tacy ferrite. blocky
austenite and Widmanstatten austenite form at low cooling rates as the Cr Ni ratio of
the alloy increases. At intermediate cooling rates. dendrites arc replaced by c¢clls and
the most commonly observed microstructures are the ccllular and intercellular forms
of ferrite and austenite. If a cutectic phase forms, its presence is difficult 1o
vharacterize and is most likely a divorced cutectic having a microstructure similar to
ttereetiular ferrite or intercellular austenite. At high cooling rates, single phase
ferrite or single phasce austenite arc responsible for the majority of the microstruc-
tures observed. Once cxeeption is the presence of massive austenite which was onhy
obscerved in Atloy 5 at high cooling rates.

A comparison ol the morphological features obscrved in this study with those
obscrved by other investigators is presented in Table 54, This table allows a
comparison to be made between the terminology used by the different investigators 1o
describe the same morphological Yeatures. Table 5.6 summarizes the solidification and

solid state translfarmation cuvents which lead up to the devclopment of cach of the



morphologics.

Onc of the methods used to describe the influence of cooling rate on the
microstructure was to measure the residual ferrite content tor each of the
solidification conditions. The results ol these measurements arc presented in Figure
6.14 and show 1) the ferrite content ol Alloys 1. 2 and 3 decrease with increasing
cooling rate. 2) the ferrite content of Allovs 4 and 5 go through a maximum with
increasing cooling ratc and 3) the ferrite content of Allovs 6 and 7 increase with
increasing cooling rate. These results were interpreted by the influence of cooling
ratc on the primary mode ol solidification. solute redistribution and the solid state
transformation of Territc. However, in order to decouple these cffects, solidification
modecliling was required to determine the amount ol ferrite that solidified from cach
melt, prior to the solid state transformation.

The transformation ol ferritc was studicd under isothecrmal conditions by
measuring the amount of ferrite that transformed as a function of time and
temperature. The results of these cxperiments arc shown in Figure 8.12 as [raction
transformed sersus log time and in Figurc 8.13 as analvzed by the John-

son-Mchl-Avrami approach.

9.1.2 Analysis and Modelling

Quantitative analysis of the cxperimental results was performed 1in Chapters 4, 7
and 8. Chapter 4 investigated the influence of clectron beam scan spced on the
average interface vclocity, temperature gradients and cooling ratcs at the L S
interface in the resolidified melts. Cooling rates were mcasurcd by three techniques:
1) dendrite arm spacing. 2) a modification to Rosenthal’s heat flow analvsis. and 3 a
finite clement mecthod. The heat flow models confirm the dendrite arm spacing
mecasurcments. The Tinite clement mcthod was also used to calculate the distribution
of tempgrature gradients and cooling ratcs on the L S interface of the clectron beam
melts. These results indicate that the temperaturce gradient is rclatively constant on
the mclt pool surface but that the cooling rate varics significantly from zcro on the
melt periphery to a maximum at the top center of the melt.

The experimental obscrvations revealed sceveral arcas that required cither
quantitatisc anatysis or modclling to develop a better understanding of the eftects of

cooling ratc on the microstructurc. These arcas arc 1) the change in PSM of Alloy 4
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from primary ferrite to primary austenite with increasing cooling rate, 2) the single
phase nature of the high speed melts, 3) the behavior of ferrite content with cooling
rate, 4) the presence of the massive transformation in Allov 5. and 3) the nucleation
and growth kinctics of the ferrite to austenite phase transformation.

The change in the primary mode of solidification in Alloy 4 was shown 1o be
rclated to the dominant growth kinetics of the austenite phase at high cooling ratcs.
Although ferrite is the thermodynamically preferred primary phase in this alloy. the
difference in Gibbs free energy between primary phase austenite and primary phase
ferrite is small because its composition is close to the line of two-fold saturation.
Epitaxial growth of austenitc at the melt periphery allows the initial PSM to be
dominatcd by austenite because approximately 90% of the base metal substrate at the
melt periphery is austenite. At low cooling rates, the AF solidification mode which
initially grows from the periphery quickly reverts to the FA modc becausc
solidification scgregation allows the thermodynamically preferred fcrrite phasc to
form as the primary phase. However, at high cooling rates, there is insufficient nime
for the AF modc to revert to the FA mode and the alloy solidifics entircly in the
primary (mctastable) austenite condition,

The bechavior of the ferrite content with cooling rate and the single phase nature
of the high speced clectron bcam melts can be cxplained by the influence of cooling
rate on solute redistribution. This analysis is presented in Chapter 7 where the effect
of dendrite tip undercooling on solute redistribution was calculated. These
calculations werce performed on cach alloy and for each of the solidification
conditions to determine the undercooling caused by the radius of curvature cffects
and the undercooling caused by solutal cffects. The solutal undercooling is
responsible for changes in the solute redistribution. This ¢ffect was shown to produce
dendrite tip undercoolings as high as 30°C in the highest speed clectron beam melt.

The results of the dendrite tip undercooling calculations were incorporated into a
solidification model to predict changes in the amount of primary phase that forms
with changes in the solidification conditions. These calculations show that the
amount of primary phase increases as the cooling rate increases and in the limit, the
alloys would solidify either as 100% fecrrite or 100% austenite depending on their
primary mode of solidification. However, the calculations fell short of predicting

fully austenitic or fully feorritic behavior because of the approximations madc in
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deriving the pscudobinary diagrams and the approximations madc¢ in cstimating the
solidification front velocity for the high scan speed melts.

The solid state transformation of ferrite was studied by devcloping a simple,
first-order modcl to predict the amount of transformation that occurs during the
coniinvous <cooling of the resolidified melts. This model assumed that the
transformation was controlled by the diffusion of nickel in austcnite. These results
confirmed the cxperimental observations and showed that the characteristic diffusion
distance decreases more rapidly than the dendritc arm spacing with incrcasing cooling
rate. This effect illustrates why the total amount of transformution decreases with
increasing cooling ratc and indicates the conditions neccessary to "quench in" the
microstructure.

The massive transformation observed in Alloy 5 was studied from thermodynamic
and kinctic standpaints. Thermodvnamic calculations were performed using "Thermo-
cale” to determine the Gibbs frec cnergy versus temperature plots for Allovs 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 macsive

transformation from singie phasc ferrite to austenite.

9.2 Conclusions

Ferrite Content Measurements

1. The amount of ferrite in stainless steel allovs can be determined by mcasuring
the saturation magnetization of a small stainless steel specimen with a
vibrating sample magnctometer. This technique is not limited by samplc size
and can be used to mecasurc the ferrite content of rapidly solidified stainless

steel alloys.

ta

The saturation magnetization of tully ferritic spccimens was cxpcrimentally
determined on a scries of rapidly-solidifiecd Fe-Ni-Cr alloys which had
compositions similar to that of residual ferrite in stainless stcel alloys. The
results of these measurements can be used to predict the saturation

magnctization of residual ferrite from its composition.
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Mcthods were presented to show how the composition of residual ferrite can be
predicted from the nominal alloy composition using thermodynamic calcula-
tions. In particular, a rangc of possible iron contents in the ferritc can be
estimated from the nominal allov composition and the concept of the effective
quench temperature. By knowing the iron content of the ferrite, its saturation
magnetization can be used to calibrate the VSM to measure the ferrite content
of a wide range of stainless stecl ailoys.

The results of the saturation magnetization study can be used as a basis to
calibrate the Magne-Gage for non-standard stainless steel allovs. By consider-
ing the saturation magnectization of residual ferrite, the ferrite number can be
converted directly into % ferrite for a wide range of nominal alloy

compaositions,

Cooling Rates and Temperature Gradients

w

20

Dcndrite arm spacing cstimations of the cooling rate show that the arc cast
button solidified at 7°C/s and that the six clectron-bcam mclts solidified at
ratcs which svaried between 4.7 x 1022Css and 7.5 x 10%C s. These

measurcments are supported by other cooling rate calculations.

An analstic expression was derived, based on Roscnthal's heat flow analysis. to
represent the cooling rate in the solid at any location on the surface of the
weld. This expression can be simplified to represent the maximum cooling rate
in the wcld knowing only the length of the weld. the travel speed and the
mclting temperature of the alloy. Similar e¢xpressions were derived to estimate

the cooling rate in the liquid at the L;S interface.

Dendrite arm spacing measurcments and finite ¢lement calculations show that
there is a sariation in cooling rate within a given weld. The majority ol the
variat.on occurs close to the melt periphery and the remainder of the weld

cools within a lactor of about five in covling rate.

Heat rlow calculations showed that the highest cooling rate occurs at the top

center of the weld pool while the lowest cooling rate occurs at the meht
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periphery. On the melt periphery. the cooling rate is zero but rapidiy increases
within a few dendrite arm spacings of the boundary. Mectallographic

observations of the micrustructure contirm thesc calculations.

The FEM calculations showed that the temperature gradicents varied onlt about
30" around the surface of the mcit. These calculations also shuwed that the
temperature gradient increases by a tactor of 2 to 3 for a fourfold increase in

travel speed.

The Primary Solidification Mode and Ferrite Morphology

10.

Five modes of solidification and clcven morphologics werc obseryed during the
resolidification of the seven allovs. These microstructural characteristics are
believed to be a complete “set” of the possible solidification and solid state
transformation ¢vents that occur during the resolidification of typical stainless
steel alloyvs. These microstructures were refated to the alloy composition, the

cooling rate and the extent of the solid state transformation of ferrite.

Electron becam scan speced (cooling rate) versus composition diagrams were
developed to predict the primary solidification mode and the morphologics of
resolidified stainless steel allovs. Figure 5.6 shows the relationship between the
primary mode ol solidilication and the cooling rate for the seven alloys while
Figure 5.15 shows the microstructural morpiologics which develop from these
solidification conditions.

Epitaxial growth was observed from all of the two-phasc substrates stud.ed in
this investigation. Therefore, two phascs initially compete 1o become the
primary solid phase. At low cooling rates, the thermodynamic lactors take
preference and the PSM is dictated by the more thermodynamically stable
phase. However, at high cooling rates. the growth kinciics of the metastable
phase may supersede the formation of the cquilibrium primary phase. This
situation was obscryved in Alloy 4 which solidilies in the FA mode at low rates
and in the AF mode at higher rates and in the fully austenitic mode at the

highest rates
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Nucleation of metastable phases from within the resolidificd zone was not
observed in this study. Therelore, changes in solidification mode with couling
rate were determined to be the resvit of the expitaxially grown metastable
austenite developing into the primary solid phase due to the favorable growth

kinetics of austenite under certain solidification conditions,

The Residual Ferrite Content

14.

The composition and the primary mode of solidilication dectermine how the

cooling rate will influence the amount of ferrite that solidifics from the meit.

At low cooling rates. the residual ferrite content incrcases for F and FA
solidified alloyvs but decrcases for AF solidified alloys. This bechavior can be
cexplained by the combined effects of the decreasing amount of solute
scgregation and the dccercasing amount of ferrite transformation with

increasing cooling rate.

At high cooling rates the alloys solidify in cither the fully ferritic or fully

austenitic modes with no sccond phase in the microstructure.

Based on conclusions 15 and 16, onc would expcct the ferrite content ol the
alloys to cither monotonically increase ror FA solidificd alloys or monotonical-
ly decrecase for AF solidificd alloys as the cooling ratc increascs. However, the
residual ferrite content of Alloys 4 and 5 was shown to go through a maximum
at intermediate cooling rates. This behavior was cxplained by 1) the change in
solidification modc of Alloy 4 from FA to AF with increasing cooling rate and

2) the formation of massive austenite in Alloy 5 at high cooling ratcs.

Solute Redistribution

18.

A scries of isothcrmal scctions through the Fe-Ni-Cr ternary diagram were
created through thermodynamic calculations. These sections show tic-lines in
cach of thc two-phase ficlds that can be wuscd to predict solidification

scgregation.
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Pscudobinary diagrams were created for primary austenite and primary ferrite
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.

Avcrage temperature gradients and average interface velocities were calculated
for cach of the solidification conditions used in this investigation. These
paramcters were then used to calculate the dendrite tip radius, and dendrite tip
undercooling for ecach alloy and each solidification condition us 1g a
constrained dcadrite 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 spced clectron

beam melt (7.5 x 1060C/s).

Based on the minimum in the Peclet number versus interface velocizy curves,
predictions were made for the celfular to dendritic transition as a function of
growth rate and temperature gradient. These calculations were compared with
the microstructures {rom ecach melt to show that the calculations appeared to be
oftf by a constant multiplying factor. The difference in calculated and
cxperimental 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 meclt. 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 infiuence that cooling
rat¢ has on the microstructurc. At low cooling rates, there is a continuous
increasc in thc total ferrite content with Cr/Ni ratio of the alloy. [lhese
calculations aire confirmed by the Scheil predictions and by the general trend
in ferriiec content mcasurcd on the arc cast buttons. At high cooling ratcs, the
calculations indicate a discontinuity in the total ferrite content which devclops

between the primary ferrite and primary austenite solidifying alloys.
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The calculated discontinuity in lerrite content explains the single phase nature
of the high speed electron beam mcelts. At high speeds. the reduction in the
amount of the second phase that forms is so severce that the alloys solidify in

the Cully austenitic or fully ferritic mode depending oa their PSM.

olid State Transformation of Ferrite

24

1)
")

Many of the microstructural morphologics that were observed in the
resoliditied mielts were related to the solid state transtormation of ferrite. This
transformation occurs by a nucication and growth mechanism and was shown
to be analogous to the transformations that occur during the decomposition of
austenite in Fe € alloys.

The microstructures which were observed in the Fe-Ni-Cr alloys were shown to
depend on the primary mode of solidification. the specific alloy composition
and the cooling rate. For alloyvs which solidify in the AF or FA modes. the
transformation occurs by the diffusion controlled growth of austenite. The
resulting microstructures consist of isolated ferrite particles, sermicular ferrite

or lacy ferrite, depending on the initial Ierrite content and the cooling rate.

The transformation rate for the dilfusion controlled growth of austenite was
modeled using the diffusion of nickel in austenite as the rate himiting lactor.
A simple. Tirst-order. model altowed the transformation sate to be calculated
for cach of the solidification conditions that were studicd in this investigation.
The results of these calculations showed that a decrcasing percentage ol the
microctructure transforms as the cooling rate increases. despite the fact that the

“scale” of the microstructure also decreases with increasing cooling rate

A sccond. and more accurate. model of the Jdiffusion controlled transformation
of ferrite was also developed. This model utilizes the finite difference form of
Ficks second law tn calculate the rate of anterface movement as the lerrite
transl'orms to austenite. Application of this model will be postponed for future

work.
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For the allovs that solidify in the fully ferrtic condition, nuclcation of
austenite is  neeessary  betore the transformation can proceed and  the
temperature at which the austenite phase nucieates dictates the tvpe of
ransformation that witl vecur. At the small undercoolings. which occur at low
cooling rates, Widmanstatten austenite platelets grow from grain btoundary
allotriomorphs. The nucleation characteristics and the insiabilitics that form
from the allotriomorphs were shown to be responsible Tor the spo..ag of the

Widmanstatten platelets.

A sccond type of Widmanstatten austenite morphofogy was observed in the heat
affected zone of the resolidified melts. This morphbology consisted of austenite
needles rather than plates. Through isothecrmal transformation experiments the
ncedle morphology was shown to occur at larger undercoolings than the
platelets.

The transformation kinetics o Widmanstatten austenite were studied by
isothermal experiments to measure the fraction of the ferrite that transforms as
a lunction ol time at two diffcrent temperatures. These cxperimental
mcasurements were interpreted by a Johnson-Mchl-Avrami analysis to quantily
the transtormation rate. The results of the caleulations are consistent with
difTuston cont-ulled growth mechanisms and can be used to predict the extent

of the transformation as a function of timce and temperature,

The activation cnergy for the ferrite to austenite transtormaticn was calculated
from the sothermal cxperiments to be about 50 Keal mole. This value 18 lower
than the acusation cnergy lor diftfusion of aicke! in austenite but 1s consistent

with a diffusion controlied growth model and a non-sero nucleatian rate.

The massive transformation of ferrite to austenitc was only observed in Alloy
5. This transformation occurs at high cooling rates and through the use ol
thermodynamically calculated Gibbs Free encrgs versus composition curses, the
presence of the massive translformation in Alloy 3 can ¢asily be expluined. the
thermadynamic calculations were also used to show why Allovs 6 and 7. which
have higher Cr Ni ratio than  Alloy 5. do not undergo  the massiy e

transformation Tor the cooling -ates investigated in this study.



9.3 Future Work

During the course of this investigation. a number of areas were identificd that
required further analysis or additional computations. This [inal scection discusses
these arcas of possible tuture rescarch which would help to develop a1 better
understanding of the influence ol cooling rate on the microstructure of stainless steel
allovs.

First, solidification of the stainless steel alloys and the solid state transformation
of ferrite requires a redistribution of solute. These effects were modeled by assuming
tocal cquilibrium at the transformation interface and by calculating the partitioning
of clements 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 mcasure the microchemical composition gradients
that arc present across the ferritc and austenite ¢ells.

At high cooling rates, the solidification microstructure is "quenched in" and the
composition gradicnts would rclate information about the solidification bchavior of
the allovs. At low cooling rates, the solid state transformation of ferrite "crases” the
soliditication microstructure and establishes composition gradicnts representative of
the ferritc-austenite equilibrium. Therefore. compositional r-asurcments at low
cooling rates would rclate information about the solid-state transformation of lerrite
and could be used to verif'y the diffusion controlled growth calculations.

Because much of the important composition information is located close to the
austenite/ferrite interface. an analytical technique that has high spatial resolution
would be required. Low voltage scanning clectron microscopy with a focal spot sizc
of 500 to 1000 angstroms is availablc and might give ¢nough rcsolution for the low
cooling ratc mclts but scanning transmission clectron microscopy would be required to
inspect the high cooling rate melts duc to the smaii ccll spacings of the
microstructure

Second. in ordcer to perform the solute redistribution calculations, the characteris-
tics at the dendrite tip were modceled. In the past. these calculations have only been
performed for binary alloy systems. Therefore. in this study, the Fe-Ni-Cr ternary
system was approximated by the appropriate pscudobinary diagrams to represent the

solidification bchavior. The approximations madc in dcriving thc pscudobinary
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diagrams could have been eliminated if the dendrite tip characteristics were modceled
directly in the ternary system.

Although thesc calculations have not been performed in the past, it would be
possible by using a numcrical approach which incorporates the isothermal scctions
generated by Thermocale. From thesce isothermal sections, the solidification parame-
ters could be determined as a function of liquid composition and temperature and by
choosing small cnough temperature increments, the dendrite tip characteristics could
be modeled in a similar manncr as presented in Chapter 7.

Third, a finitec difference model was developed 1o solve for the moving-boundary
difTusion-controlicd-growth transformation of ferrite. Tnis model was not applicd 1o
the alloys investigated in this thesis duc to time constraints, however. sincce the
formulation of the problem has bcen completed, a computer program could be
developed that utilizes this approach. Once the program has been developed, the
results could be applied 1o the different allovs and different solidification conditions
to dectermine the extent of the transformation as a function of cooling rate. This
mode! woull also be able to calculate the composition gradicnts that form during the
solid state transtformation and these results could be compared to the microchemical

compositicn gradicnt measurements for verification of the model.
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APPENDIX A

Derivation Of The Cooling Rate Equation

This scctien presents a mathematical derivation of an analvic cvpressien te
represent the cooling rate. The formulation of the problem s discussed an ~ection
4.2.2 for quasi-stationary heat Flow ¢ nditions and the nomenclature s summuansed n

Table 4.2.
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APPENDIX B

Temperature Gradient and Cooling Rate Calculations

This appcndix summarizes the programs which must be run in order 1o caleulate
the cooling rate in welds. The output of two computer runs arce also shown in Tables
B.1 and B.2. These results show: (1) the temperature gradient in the solid, 1s. (7) the
cosine between the unit normal to the weld pool and the travel speed direction, con n.
and (3) the cooling rate in the solid. + . for cach of the boundary nodal points on the
solidif'sing half of the weld pool.

Five programs must be run to calculate the cooling rate. The software 15 written
on DEC RTI11 and requircs a 3-D mcesh of the basc plate. The program will then
calculate the temperature at cach nodal point in the plate for quazi steady-state heat
flow conditions using the boundary conditioas discussed in Chapter 4. From the
temperature distribution, a tcmperature gradient is calculated at cach point on the
liquid-solid interfface and the cooling rate is calculated 3t cach nodal point by the
vector praduct of the tempcerature gradicnt and the interface velocity.

The physical property data is assumed to be indepocndent of temperature and
should be input in the following units: T(K). k(W m-k)., C(J kg-K). .4hg m3). »(m? s).
The dimensions on the 3-D grid should be in inches and the travcel specd should be
input in the units of (inch s). The output {rom thc program gives the temperature

gradicnt (9C’inch) and the coeling rate (°C/s).

The data presented in Tables Bl and B.2 were used to create “topopraphical’ and
orthographic plots. The topographical maps show lines of constant cooling rate and
temperature gradient on the x=0 cross scctionai planc ol the mclt  These plots are
shown in figurces 44 and 4.7 and represent the behavior on the melt isotherm. The
orthographic projcctions represent this same data in threc dimensional form and are
shown in [ligurcs B.lI through B.d. Thc topographical maps and the orthographic
projections were both calculated with the ‘Surfer® software pachage [B.1) using u

100x 100 grid created by the Kriging method.
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Table B-1 Results of ISMESHS for a travel speed ot [y apm
Conrd , 1, |
cinch) SN n
-\ 1 7 B OEAN 1 U oanchy
0.0000 1 Q0U0 0470 O 000t +00 RURN Y IRATR) UL AT
0.0000 0.0148 0.0443 G.000L +00 U SR TA] [EXUT R Y]
0.0213 00000 00427 0221 E+00 S0 I271 .08 [URELTU YU
0.0204 00136 0.0408 02211404 -0 2361 .03 [URTIR FERATY
0.0000 U200 0.0391 0.000L +00 -0 2301 +05 O 000 <00
0.0184 00243 00364 -0.2110+04 02511 205 03371 .00
0.0000 00332 00332 0.000F +00 -0.253i +0> 0 0UDL +00 _j
0161 00315 00315 -0.192E+04 -0 202E +00 0293t 400
0.0000 00470 0.0¢00 0.000F +00 02191 +05 00001 +00
(.0000 0443 0.0148 0.000E+00 -0207F+05 0 0001 +00
0.0213 042" (.0000 0222004 -0 2281 405 0 3901 00
0.0204 00408 0.0136 .22 HE+04 <0.236E+05 03741 ~00
0.0000 [ERIR 0.0260 0.000E +00 -0.230E+05 0000t +00
0.0184 G304 0.0243 -0.215E+04 -0.2561 +05 0.337F +00
0.0348 00000 0.0343 -0.430E+04 -0 2631 +03 0.633] +00
0.0329 0.0110 0.0337 -0.420E+04 -0 2651 +05 06341 400
0.0315 0.0203 0.0307 -0.388E +04 -0.264F +03 0.5861 +00
0.0284 0.0275 0.0275 -0.339F +04 -0.2051 +03 05271 +00
0.0348 00343 0.0000 -0.424E+04 -0.2591 +05 06531 +00
0.0339 0.0332 0.0110 -0.313E+04 -0 2601 +05 06341 +00
0.0313 00307 0.0205 <0.393E.+04 -0 208t +05 (B3 Ye
0.0410 0.0000 00278 -0.5332E+04 02721 +05 0781100
0.0402 0009} 0.0273 -0.518E+03 -0.2701 +05 0 "651 00
G.0382 00172 0.0258 -0.483E+03 -0207F 05 07231 +00
0.0354 0.0238 0.0238 -0437E+404 02621 +05 06061 +00
0.0410 0.0278 0.0000 -0.316E+04 -0.2641 +05 0781 «00
0.040Z 0.0273 0.0091 -0.502F+04 02621 +05 0 765E+00
0.0382 0.0258 00172 04811 +04 -0.2601 +05 07231 +00
0.0510 0.0000 0.0000 -0.699E+03 -(L2801 403 0 100E 401
0.0494 00000 0.0113 -0.654F+04 0271 +05 09651 +00)
0.0494 00113 0 0000 -0.6341 +04 02671 403 096351 +00
0.0481 0.0110 0.0110 -0.6241 +04 S0207E+03 09331+ 00
0.0457 (1 0000 0.0208 -(0.388YV +(4 BRI BFY {5 HESIE+00
0.0446 0.0101 0.0203 -0 5831 +04 02721403 O 8381 .00
0.0457 (10208 0.0000 -0.5731 +04 -0 2001 +05 0881E <00
0.0446 0.0203 0.010% -03T0F+04 -0 2661 DA O 858100
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Takic B-2 Results of TMESHY for 2 travel speed of 60 spm
Coord . . » I, o]
tinch) IO ]
-\ 7 (C sy «Chanchy
0.0000 0.0000 0.0230 0.000F +00 -0 620F +05 (L0001t +00
00000 00072 00218 0.000E+00 -0 367 E+05 ¢ 000F +00
0Qz72 (0000 1.0204 -0.104E+03 -0.343F+05 0192k +00
(.0268 0065 0.0195 -0.100E 403 -0.328F+03 O 188E+20
(.0000 [CR{N 0.0191 0.000E+00 -0.533E+03 00008 +00
0.0256 0.0115 00172 -0.090E+05 -0.504E+05 01791 +00
(1.0000 0.0162 0.0162 0.000E+00 -0.508L+05 0.000E+00
0ul4z 0148 0.0148 -0.080E+00 -0.485E+05 0.167F+00
0.0000 00230 0.0000 0.000E+00 -0.622E+05 0000[ +00
0.0000 00218 00072 0.000E+00 -0.568E+035 0.000F +00
00272 0.0204 00000 -0.104E+05 -0.543E+05 0.192L+00
0.0268 0.01095 0.0065 -0.100E+05 -0.331E+05 0.188E+00
0.0000 00191 0.0127 0.000E+00 -0.323E+05 0.000E+00
0.0256 00172 00115 -0.091E+05 -0.513E+02 0.179E+00
00473 0 NOOO 0.0141 -0.241E+05 -0.546F +05 0.442F +00
00467 0.0045 0.0136 -0.230E+05 -0.336L+05 0.430E+00
0.0451 00084 0.0126 -0.201E+05 -0.502E+05 0.401E+00
00429 00113 0.0113 -0.174E+05 -0.475E+05 0 306LE+00
30473 0.0141 0.0000 -0.243E+05 -0.5361.+05 0. 442E+00
00467 0.0136 0.0045 -0.230E+05 -0.525E+035 0 430E+00
00451 0.0126 0.0084 -0.202E+05 -0.506E+05 0 401E+00
0.0550 0.0000 0.0091 -0.342E+05 -0.516E+05 0.662E+00
0.0346 0.0030 0.0090 -0.327E+05 -0.305F+05 0 6451 +00
0.0534 0.0057 0.0086 -0.289E+05 -0.480E+05 0.602F+00
0.0518 0.0081 0.0081 -0.292E+05 -0.449E +05 0.549E+00
0.0550 0.0091 0.0000 -0.324E+05 -0.481E+05 0662F+00
0.0546 0.0090 0.0030 -0.322E+05 -0.476E+05 16451 +00
0.0534 0.0086 0.0057 -0.280E+05 -0.468E+05 (1 602E+00
0.0600 0.0000 0.0000 -0.060E+06 -0.609E+05 O 100E+01
0.0592 0.0000 0.0035 -0.060F +06 -0.3951 +05 092700
0.0392 0.0035 0.6000 -0.053F+05 03721 +05 09271 +00
0.0586 0.0034 0.0034 -0.491E+05 -0 5651405 08701 +00
0.0574 0.0000 0.0066 -0.434E+05 -0.558E+05 0 787E400
0.0569 0.0032 0.0063 -0 312E+05 -0.3461.405 07550 +00
0.6574 0.0066 0.0000 -0412E+05 -0.5245405 07871 +00
0.0569 0.0065 0.0032 -0.3901+05 -0 5241403 07551 +00
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Results of the FEM program showing the distribution of cooling
rates at the L/S interface of a surface melt moving at 6.4 mm;s
in 304 stainless stecl.
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Figurc B.2 Results of the FEM program showing the distribution of
temperature gradients at the LS interface of a surface melt
moving at 6.4 mmy/s in 304 stainless steel.
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Figure B4 Recsults of the FEM program showing the distribution  of
temperature gradients at the 1 S interface of a surface melt
moving at 254 mm s in 304 stainless steel
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PROGR AMS

(1) REARR

This program rcarranges the 9-track tape data which contains the 3-D mcsh of
the base plate. However, before running this program, take out the weld pool data
and leave onlsy the data for the base plate. The input data fermat for n nadal points

1S

line | total nodal points

linc 2ton node = X N z

linc n+! total clements

line n+2 to end clement #  node = node = nodc 2 node =

The arranged output data are stored in FEM3D.DAT

(2) OPTNUM
This program reduces the bandwidth to save computational timc. The input

data File must be FEM3D.DAT output data file is BWRED.DAT (invisible)

(3y BOUND

This program locatcs the interfacial nodal numbers. Since the weld pool is the
combination of 1wo ellipsoids, thec complex weld pool shape (option #2} is
recommended to locate the interfacial boundary point numbers. Input data files are
BWRED.DAT (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 BOUNDO.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 SURE
THAT YOU CHANGE THE DIMENSIONS IN THE COMMON BLOCKS EVERY
TIME YOU CHANGE TO A MESH and then recompile this program. Thc command
to compile is: FORT FEM3D, LINK FEM3D, RUN FEM3D.



In order 1o find the pumber to be changed. ~carch tor the word COVMON N
is always 1 NP s the total node number and NBW s the bandwidth (I vou fForget
NBW, open the Nile BWRED DAT and NBW s at the bottom of the tiler Input data
files are INPUT.DATA nnvisible and FEM3ID DAT and the output Jdata file s

TEMP DAT tinvisible).

[ TEMGRD

This program calculates the temperature gradicnt in the base plate and from the
temperature gradient it calculates the cocling ratc. Open BNODE DAT because it
includes all the data points at the interface, and the Tinal result of cooling ratc can
be found in the COOLRT.DAT file. Input data files arc TEMP DAT nvisible),
FEMAD.DAT and or BNODE.DAT. The output data file is COOLRT DAT



C ‘41 cearrange the .nput fatafr mthe 4 ooy Y
[ the .np .t rmat ased n FEMID FOR (- -
-
REAL X 25+ ¥ 25» Z 2%+,
HYTE FILE 15 STRING »
INTEGER NS 4 FLENTNM DUSMAMA
¢
TYPr
1 FoORMAT IX [frmen 2ter o deus ver 250, . = Lo
1 imange
TYFE 1}
11 FOIMAT IXN the fimens. n ‘X Y Zin REARRFOH [ r 5o
TYPE » "ererrreecsiereresccnececontoerartaaananannas .
TYPE 2

20 FCRMAT SINPUT THE NAME OF THE ORIGINAL MESH FI°F
ACCERT 25 FILE
25 FCRMAT 1541

FILE 1%
«
OPEN I'NIT-11 FILE: FILE TYPE- UNKNOWN )
DPENENIT 22FILE FEM3D DAT TYPE: UNKNoOwWwN
-

R R R Y R Y L L L L LR Y

¢ NNODE & OF NODES
e NEL = OF ECLUMENTS
¢ NS NODE w [N THE TETRAHEDRUN

B L R N LR L LR LT T TR PR P PR PP

READ 11 © NNODE
WRITE 22 *) NNODE
TYPE ° NNODE
DO 30 J 1 NNODE
READ 11 1501 NCHR STRING
131 FORMAT:!Q 80A1Y)
DO 50 1- 1 NCHR
50 IF(STRING{D EQ ¢') STRING(1: 69
DECODE(NCHR 1002, STRING) DUMMY X{DU'MMY} ¥ DUMMY 7 DU A\Y
102 FORMAT 15 3(2X.E20 10)}
C TYPE ~ DUMMY X(DUMMYLY(DUMMY ] Z{DUMMY!
WRITE!22 7} DUMMY X(DUMMY !} YIDUMMY) Z(DUNMMY)
30 CONTINUE

READI(11 *' NEL

DO 40 J=1.NEL

READ{11 *) ELENUM\NS
C TYPE " ELENUM\NS

WRITE(22 *}) ELENI’M NS
40 CONTINUE

CALL EXIT

END
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OPTNUM

NN nNanNoaNnNAnNNNaRANNAAAAAAANA o]

N

AN AN An

A~

o

-

TAaAfn R aAaA

VIRTUAL NEWJT(200.) JOINT 2w}
VIRTUAL JNT{2000j

VIRTUAL JMEM(2000)

BYTE FILE(15)

VIRTUAL MEMJT{96000}

INTEGER JT(38000)

DATA MAXCON 48. SNODE 4

For more detail, see Internati nal Journal for Numencal Methods
1n Engineering, Vol 6, 345-35¢ (1473) by R J Colhins

For example

1f T have 18 triangles with the n. de ® configurated like

115 2 4

14 16 3 5

6 7 8 9

10 11 12 13

NITS TOTAL NODE = 1¢
LMENTS TOTAL ELEMENT = | 15) ({SINCE 1 HAVE 18 TRIANGLES)
NBW ORIGINAL BANDWIDTH
NNODE # OF NODE IN ONE ELEMENT { 3 FOR LINEAR TRIANGLE )
MAXCON MAXIMUM CONNECTING POINT » FOR THE INTERIOR POINT
e g in tnangular element MAXCON = 6
JT SIZE = LMENTS*NNODE The first row is the hst
of the node # which 1s included 1n the element 1. the
tast row 18 the list of the node # which 1s included in
the last element {say 12 in this example)
eg 1 16 15
1 14 16
15 3 2
1516 3
and so on
8 12 13

MEMJT SIZE = MAXCON*NJITS
The first column s the hist of the node # which 1s
related to nude g1 the last column s the hst of the
node # which 1s reluted to the last node #

eg M4 TrTeessrsssegg

16 14
15 7
0 3
0 1
n 8

JMEM  SIZE = 1'NJTS

The 1st entry 1s 3 since node 1 has 3 nodes related tot

The last entry 1s 6 since node 16 has 6 nodes related toat
¢g
INTI
1T
IDIFF  MODIFIED BW
MAX MODIFIED BW
NEWJIT SIZE = 1"NITS eg. 2 8417256------ wld

123456789 new
ald nude # 3 = new node # 1
old node # 9 — new node 7 2

JOINT SIZE = 1'NJTS eg 571489632------ new
123456789 old
new node # 1 - okd nnde = 3
new node % 2 - old node =2 9

JNT SIZE 1"NJTS



C
C

Basically, JNT() 18 the same as JOINT()
THIS IS THE FINAL OUTPUT IN BWRED DAT FILE
TYPE 1500

1500 FORMAT ("$ENTER NAME OF MESH FILE '}

1501

on0on0nNnNao

30
20

50

60

a0o0008330

(9

o

ACCEPT 150),FILE
FORMAT (15A1)
OPEN (UNIT=48 FILE="BWRED DAT' TYPE='"UNKNOWN’}
OPEN (UNIT=1,FILE=FILE, TYPE ="UNKNOWN")
READ (1,”) NJTS
DO 5 1=1,NJTS
READ (1,°} IDUM
READ (1,°) LMENTS
TYPE * NJTS LMENTS

DO 10 J=1,LMENTS

READ(1,") NDUMMY (JT(LMENTS*(1-1)+4),1=1, NNODE}
CONTINLUE

CLOSE(UNIT=1)

First, | have to use the information in the JT() to generate
JMEM({) AND MEMJT(})

D R T T N L T T T Y P YL Y]

IDIFF=NJTS

DO 20 1=1,NJTS

IJMEM(1)=0

DO 30 J=1 MAXCON
MEMJT(({I-1)*MAXCON+1J)=0
CONTINUE

DO 90 J=1,LMENTS

DO 80 1=1,ANODE
INTI=JT(LMENTS*(I-1}+1])
JSUB=(INTI-1)*"MAXCON

DO 70 1I=1,NNODE
IF(I1LEQ.I) GOTO 70
JIT=JT(LMENTS"(11-1)+J)
MEM1=JMEM(JNTI)
TYPE *,J,MEM1

IF{MEM1 EQ.0) GOTO 60

DO 50 HI=1 MEM1
IF{(MEMJT(JSUB+III}.EQ.JJT) GOTO 70
CONTINUE

IJMEM(INTI)=JMEM{INTI) +1
MEMJT(JSUB+JMEM{JNTI))=JJT

[F(IABS(IJNTI-JJT).GT IDIFF) IDIFF=IABS(JNTI-JJT)

CONTINUE
CONTINUE
CONTINUE

T L L R T T P TP

NOW, I HAVE JT(), JIMEM(), AND MEMJT(}, so | can calculate
the minim. BW

B L T )

TYPE *BE PATIENT! I AM STILL WORKING VERY HARD'

MINMAX=1DIFF
DO 160 IK=1,NJTS
DO 120 J=1,NJTS
JOINT(J)=0

300



120

130

140

145

150

155
160

300

400

[o)

2002

2001

5001

NEWJT(J)=0
MAX=0
I=1
NEWJT(1)=IK
JOINT(IK)=1
K=1
K4=JMEM(NEWIJT{I)}
JSUB=(NEWIT(1}-1)*"MAXCON
DG 140 JJ=1,K4
K5=MEMJT(JSUB+JJ)
IF(JOINT(KS) GT.0) GO TO 140
K=K+1
NEWIT(K)=K5
JOINT(KS)=K
NDIFF=LABS({I-K)
IF(NDIFF.GE.MINMAX) GO TO 160
IF(NDIFF.GT MAX) MAX=NDIFF
CONTINUE
IF(K.EQ.NJTS) GO TO 150
I=1+1
GO TO 130
MINMAX=MAX
DO 155 J=1,NJTS
JINT(J)=JOINT(J)
CONTINUE
TYPE ".'BANDWIDTH 1S ' MINMAX+1

DO 300 I=1,NJTS
NEWIT(I) = 0

DO 400 =1, NJTS
NEWIT(INT(I)) = 1

WRITF,(48,2002) NJTSMINMAX +1
FORMAT(2X,15,3X 14)

WRITE(48,2001) (JNT(J) J=1,NJTS)
FORMAT(10(15,1X})

WRITE(48,2001} (NEWIT(J)J=1,NJTS)
FORMAT(16(14,1X))

WRITE(48,6002) MINMAX+1

6002 FORMAT(//1X,"BANDWIDTH IS * 14)

CALL EXIT
END
BOUND
C This program is to find the boundary nodal number.
C However, the output node numbers for the boundary interface nodes
C are the NEW rode number from BWRED.DAT file
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)
BYTE FILE(15)
c
TYPE 100
100 FORMAT('$SENTER NAME OF THE MESH FILE ')
ACCEPT 110,FILE
110 FORMAT(15A1)

90

TYPE 90
FORMAT('SMELTING POINT OF THIS MATERIAL 7 (deg Kj ')



104
105

.

220
12u

230
210

140
130

240

ACCEPT * AMP
TYPE 105
FORMAT{'0YOU CAN CHOOSE THE FOLLOWING WELD POOL SHAPE
1 1= ELLIPSOID"/
2 2= COMPLEX WELD POOL"./}
TYPE 106
FORMAT{ $WHICH ONE DO YOU LIKE " °)
ACCEPT * TEST
IFITEST EQ 1 OR TEST EQ.2) GOTO 107
TYPE * OOPS ' YOU MAKE A MISTAKE'
GOTO 14

OPEN(UNIT- 77 FILE='"BWRED DAT' . TYPE="UNKNOWX }
READ!77 * NODTOT.IDUM2
READ!77 2 11 INEWNOD({I), I=1 NODTOT)

FORMAT 1 [51X))
CLOSE(UNIT 77

XMAX
YMAX
IMAX
XNEGMX -
OPENIUNIT=11LFILE=FILETYPE="UNKNOWN")
READ(11.") NODENU
DO 120 1=1.NODENU
READ(11.") IDUMX.Y.Z
IF(Y GT YMAX) YMAX=Y
IF(Z GT ZMAX) ZMAX=12
IF(XLTO0)GOTO 220
IF(X GT XMAX) XMAX=X
GOTO 120
IF(X LT XNEGMX) XNEGMX = X
N{h)=0
REWIND 11
XPOOL=XMAX
YPOOL=YMAX
ZPOOL=ZMAX
XNEGPL=XNEGMX

READ(11.") NODENU
DO 210 =1, NODENU
READ(1}1,") IDUMX,Y,Z
IF(XEQO0 AND YEQO AND.ZLT ZPOOL} ZPOOL - 2
IF(ZEQO AND X EQO AND Y LT YPOOL) YPOOL - Y
IF(X.LT 0 ) GOTO 230
IF(Y.EQO AND ZEQO ANDX LT XPOOL) XPOOL = X
GOTO 210
IF{Y EQO AND ZEQO AND X GT XNEGPL) XNEGPL - «
CONTINUE

TYPE °*'BE PATIENT ' 1 AM STiL WORKING VERY HARD *

READ(1i.,*) IELEM
DO 130 [=1,IELEM
READ(11,”) IDUM NS
DO 140J=14
N(NS(J))=N{NS(I})+1
CONTINUE

DO 240 I=1.NODENU

IF{N{I) NE 24) GOTO 240

TYPE *'JOHN, YOU HAVE CHECK NODE POINT N{1)

TYPE *'THIS POINT HAS 24 CONNECTING TETRAHEDRONS
CONTINUE

OPEN(UNIT=22,FILE="NODE DAT' TYPE [I'NKNOWN

302



160

150

170

180

190

nnNonNAannnn
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400

303

WRITE(22,160) ((I,N(1)).1=1,NODENU)
FORMAT{7(15,1X.13,2X})

DO 1501 1,60
NUM(1)=0

DO 170 1=1, NODENU
NUM(N(1))=NUM(N(1)) + 1

WRITE(22,180) ((1L,NUM(I)).1=1,60)
FORMAT{///6(12,1X 14,5X))

WRITE(22,190) XMAX XNEGMX, YMAX ZMAX
FORMAT(///IX ' XMAX="G12.5 ' XNEGMX="G12 5,

1'YMAX="G12 5, ZMAX=",G12 5}

WRITE(22,290) XPOOL XNEGPL,YPOOL,ZPOOL
FORMAT(/1X,XPOOL=",G12 5,2X'XNEGPL="GI2 5

11X,'YPOOL=",G12 5,2X,"ZPOOL="G12 5///)

NOW, TO FIND THE BOUNDARY NODAL POINT

I BOLDLY ASSUME THAT IT IS IMPOSSIBI E EITHER TO HAVE AN

INTERIOR POINT WHICH HAS 24 CONNECTING TETRAHEDRONS OR

TO HAVE AN EXTERNAL POINT WHICH HAS 24 CONNECTING TETRAHEDRONS

.. servencees mtresEevenvrverenonnnaosenarny

1 ASSUME ANY POINT WHICH HAS MORE THAN 74 CONNECTING

TETRAHEDRONS IS THE INTERIOR POINT

ALSO, IF THERE ARE N TOTAL TETRAHEDRONS AND u TOTAL NODAL POINTX
1 SHOULD HAVE N/12 POINTS WHICH HAVE 12 CONNECTING TETRAHEDRON®
THESE N/6 POINTS ARE ALL INTER'OR POINTS AND ARE LOCATED FROM
NODAL NUMBER u-N/12+ 1 to n

D . sssesssmsssansucserectononann

INTNAL - IELEM/12
LAST = NODENU - INTNAL
J=1
DO 250 [=[.LAST
IF(N(I) GE 24) GOTO 250
NBOUN({J) = I
J=J+
CONTINUE

OPEN{UNIT . 44 FILE="UNKNOW DAT' TYPE- 'UNKNOWN )
OPEN(UNIT - 85 FILE- 'ELEINT DAT' TYPE-"UNKNOWN")
OPEN(UNIT - 94 FILE:"BNODE DAT’, TYPE 'UNKNOWN?)

ELEINT = ELEMENTS AT INTERFACE

REWIND 11

J =1

Ji o1

READ(11.°} IDUM

DO 3061 -1 LAST
READ(11,") NUMBER XY 2

IE(TEST NE 1) GOTO 400
ONE © X*"2/XPOOL* "2 « Y** 2 YPOQL "2 « 2772 ZPool "2
ZERO - ABS(ONE - 1)
IF(ZERO GT 0 002) GOTO 41
WRITE(22.°] NUMBER.X,Y 2

IF(NUMBER NE NBOUN{I1)) GOTO 2im



405

315

316

310

330

335
300

340

550

520

JN=J1+1
IF(ABS(Y).GT.1.0E-10} GOTO 310
IF{X.GT.XPOOL.OR.X LT XNEGPL OR
1 Z.GT.ZPOOL) GOTO 300

IF(N(NUMBER).GT.12) GOTO 300
IF(N(NUMBER).LT.12j GOTO 315
TY¥E *,’John, you have to check file unknow dat ’
TYPE ~,’This file contains nod~! points that | cannot’
TYPE * 'd:iermine if thev ure at the interface or not *
WRITE (44,°) N(NUMBER).X,Y.Z2
GOTO 300
NBOUN1(J) =1
IF(TEST NE 2} GOTO 316
WRITE(22,*) NBOUN1{J},X.Y 2
WRITE(55,) NBOUN1{J} X,Y.2
J=J+1
GOTO 300
IF(ABS(Z).GT 1.0E-10) GOTO 330
IF{X.GT XPOOL.OR.X.LT XNEGPL OR.
1 Y.GT YPOOL) GOTO 300
GOTO 405
IF(X.EQ. XMAX.OR.X.EQ XNEGMX OR Y EQ YMAX
1 OR.2Z.EQ ZMAX)} GOTO 300
NBOUN1(J) =]
IF(TEST.NE.2) GOTO 335
WRITE(22,") NBOUNL{3}.X.Y,2
WRITE(55,") NBOUN1(J).X.Y,Z
J=J+1
CONTINUE
IBTOT=J-1
WHITE(22,340) IBTOT
FORMAT{//1X,'There are ',I3,’ interface boundary po:nts’')
TYPE 340, IBTOT
CLOSE({UNIT=22)
CLOSE{UNIT=44)
WRITE(55,%} 0,0,0,0

B e T L P L L T

TO create an output file which contains the element #
that has one side aa part of the solid-liquid interface

B T L T L e TP LT T

DO 560 {=1,INTNAL
READ(11,*) IDUMX,Y.2

Ki=1
READ(11,") IELEM
TYPE *'THIS # SHOULD BE THE TOTAL ELEMENT ¥ ' IELEM
DO 500 [1=1 IELEM
READ(11,") NELEM,Ns
ITOT =0
DO 550 12=1,4
NSifi2) = 0

NS2(12) = 0
L=1
L2=1

DO 5101=1,4 R
DO 520 J=1,IBTOT .
[F(N5(1} ME NBOUN1(J)) GOTO 520
JTOT = {TOT + 1

NSH(L) = NS(1}

L=L+1

GOTO 510

CONTINUE



510

535

525

530
500

NN Gaa

650
600

o000

1550

noaoaaoo

CONTINUE
IF(ITOT EQ 3) GOTO 535
IF(ITOT EQ.2) GOTO 525
GOTO 500

DO 530 K=1.4
IF(NS(K} EQ.NSt(1).OR.N5(K} EQ.NSI(2) OR NS(K) EQ NS1{3}}
1 GOTO 530
WRITE(55,”) NELEM,(NS1{M),M=1,3),NS(K)

LTETRA(K1) = NS(K)
K1 =KI + 1
GOTO 500

DO 530 K=1,4
IF(NS(K) EQ.NS1(1) OR NS(K) EQ NS1{2)) GOTO 530
NS2(L2)=NS(K}

L2=1L2+1
LTETRA(K1) = NS(K)
K1 =K1 +1

IF(L2.NE.3) GOTO 530
WRITE(55,") NELEM,(NS1{M)M=12) (NS2(M2).M2=1,2)
GOTO 500

CONTINUE

CONTINUE
WRITE(S5,") 0,0,0,0,0

B R L T T R TR

TO WRITE THE (X,Y,Z) FOR THE POINT THAT IS PART OF
INTEFACIAL TETRAHEDRON BUT NOT ON THE INTERFACE

B T N T P T T T

TYPE " 'YES' | KNOW, 1 AM STILL YOUR LOYAL SLAVE "
JTOT = K1-1

REWIND 11
READ(11,*}) NODENU
DO 600 1=1,NODENU
READ(11,") INODEX,Y,2
DO 650 J=1,JTOT
IF(LTETRA(J).NE.INODE) GOTO 650
WRITE(55,”) INODE X,Y,Z
GOTO 600

CONTINUE

CONTINUE
WRITE(S5,") 0,0,0,0
CLOSF{UNIT =55)
CLOSE{UNIT=11)

D L L L L e P P T T T

TO WRITE THE (X,Y,Z) OF THE BOUNDARY NODA!. POINTS
OPEN(UNIT =55 FILE='"ELEINT DAT TYPE="UNKNOWN"}
OPEN(UNIT=99,FILE="BNODE.DAT" TYPE="UNKNOWN")
WRITE(99,") IBTOT
DO 1550 LB=1,IBTOT
READ(55,") IDUM,DX,DY,DZ
WRITE(99,”) DX,DY D2

CONTINUE
CLOSE(UNIT=55)
CLOSE{UNIT=99)

P e T TR

TO create an output file which 1s the input file
in FEM3D.FOR program

‘ud

o



1330

1320

134

137
It

1360

I'l

OPEN{IUNIT 33 FILE: INPUT DAT TYPE 'UNKNOWN }
IBTOT IBTOT « 1
DO 13301 .16
IBE(I} -1
BF() -2
WRITE(33 1320} {IBF{1} | 16){BF{J)J 16}
FORMAT(1X 6{I14 1X) 3X t{F¢ 1 1N}
IQ_INTIBTOT. )
1Q6:1Q7%
1Q7-1Q6.¢
DO 13401 1IBTOT-)
MPUY O AMP
DO 137 1 IBTOTIQT
NBOUNIIY -
MP (1) -2

DOI3S T 1IQY

IFINBOUNTI LE ) GOT() 1350

NBOUNUHI NEWNOD(NBOUNL{II}
CONTINU &

DO 30T 11Q-1
INIT 671,

WHRITE 2% 12200 (NBQUNT(IYV L INIT < VINIT - €3,
1(MP(IJ INIT« LINIT + )

CALL EXIT
EXND

MAD

AN A A A

o}

~mm A

THIS PROGRAM IS TO CALCULATE THE TEMPERATURE PROVILE OF THE

ELECTRON BEAM WELD

Boamdary ronditions are
{1} constant temperature at the hqud-sahid mterface
{2) radintion heat loss at the free surface except at the

surface of hquid metal
This ts a Cartesian ceordinate

The element used 1n the TEM ts tetrabiedral element

In the final calentation. this program uses K G $ unit

The symt nsed (0 this program are almost identical to the
the symbils nsed in Segerhind's Lok

REAL  Algowaod)

REAL  X1(2o0) Y 1{2000), Z 1 2000)

INTEGER MESH({9000,4) N{4) NEWNOD(2000) [OLD{2tnn0)
REAL B(34),.BNDB1{4.4},BDR2(4.4) BDR2{4.4)

REAL  ESM({4.4) EF(4) X{4).Y(4}.2(4)

INTEGER NS{4)

DATA NCLL 1

PR R E R T RN R N N R LR NN R e

This progrances Pased an Wokyg ameh i sec

HEH# B AU R PR S Y S A SN N S AR BT RS RN B RO A E SRR

S06



T4PE 1700

1700 FORMAT(=== =smvmrmmmenes etemersensesenrtacsnnnn:

‘0JOHN, MAKE SURE THE DIMENSIONS IN THE MAIN PROGRAM
‘0AND THE THREE SUBROUTINES FIT EXACTLY THE SIZE OF
MNODE & AND BANDWIDTH =,

w3 -

YPE T
FORMAT ENTUR NAME OF MESH FILE )
ACURRT v L EILE
FOURMA T 171\
IYFPE 1o
FORMAT 3ENTIR ARC TRAVELLING SPEED (inch sec}
ACCEPT & VFL
TYPE Ia

i~ FORMAT 3ENTER THE MELTING POINT  [deg K1 )

ACCEPT © AMP
'YPE 121

N U ORMAT SENTEE THERMAL ONDUCTIVITY (W m-K}

AR PT T ceND
N INTET 172 54 'W m-K te Whnch-K
IYEE Bal

sl FORMAT 3ENTER DENSITY (kg m~*3} }

ACCEPT " DENS
DENS DENS 213773  'kg m~"3 tokg inch™*3
TYPE 1830

153 FORMAT (‘$ENTER SPECIFIC HEAT (J'kg-K} )

ACCEDPT = SPHT
SPHT = SPHT"1 'J kg-K

OPEN(UNIT 55 FILE- 'BWRED DAT' TYPE-"UNKNOWN )
READ{55.") NODEP . NBW
READ{55 201) ; NEWNOD(I), [ =1 NODEP)

201 FORMATI19(15.1X))

2 rs
P

N R e e e T

READ(55.201}) { IOLD({I). | =1.NODEP)
CLOSE(UNIT - 55

OPEN (UNIT- LFILE=FILE TYPE="1'NKNOWN"}
READ (1) NODEP

DO 10 1. 1.NODEP

READ (1,°) INODE X1{NEWNOD(INODE}).YI(NEWNOD(INODE)
! .ZUNEWNOD(INODE))

READ (1.") NE

DO 201 1.NE

READ{1.7} IELEM.N

pOr25J)-14

MESHIELEM J)  NEWNOD(-{J})

CONTINVE

CLOSE(UNIT - 1)

NP=NCL*NODEP

TYPE " 'DATA READING 1S DONE'

TYPE "TOAL NODE g AND ELEMENT # ARE ' NP NE

A THE COLUMN VECTOR CONTAINING TEMPERATURE. F AND K

NS  ELEMENT NODE NUMBERS

ESM{1J} ELEMENT STIFFNESS(CONDUCTANCE) MATRIX

[-14J:14 FOR TETRAHEDRAL ELEMENT

7iSM(1.J}) CONSTRACTED GLOBAL STIFFNESS MATRIX asineq 717 ive 11 s
not the true global stiffness matrix, see pp 120 of LJS)
I-INP J-ILNBW BUT THE "TRUVE” GLORAL STIFFNESS MATHKIX HAx
NP*NP DIMENSION

‘EF  ELEMENT FORCE VECTOHK
CCOE(Ld) COEFFICIENT (2/DELT}*C-K as shown an pp 217 LIS

“TEMP NODAL VALUES FOR A SINGLE ELEMENT

“NP NUMBER OF GLOHBAL DEGREES NF FREEDOM IN THE ENTIRF PROBLEM
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308

CNE 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{COUNTER CLOCKWISE

C B&C COEFFICIENTS THAT OCCUR DURING THE EVALUATION OF THE ELEMENT MATRIX
C vOLé SiX TIMES THE TETRAHEDRAL VOLUME

C AR2 TWO TIMES THE ELEMENT AREA

CJGF A POINTER INDICATING THE LAST STORAGE LOCATION FOR TEMPERATURE IN A
C JGSM A POINTER INDICATING THE LAST STORAGE LOCATION FORF 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 ISIDE WHEN ISIDE()=1, IT MEANS THIS IS THE "FREE" SURFACE

C WHEN ISIDE{)=0, IT MEANS THIS IS NOT THE "FREE" SURFACE

CH HEAT TRANSFER COEFFICIENT (W/m**2%deg C)
C NEWNOD() NEW NODE NUMBER ARRAY

I P el L L L L L R T TP T

C TO CALCULATE POINTERS
JGF=NP"NCL

JGSM=JGF~2
JEND=IGSM+NP*NBW

D T T T P T T P

C

Cc INITIALIZATION TO 0 DEGREE K

c CetEsmmAsttecvamataresIIEEEESTEISSISe RIS A enan
DO 331 I=1JGF

331 A{l} =0

s R T T T R Py T T T T

C  INPUT (X.Y.Z) DATA OF EACH NODAL POINT
DO 7 KK=1NE
DO 301=14

30 NS(1}=MESH(KK.1}

DO 40 1=1,4

X(1)=X1(NS(1})

Y()=Y1(NS{I})

Z(1)=Z1(NS(D))

CONTINUE

R e T P T T T PP T TP TP

TO CALCULATE 6*VOLUME
VOLS = (X{2)-X{1})*{Y(3)-Y(1))*(Z(4)-2(1))+
1 (Y(2)-Y(1))*(Z(3)-2(1))"(X(4)-X{(1})+
7 (Z(D)-2()(X(3)-X (1) (Y{4)-¥(1))-
3 (2(2)-2(1)) " (¥(3)-Y{1})*(X(4)-X(1))-
4 (Y(2)-Y(1))"(X(3)-X(1))"(Z{4}-2(1))-
5 (X(2)-X(1))7(Z(3)-2(1))*(Y(4)-Y(1))
VOL6 = ABS{VOLS)

D T T T T

anas

TO CALCULATE THE COMPONENTS IN SHAPE FUNCTION
Ni,Nj,Nk,NI
Nate: [1/(6*Volume}|*B({l,}) is the component

of the shape function

P T T P L I T T A L T L T T T TR Ty Trpoy

naooanaon

&
@

B(1.1} = -((Y(3)-Y(2))"(2(4)-2(2))-
1 (Y(4)-Y(2))"(Z(3)-2(2)))
B(1.2) = ((Y(3)-Y(1))*(Z{4)-Z(1))-
1 (Y(4)-Y{1))*(2(3)-Z(1)))
B(1.3) = -((¥(2)-Y(1))*(2(4)-2(1)}-
1 (Y(4)-Y(1))"(2(2)-2(1)))
B(L4) = ((Y(2)-Y(1))*(2(3)-2(1))-
13 (Y(3)-Y(1))"(2(2)-2{1)))
B(2,3) = ((X(3)-X(2))*(Z(4)-2(2)}-



09

1 (X(4)-X(2))7(2(3)-Z(2}))
B(2,2) = -((X(3)-X(1))*(Z(4)-Z(1))-
1 (X(4)-X(1))*(Z(3)-2(1)})
B(2,3) = ((X(2)-X(1))"(Z(4)-Z{(1))-
1 (X(4)-X{1))*(Z(2)-Z(1)))
B(2.4) = -((X(2)-X{1})"(Z(3)-Z(1})-
1 (X(3)-X(1))"(2(2)-2(1)))
B(3,1) = -((X(3)-X(2))°(Y(4)-¥(2))-
1 (X(4)-X{2))*(Y(3)-Y(2)})
B(32) = ({X(3)-X{1))*(Y(4)-Y(1)}-
1 (X(4)-X(1))°(Y(3)-Y(1)))
B(3,3) = -((X(2)-X(1))*(Y(4)-Y(1))-
! (X(4)-X (1)) (Y(2)-Y(1)))
B(3,4) = ((X(2)-X(1))"(Y(3)-¥{1))-
1 (X(3)-X(1))"(Y(2)-Y¥(1)))
TO CALCULATE THE VOLUME INTEGRAL CF {B}"{D}"{B}
This integral {actually, summation} is expressed by
the summation of ESM{1,J)
ASSUME it is an 1sotropic matenial, 1 ¢ , the thermal
conductivity 18 independent of x,y .z direction
DO 920 =14
DO 920J=1,4
BDB1(1,J} = B{1.1)*B(1.J)
BDB2(1,J) = B(2,1}"B(2.J)
BDB3(1,J) = B(3.1}*B(3.J)
20 CONTINUE

P R L L R Y T T R P
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=

The volume integral of (B}*{D}*{B} is the summation
of BDB1{1,J), BDB2(I,J), and BDB3(1,J) and then
multiplied by a constant { = COND/VOL6 )

CONST1 = COND/VOL6

DO 930 I=1,4

DO 930J=1,4

ESM(1.J) = CONST1*(BDB1(1,J} + BDB2(LJ) +

1 BDB3(LJ))

nnnno

©

30 CONTINUE

R L LI L L L T T T e,

TO Consider the additional term vel*Cp~density “temp gradient
The arc ia travelling in the -ve X direction.

P R D R T PP TP PR P T

annaaa

CONST2 = VEL * DENS * SPHT/24.

DO351=14

DO 35 J=14

ESM(IJ) = ESM(1,J) + CONST2 * B(1,J) ! -ve X direction
CONTINUE

&

D L L T T S TP TP T

INITIALZATION OF THE FORCE MATRIX

L L T A L L I P Y T T T DO 3%

an0n0n0ae

DO 940 I=1,4
940 EF(I)=0.
C

c I T L T T T P

C ASSUME that convective and radiative heat loas can be neglected
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DOTI_t4
I=NS(1

DO 15 J-1,NCL
J5=JGF~(J-1)"NP -1l

AfI5Y - AJD-EFID)

DO 17J-.1.4

------- JJOLD ORIGINAL MATRIX "COLUMN™ #
....... JI  BAND MATRIX "COLUMN"#
------- 11 ORIGINAL AND BAND MATRIX ROW & -=*"®°-"=*

JJOLD=NS{J)
JJ=JICLD-11+1

IF(11) 17.17.16
35=JGSM~(JJ-1)°NP -1}
A(J5)=A(J5}~ESM(1J)
CONTINUE

CONTINUE
CLOSE{I'N[T=22)

MODIFICATION AND SOLUTION OF THE SYSTEM OF EQUATIONS

TYPE = ASSEMBLY OF THE ELEMENTS 1S DONE’

TYPE - 1 STILL HAVE 3 SUBROUTINES TO SOLVE"
CALL BDYVAL

TYPE ° ISTILL HAVE 2 SUBROUTINES TO SOLVE’
CALL DCMPRD

TYPE " ‘I STILL HAVE 1 SUBROUTINE TO SOLVE"

CALL SLVBD

NOW TO ADD THE INITIAL TEMPERATURE 300 K
SINCE THE ORIGINAL TE\IPERAT[ RE IS ASSUMED TOBE K

DO 74 =1 NP
CHECK = ABS( A(l} - AMP )
IF(CHECK LT 001} GOTO 700
A(I} = ABS(A(1}) « 300
IF(A({) LE AMP) GOTO 70!
A{l) = AMP

CONTINUE

OPEN(T'NIT=44 FILE= TEMP DAT TYPE- 'UNKNOWN :
WRITE(44.7) NP,VEL

DO 53 1:1 NP

WRITFE{44.55) IOLD{I} a(1)

CONTINUE

FORMAT{5(I5,1X F7 2.3X})

CLOSE/UNIT=44)

CALL EXIT
END

SUBROUTINE BDYVAL

COMMON NP, NBW NCL AMP X,GF ,GSM
DIMENSION X{NP NCL) GF{NP NCL} GSM{NP NBW"
DIMENSION X(1397.1).GF(1357.1).GSM{1347.155)

i
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THE DIMENSION OF X,GF AND GSM MUST BE "EXACTLY" THE NUMBER
OF X({NP.NCL),GFINP, \(‘L] AND GSM{NP NBW}

THIS SUBROUTINE IS TO READ KNOWN VALUES IN F AND PHI AND MODIFY R A~
ON PP 110 OF L J SEGERLIND TO MAKE IT READY TO HE SOLVED

DIMENSION IB{6) BV{6)

OPEN{UNIT=33 FILE="INPI'T DAT TYPE. 'UNKNOWNXN"
DO 216 JM~1NCL
INK-0

READ{33") IR BV

BECATU'SE THE DIMENSION OF IB AN BY ARE 6 THE DATA IN TORSI2 DAT
SHOULD BE LIKE THIS SIX INTEGERS SIX REAL VALUES
UNTIL SAY 11.23-1.-1.-0.-1 -2 -1 -1 -1 -1 -1

“® -1 MEANS NO MORE DATA -2 MEANS THE STARTING OF NO DATA FOR BV
“* NOTE EVEN NO DATA FOR IB OR BV, YOU HAVE TO PUT -VE # TO SHOW NO DATA

1B NODE=# ON BOUNDARY BV BOUNDARY VALUES. IT MAY BE KNOWN NODAL FOHCE
YVALUES(UPPER PART) OR KNOWN NODAL VALUES{SAY, TEMP POTENTIAL STRESS!
BUT BE CAREFUL.THE FIRST SET DATA IN TORSI2 DAT REFERS TO KNOWN NODAL
FORCES. THE SECOND SET REFERS TO KNOWN NODAL VALUES AND IF THE ~ OF
KNOWN NODAL FORCE SET IS INTEGRAL TIMES OF 6 THEN BETWEEN KNOWN
NODAL FORCE AND KNOWN NODAL VALUES DATA SET THERE MUST RE ANOTHER
DATA -1 IN BETWEEN TO INDICATE THE END OF KNOWN NODAL FORCE DATA SET

............... P LT LT LY L TR R PO P

ID-o

DO2$L-1%

IF{IB(L) LE «} GO TO 208
ID-ID-1

I1-1R(L}
GF{LIM)-BV{L)~GF(1IM)

GO TO 206
INK=1

IF(ID EQQ) GO TO 716
IF(INK EQ 1) GO TO 2t6

GO TO 202

CONTINI'E
INK=
READ(33.7) IB.BY

DO 3101C=16
IF(BV(IC) EQ AMP) GOTO 310
BV{IC) = AMP

CONTINTE

ID -0

DO 221 L=16
IF/IB(L)LE ¢! GO TO 215
ID-ID+1

1-IB{L)

RC-BV(L)
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MODIFICATION OF THE GLOBAL STIFFNESS MATRIX AND THE
GLOBAL FORCE MATRIX USING THE METHOD OF DELETION OF ROWS AXD COLUNMNS

D L T T T T P

K=I-1
DO 211 J=2,NBW
M=1+J-1
IF(M GT NP) GO TO 210
DO 218 IM=1,NCL
GF(M.JM}=GF(M.JM)-GSM(I,J)"BC
GSM(1,J)=0.
IF(K.LE 0} GO TO 211
DO 219 IM=1INCL
GF(K,JM)=GF(K.JM)-GSM(K J)*BC
GSM(K,J)=0.
K=K-1
CONTINUE
IF{GSM(I,1).GT.0) GOTO 300
TYPE * 'THIS TERM SHOULD BE > 0'
TYPE *'GSM{L,1) = ', }, GSM(1.1)
IF(GSM({1.1).LT 0.01) GSM(1,1)=500000

L R T T P T PP L T P P Y T T P LT P YT PR T LT P P PPy
500000. WO'NT INFLUENCE ANYTHING, BECAUSE FOR THE NODE #{SAY.75) WHOSE
NODAL VALUE IS KN2'WN, THE FINAL 75TH REARRANGED EQUATION SHOULD LOOK
LIKE 0+0+--(AL}, 0)+--+0+K(75,75)*PHI(75)+0+0+---+0=K(75,75})"PHI(75)

BUT SINCE THE POSITIVE DEFINITE MATRIX REQUIRES THAT THE VALUE AT

THE DIAGONAL BE POSITIVE AND LARGE COMPARE TO THE OFF-DIAGONAL

TERM, THUS IF K(75,75) IS ONLY, SAY, 0.02, WHY NOT MULTIPLYING

K(75,75) A LARGE VALUE BECAUSE EQUAL SIGN '="' STILL HOLDS

FOR DETAIL, SEE L.J SEGERLIND PP 110 TO PP 112

DO 220 JM=1,NCL
GF(1,JM)=GSM(1,1)*BC
CONTINUE

GOTO 209

CLOSE(UNIT=33}
RETURN
END

SUBROUTINE DCMPBD

COMMON NP NBW NCL AMP X.GF,GSM
DIMENSION X(NP,NCL),GF{NP ,NCL),GSM(NP NBW}
DIMENSION X(1397,1},GF(1397,1),GSM(1397,155)

L N R LR LY L Y Ty

* John! Be Careful !t *

L T T R T

vesene
THE DIMENSION OF X,GF AND GSM MUST BE "EXACTLY" THE NUMBER
OF X(NP,NCL),GF(NP,NCL) AND GSM(NP ,NBW)

R T e R P

THIS SUBROUTINE IS TO DECOMPOSE REGULAR BAND MATRIX K INTO ['PPER
TRIANGULAR MATRIX USING GAUSSIAN ELIMINATION PROCED!'RE

NPI=NP-1

DO 226 1=1,NPi

MI=[+NBW-1

IF(MJ.GT NP) MJ=NP

NI=1+1

MK=NBW

IF((NP-1+1) LT.NBW) MK=NP-I+1
ND=0
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DO 225 J=NJMJ

MK=MK-1

ND=ND+1

NL=ND+1

DO 225 K=1 MK

NK=ND+K
GSM(J K)=GSM{J. K)-GSM(1.NL)*GSM(I,NK)/GSM(1,1}
CONTINUE

RETURN

END

SUBPOUTINE SLYRD

COMMON NP NBW NCL,AMP X.GF,GSM
DIMENSION X(NPNCL),GF{NP.NCL),GSM{NP NBW)
DIMENSION X({1397,1},GF(1397,1).GSM({1397,155)

tesessssssnansrevnrnsncasseenounan wesensuvesennrrenene

John! Be Careful "' *
R
THE DIMENSION OF X.GF AND GSM MUST BE "EXACTLY" THE NUMBER
OF X{(NP NCL),GF(NP,NCL} AND GSM(NP NBW)

T R R T T R TP

THIS SUBROUTINE 1S TO DECOMPOSE F THEN SOLVES FOR TEMPERATURE
USING THE METHOD OF BACKWARD SUBSTITUTION

NP1=NP-1

DO 265 KK=1NCL

IM=KK

WeBsEvITLINm s P T T I IR ISR TN SE NN NSO IRERE

DECOMPOSION OF THE COLUMN VECTOR GF()

T R N I LI

DO 250 1=1,NP1

MJ=I+NBW-1

IF(MJ.GT NP} MJ=NP

Nl=1+1

L=1

DO 250 J=NJMJ

L=L+1
GF(3,KK)=GF(J.KK)-GSM{L.L)*GF(I.KK)/GSM(1.1)

BACKWARD SUBSTITUTION FOR DETERMINATION OF X(}

D D L T e LI

X(NP,KK)=GF(NP KK)/GSM(NP,1)

DO 252 K=1 NP1

I=NP-K

MJ=NBW

IF((1+NBW-1) GT NP) MJ=NP-1+1

SUM=0.

DO 251 J=2,MJ

N=I+J-1
SUM=SUM+GSM(I,J)*X{N,KK)
X(IL,KK)=(GF(ILKK)-SUM)/GSM(L,1)
CONTINUE

RETURN

E*D
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C Thie prgram :s to calculate the temperature gradient

REAL  X!3(%'1,Y{300).Z(300) XF(150),YF(150).ZF(150)
REAL T 300! SUML(400)
REAL  NORM({3).X3(3) Y3{3).23(3]
REAL  XNODE(4), YNODE({4). ZNODE(4), TV({4)
REAL  XINTI2).YINT(2) ZINT{2). TINT(2)
BYTE FILE{15)
INTEGER NS(400.4) NEL(400) NODE(300),0UTNUM{40)
INTEGER NTET{(4).TEST
COMMON SLOPE X0.20.Y0.Y2. DEPTMX.A0.B0.A2. B2, NORM
COMMON PLAN X3,Y3,Z3AB.C,D
COMMON INTCP:A1.B.C.D.X0.Y0,Z0,NORM X1,YLZI
COMMON ELLIP ‘X0.Y0.20. AX.CZ.BY NORM_ITEST
COMMON SUMORD ’X0,Y0 20 NODE X.Y.Z NS JTOT.IETOT SI"ML OUTNIA
¢ COMMON ORD SUML.IETOTI OUTNUM
COMMON LIMI X3 ¥3 23.X1 Y1 ZLTEST
COMMON INTPL XNODE YNODE ZNODE XINT,YINT.ZINT TV
1 TINT TEMG

~Tann

EQUIVALENCE "SI"ML1 SUML)

DATA IBOUND 300

DATA IELTOT 470
C
C X Y020 THE SPECIFIED POINT THAT WE WANT TO CALCULATE THE TEMP k" "ENT
C DEPTMX  MAXIMUM DEPTH OF THE WELD POOL ( inch )

A Y2 1S A LITTLE BIT LARGER THAN YO (sn the depth directian)

A HALF SHORT AXIS LENGTH OF THE ELLIPS AT Y = YO

C B HALF LONG AXIS LENGTH OF THE ELLIPS AT Y = YO
“X3Y3Z3ABCD (X3Y323} THESE THREE POINTS CAN MAKE A PLANF.

¢ WHICH CAN BE EXPRESSED AS AX+BY+CZ+D-0

C XIYLZI {XLYLZD IS THE INTERCEPT POINT BY THE LINE DETERMINED BY
c (X0 Y0 Z0) WITH NORM(} AND PLANE AX +BY +CZ+D -0

C AX BY,CZ HALF AXIS LENGTH IN X,Y,Z DIRECTION RESPECTIVELY
CITEST IF ITEST = 1, THEN INPUT DATA HAS SOMETHING WRONG
C OUTNUM()  The first 40 tetrahedron NUMBER, which have the smallest

< summation »f the hine segment lengths from (x0,y0,50)

C 1 ONLY TAKE THE FIRST 8 DATA

T IETOT TOTAL BOUNDARY INTERFACIAL ELEMENTS WHICH HAVE TWO OR
[y THREE NODES AT THE INTERFACE

CJTOT # of the nies that are inside the tetrahedron which has 2

o or 3 nwdes at the sohid-liquid :nterface

C XYY 20 (X.Y.Z) ARE THE VERTEX OF THE TETRAHEDRON WHICH HAS 2 OR
< 3 NNDES AT THE SOLID-LIQUID INTERFACE
TYPE 1o
1 FORMAT! X arc travelling direction, trailing sense is + ve’,
1 'Y depth direction, downward 18 + ve',/
2 " Z  width direction',/})

TYPE 12
12 FORMAT(" John remember that all the interested pointa’,’
1 " should be VERY CLOSE TO the interface’,/)

15 TYPE 20
20 FORMAT{'0YOU CAN HAVE THE FOLLOWING CHOICES'."
1 't = TEMP GRADIENT AT SINGLE POINT"./
2 ‘2 = TEMP GRADIENT AT MANY POINTS',/)
TYPE 30
3 FORMAT('$ WHICH ONE DO YOT' LIKE " )
ACCEPT *.IPOINT
IF(IPOINT EQ 1 OR IPOINT EQ 2) GOTO 4¢
TYPE * 'OOPS ' YOU MAKE A MISTAKE "



U

oL

70

9u

T4¢

Lo
13

N

12

GOTO 15

IF(IPOINT EQ 1! GOTO 5¢

TYPE 60

FORMAT(SENTER NAME OF THE (X.Y.2) }FiLE )
ACCEPT 70.FILE

FORMAT(15A 1)

OPEN(UNIT - 11 FILE:- FILE TYPE 'UNKNOWN }
READ(11.") NP

DO 90 1=1.NP

READ{1L.°Y Xt YR ZFDY

CLOSE(UNIT 11:

FILE(15} .«

GOTO 8¢

TYPE ~ (X Y Z' POINT AT THE INTERFACE ~
ACCEPT " X1Y1 71

TYPE 7

FORMAT({ vYOU CAN HAVE THE FOLLOWING CHOICES
1 1 ELLIPSOID WELD POOL
2 ] COMPLEX WELD POOL )
TYPE 710

FORMAT, § WHICH ONE DO YOU LIKE ™ )
ACCEPT " IsHAPE
IF{ISHAPE EQ 1 OR ISHAPE EQ 2) GOTO 720
TYPE ", 00P% ' YOU MAKE A MISTAKE ”
GOTO 8&u

IF(ISHAPE EQ 21 GOTO 730
TYPE *HALY AX13 LENGTHS IN X.¥.Z DIRECTION ” {snch}
1 3 data are required
ACCEPT - AX. BY (Z
GOTO 740

TYPE 750

FORMAT('$SENTER THE NAME OF THE GEOMETRY DATA FILE
ACCEPT " FILE
TYPE " John f you choose this complex weld pool, then’
TYPE " .'the YU of the point interested, (X0,Y0,20), will’
TYPE " ‘have to be EXACTLY the same as the Y coordinate’
TYPE ~ " cne of the points contained in thia data file
OPEN(UNIT =44 FILE - FILETYPE - UNKNOWN")

OPEN(UNIT 2! FILE="ELEINT DAT TYPE - 'UNKNOWN"}
DO 100 1- LIBOUND
READ{22,7} NODE{L X¢{D.Y(1L.Z(1
IF(NODE{D) EQ 0} GOTO 130
CONTINUE
IBTOT 1 -1 ° Totalinterface boundary pants
DO 1T HIELTOT
READ(22.7) NEL{I) INS(1.J)J 1.4)
IF(NEL(I} EQ 0} GOTO 120
CONTINUE
IETOT - 1-1 ' Totalanterfacial elements
DO 140l - IBTOT -1 [BOUND
READ{22 7) NOOED.XILY(D.Z(1)
IFINODE(WY EQ ) GOTO 150
CONTINUVE
JTOT 1 -1 'Teotal points refated ta the interfacial elements
CLOSE(UNIT 22

OPEN{UNIT. 33.FILE 'TEMP DAT TYPE 'UNKNOWN'}
READ(33,"} NOL VEL

DO 1601 — 1,NODENU

READ{33.7) INODE DEGREE

DO 1703 - 1JTOT

IFINODE(J) NE INODE) GOTO 170

TW) - DEGHEE

GOTO 100

)]
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CONTINUE
CONTINUE
CLOSE(UNIT=33)

FILE='COOLRT DAT' TYPE="UNKNOWN")

“evesvsssrencrrsssevnsrsanassene

OPEN(UNIT=66

NOW, | HAVE READ ALL THE NECESSARY DATA
THE FOLLOWING IS TO CALCULATE THE TEMPERATURE GRADIENTS

L R T e IR TR L PR L T TR T

WRITE(66,3030)
FORMAT(’ -

ki

WRITE(66,1210)
FORMAT(5X,'X0',9X,'Y0’ 9X,'Z0",12X,"COOLRT",

6X,"TEMP GRAD',7X,'NORM(1)")

TYPE 3030

TYPE 1210

WRITE(66,3030)

TYPE 3030

IF(IPOINT EQ 1) GOTO 180

DO 2000 }i=1,NP

X0 = XF(11)
Y0 = YF(11)
20 = ZF(13)
GOTO 200
X0 = X1
YO0 = Y1

20 = 21

TO GET THE NORMAL VECTOR AT (X0,Y0.20}

IF{ISHAPE.EQ.1) GOTO 210
JONE =0
REWIND 44
READ(44,°) IP, DEPTMX

DO 220 12=1,IP
IF(JONE.NE.1) GOTO 230
READ(44,") Y2,A2,B2
GOTO 240

READ({44,") YDUM,A0,BO
IF(YDUM.NE.Y0) GOTO 220
JONE = 1
Y0 = YDUM
IF(YO.NE.DEPTMX) GOTO 220
Y2 = DEPTMX + 1. ! 1. 1S JUST AN ARBITRARY NUMBER
GOTO 240

CONTINUE

CLOSE(UNIT=44)
CALL NORMAL (X0,20,Y0,Y2,DEPTMX,A0,B0,A2,82 NORM)
GOTO 300

CALL ELLIPS {X0,20,Y0,AX,CZ BY NORM ITEST)
IF(ITEST.NE.1) GOTO 300
TYPE ",'SCGRRY, YOU HAVE TO INPUT ANOTHER (X,Y.2)’
GOTO 9999

CALL SUMLEN
CALL ORDER

B L R R A R R R Y]
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NOW, START THIS LONG PROGRAM TO CHECK WHICH TETRAHEDRON
HAS TWO INTERCEPTS.

L L Y LT T R T PP Y XY

DO 320 1=1,40

KTEST =0
INTCK =0
INTNUM =1

DO 370 12=1.2

XINT(1Z)=0

YINT(IZ)=0
ZINT(1Z}=0

DO 310 J=1,IETOT
1F(J.NE.OUTNUM(I}) GOTO 310
DO 330 K=1,4
NTET(K) = NS(J.K)
DO 340 K1=1,JTOT
IF(NODE(K1) NE.NTET(K)) GOTO 340
XNODE(K) = X(K1)
YNODE(K) = Y(K1)
ZNODE(K) = 2(K1)
GoOTO 330

CONTINUE

CONTINUE

R T Y I P TY Y

NOW, I HAVE (X,Y,2) OF THE 4 VERTICES OF THIS
'POSSIBLE' TETRAHEDRON STORED IN XNODE(),YNODE(), AND ZNODE()

R T T T T T T T P YTy 20

DO 350 L=1,4 ! TETRAHEDRON HAS 4 SIDES
IF(KTEST.EQ.1} GOTO 350
Li=L+1
IF(L1LEQS)L1 =1
L2=L1+1
IF{L2.EQ.5) L2 =1

X3(1) = XNODE(L)
X3(2) = XNODE(L1)
X3(3) = XNODE(L2)
Y3(1) = YNODE(L)
Y3(2) = YNODE(L1)
Y3(3) = YNODE(L2)
23(1) = ZNODE(L)
23(2) = ZNODE(LI1)
Z3(3) = ZNODE(L2)

L Y P TP

TO CHECK IF (X0,Y0,Z0) IS ONE OF THE VERTICES
OF THIS TRIANGLE. SINCE I ASSUME (X0,Y0,20) IS AT EITHER
THE INTERFACE OR THE LIQUID REGION, IT IS IMPOSSIBLE TO
HAVE X0 = XNODE(4), YO = YNODE(4). AND Z0 = ZNODE(4)

T T T T TP T

IF{L.NE.1) GOTO 400
DO 360 1C=1,3

ZERO1 = ABS( X3(IC}-X0 )

ZERO2 = ABS{ Y3(IC)-Y0 )

2ZERO3 = ABS{ Z3(IC)-Z0 )

ZTOT = ZERO1 + ZERO? + ZERO3
IF(ZTOT.GT. 0.00001) GOTO 360
XINT( 1) = X0

YINT(1) = YO

317
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ZINT{1, - Z0
INTCw -1

IF(IC EQ 1) GOTO 381
IF(1C EQ 2) GOTO 382
IF(IC EQ 3) GOTO 383
L=L-1

GOTO 390

L=L1+1

GUTO 390

L=1L2-1

KTEST = 1

GOTO 395
CONTINUE

CALL PLANE({X3.Y3,23.A,B.C.D}
CALL INTCEP (A,B.C,D,X0,Y0.Z0.NORM XI YI ZI}

NOW 11 VE GOT THE INTERCEPT {X1L.YLZl} HAVE TO

DO 410 1C 1.3

DIFFI = ABS(XI - X3{IC})

DIFF2 : ABS(YI - Y3(IC))

DIFF3 - ABS(ZI - Z3(IC))

TOTAL = DIFF1 ~ DiFF2 + DIFF3

IF{TOTAL GT 0 00001) GOTO 410
IF(INTCK EQ 1) INTNUM = 2

XINT( INTNUM ) = XI

YINT({ INTNUM ) = YI

ZINT{INTNUM ) = ZI

INTCK = INTCK + 1

IF(INTNUM NE 2) GOTO 350

........ T T

FINALLY I FOUND THE TETRAHEDRON WHICH HAS TW INTERCEPTS
THE (X.Y,Z) OF THE 4 VERTICES OF THIS TETRAHEDRON ARE STORED
IN XNODE(), YNODE(), AND ZNODE()

DO 1200 JV=14
DO 1100 JNODE = 1,3TOT
IF(NODE({JNODE) NE NTET(JV)) GOTO 11uus
TV{JV} = T(INODE)
GOTO 1200

CONTINUE

CONTINLE

CALL INTPOL

CCOLRT = TEMG * VEL * NORM(1}

WRITE(66,2420) X0,Y0,20,COOLRT TEMG NORM(1)

TYPE 2420,X0,Y0,20,COOLRT, TEMG NORM(})
FORMAT(UX,3(F9 6,2X)},3X,2(E12 4,2X) 2X E10 3)

IF(IPOINT EQ 1) GOTO 9999

GUTO 2000

CONTINUE

NOW I CAN MAKE SURE THE INTERCEPT [§ NOT ONL
OF THE VERTICES OF THIS TETRAHEDRON { ACTUALLY THRIANGLE:

318
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CALL LIMIT
IF{TEST EQ 1} GOTO 350

C

C

< OK! NOW [ FIND ONE INTERCEPT WHICH IS INSIDE THE TETHRAHEDRON
C

<

GOTO 100y

350 CONTINUE
IF(INTCK EQ 2) TYPE " IMPOSSIBLE TO BE 2
GQTO 320
31 CONTIN!
TYPE " IMPOSSIBLE NOT TO FIND TETRAHEDRON *
GOTO vy
32u CONTINUVE
TYPE = =v-=ec" e
TYPE “'MY GOD' 1 CANNOT FIND THE TETRAHEDRON WHICH Has
TYPE *. TWO INTERCEPTS HELP' HELP* HELR'
TYPE * Juhn ne data for thes (cy.2) X0, Yo Zu

TYPE » menesrerearenneces cemseesmemcasErsersrraneratanns

IFIPOINT EQ 11 GOTO oo

¢
2w CONTINUE

¢

wors CALL EXIT

END

i

¢
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SUBROUTINE NORMAL (X0 Y0, 20,22 CMAX A, Bu A2 H2 NUKRM)

This program s to calculate the normal at any point on a
body whose cross-secticonal curve on the xy plane is ellipse
with half length of the long axis, a, and of the short wus, b

The x y.z2 coordmate nsed 1 this program s a hitle bot
confusing  Orngnally, this program 1s based on the coordinate
with downward 2 { +ve 2) as the aas Lo represent the depth .f
the weld poal  Later on, I realize that John wants downwar iy
(- ve y) as the axis to represent the depth of the weld pool
Therefore, 1 put the "equivalence™ X{new) = X{ui 1),

Yi{new) - 2(cid}, Z(new) - Y(oid}

This program s designed te use fur the following gecmetry
Long mxas of ethps s in the X Jdirection

Short axis of ellips s in the (new) Z directi

setyon paralle to the {new) Y axis [Hepth axis) can be

Cros
any kind of shape

The nmit used i the program can be arbatrary ar §ag as
the data unit are consistent

The data imput are
(1) =777 Speafied (X0t 20, Y0) pont "7 770
{2} the 2nd paint (X2,22,Y2) with Y2 "a htthe bit” larger than
Y0 X2 and Z2 have to calculated an thas progran ths
no need {actually, impossible} to mput X2 and Z2
(3} the half short axis of the ellips an the g YD cross serto Ae

(4) the hall long axis of the elhps on the y Y0 eross secton B

(5] the half short axis of the ellips on the y Y2 erons se 00 0 AZ
Y2 YO o smally  Note Thus program asstnes Y2 s o bt
bat warger than YO (Thas program d s net use Y1

{6) the half long axis of the ellips nthe y Y2 ross et 0 B2

RN Ne e ls NN RN HO NS RN Rl N ool s Nolts Wo e S ol e St Bt Sr o B S NI W U
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C
C

COMMON/SLOPE/X0,Y0,20,22,CMAX,A0,B0,A2,B2 NORM

C™"*"*" The COMMON BLOCK in the main program will be X0,20,Y0,Y2, DEPTMX,

C

A0,B0,A2,B2, NORM

c* X <---> A, 2<---> B, Y<---->C

(e}
C

naonnnann

aonaonna

nnonn o oon

e
»

30

*a

none

CMAX is the half axis length in the depth direction (Y dierction)
REAL LENGTH,NORM(3),COR(3)

NORM() ARE THE COMPONENTS OF THE UNIT NORMAL VECTOR
PASSING THRU (X0,20,Y0)

D R T T R T T T

When (x2,y2,22) is the bottom point, then siope 18 known

P T P T

IF{Z2 GE CMAX) GOTO 998

vermsonon D R R T T T T

To obtain the unit vectorial form to represent the tangential
line pasaing thru point {x0,y0,20). This line is lying on the
plane =20

P T L L T Y TP P

IF(YOEQ 0) GOTO 11
TANA=-(B0"*2"X0)/(A0*2"Y0)
COSA=1/SQRT{1.+TANA""2)
IF(TANA LT 0.) COSA=-1."COSA
SINA=COSA"TANA

GOTO 12

COSA=0

SINA=1

the vectonal form of Lthis tangential line is {cosa,;1na0)

B R T T T T T T T PP P

To obtain the unit vectorial form to represen. the other tangential
line passing thru point (x0,y0,z0).

B R LT LT P R e P T T T
TO SOLVE 2nd ORDER EQUATION TO GET THE INTERCEPT (x2,y2}

IF{X0 EQ.0.) GOTO 31
COEA={A0/B0)**4*(Y0/X0)""2+(B2/A2)""2 ! 2nd order term
COEB=2."(A0/B0}**2*Y0"**2/X0-2.*(A0/B0)**4°Y0" *2/X0
COEC=Y0""2+(A0/B0)*"4°Y0""2-2."(A0/B0)"*2*YQ"*2-B2""2
B4AC=COEB""2-4."COEA*COEC
IF(B4AC GE0.) GOTO 30
TYPE "/IMAGINARY PART IS NOT GT. ZERO 77!

TYPE ",'THE FINAL DATA ARE JUNK, input another {x,y,z})'
GOTO 999

ROOT1=(-COEB+SQRT(B4AC))/(2 "COEA)
ROOTZ=(-COEB-SQRT{B4AC)}/{2 "COEA)

X2=ROOT?2 !Arbitrarily assigned

DIS1=ABS(X0-ROOT1}

DIs2=ABS{X0-ROOT?)

IF(DIS1 LT DIS2) X2=ROOTI
Y2=8SQRT{B2"*2-{B2"X2/A2)""2)

GOTO 32

X2=0

Y2=B2

IF(YOLT 0) Y2=-1."Y2 ! y0 and y2 should have the same sign

TO CALCULATE THE LENGTH BETWEEN (x0,y0,20) and {x2,y2,22}

LENGTH=SQRT{{X2-X0)""24 (Y2-Y0)""2+(Z2-20}""2)
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COR(1)=(X2-X0)/LENGTH

COR({2)={Y2-Y0)/LENGTH

COR(3)={22-20)/LENGTH ! COR(I)'S ARE THE 3 COMPONENTS OF THE
TANGENTIAL LINE PASSING THRU (x0,y0,20)

P R T L R T L L T R T T P R R YT T

TO CALCULATE THE UNIT NORMAL VECTOR

D R T T ] P Seerreuaas TN

NORM(1)=-SINA*COR(3)
NORM(3)=COSA~COR(3)
NORM(2)=SINA"COR(1)-COSA"COR(2)
GOTO 999

NORM(1)=0
NORM(3)=0
NORM(2)=-1

RETURN
END

LR R R tvmeeawnaa

SUBROUTINE ELLIPS {X,Y.Z.A B,C.N, TEST)

This program is not the same as the NORMAL.FOR. NORMAL FOR
is for the "semi-ellipsoid” This program is for the regular

ellipsoid This program 1s to calculate the normal vector passing

thru a specified point {x,y,z)

Same as NONRMAL.FOR, the x,y,z coordinate system is confusing
X(new) = X{old) Y(new) = Z{old) Z(new)} = Y(old}
Therefore, the common block in the main program should be
X,Z,Y instead of X,Y,Z For more detail, see NORMAL FOR

Input data are

(1) Specified (X,Z,Y)

{2} Half axis length in X direction A
(3) Half axis length in Y direction B
(4) Half ax1s length in Z direction C

COMMON/ELLIP/X.Y . Z,A.B,C N TEST

C*"***" The COMMON BLOCK in the main program will be X,2,Y,A.C,B,N, TEST
Cr* ** " X <---> A, 2<---3 B, Y <-meo> C

nnnn-n

REAL LENGTH,N(3)
INTEGER TEST
TEST=0

D T L T T e T R T R T

This will give more accuarate X

B P R LR R TR T T

TEMP={1-(2/C)""2-(Y/B)""2)"A~"2
IF(ABS(TEMP).LE.0.0000'} TEMP =0

IF(TEMP LT 0 ) GOTO 10

X=SQRT{TEMP)

GO7TO 20

TYPE ",'IMPOSSIBLE ! Check the input (x,y,2} point’
TYPE *,'It 15 impossible to have this point

1 on the surface of ellipsoid’

TYPE ~.'(x,y,e) is ', X,Z,Y

TEST=1

IF TEST=]1 THEN INPUT DATA {X,Z,Y) HAS SOMETHING WRON(
TEMP=4 "B"*4"C " 4 X "2+4" AT 4"C" "4 Y™ " 244 "AT "B 747172

LENGTH=SQRT(TEMP)
N(1)=2 "B**2°G**2°X/LENCTH



N(3}-2 "AT"27C°2°Y LENGTH
N(2}-2"A""2°B""2°Z LENGTH
RETURN

END

SUBROUTINE SUMLEN
This program s to calculate the summation of the fiur Lne
segiments from {x0.y0,20) point to the three four of the

tetrahedron which has 2 or 3 nodes at the sohid-lsquid interfa e

INPUT DATA ARE
(I s yonze) speafied poant
120 ixy z) f the vertex of the tetrahedron which has 2 r 3
noddes at the interface
13} 1 nte number of each vertex, NODE(Y of the tetratiedr nowhich
r 3 nodes at the interface
every node number of the tetrahedron which has 2.0 3

neodes at the interface

(5) JTOT total # of the nodes i the tetrahedrons which have
2t 3 nedes at the interfuce

() IETOT  tatal & of the tetrshedrens which have 2 £ 3 1 e

at the interface

OUTPUT DPATA ARE
(1 the summatien - the £ our ine segments for each tetrabedro n

COMMON SUMORD X0 ¥ 20 NODEX Y. ZNSITOTIETOT.SUMLOUTNUM
COMMON SUM X0 Y0 ZoNODE X Y ZNSJITOT.IETQT SUANL,

REAL N.300), Y {30}, Z (31} SITML{400)
INTEGER NODE(300) NEL{400) NS{400,4}.N{4)} QUTNUM 4}

Do el LIETO1

SUMLcy o

DOV 14

Ny N5t 1)

DO 301 1JTOT

IFINODED NE N{J}) GOTO 3

XV XD
YvoO¥(m
IV 2)

DISTSQ (X0 - XV)®"2 « (Yu - YV]™"2 « (Zu- ZV)*"2
DIST  SQRT(DISTSQ)

SUMLITY SUML(ITY « DIST

GOTO 20

CONTINVE

TYPE IMPOSSIBLE

CONTINVE

CONTINUE
KETURN
END

SUBKROUTINE ORDER

Thas program (s Lo rearrange the mpat Jdata SUNL
The sequence of the mput fatsag random The catpur tara
reefer to the first 40 tetrahedron NEMBER that boave the o

sutnnnation of hine segments length from the speoifie g L
(xoytzt b Formore detin) see SUNMLEN FOR
Thas progran assumes that the b v watban the pangy Tetwan

Lo and - SO
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¢ INPNUM NUMBER OF INPUT DATA
COMMON SUMORD X0 Y0, ZuNODEX Y ZNSITOTINPNIUMINEVT OVTND
¢
C COMMON ORD INPNUMINPUT OUTNUM
C
REAL  X(300) Y(300), Z(3WLINPUT{q0 )
INTEGER NODE{300},N§{400.4) OU TNUM(40)
INTEGER N{40)
-

YMIN -500000 * 500000 IS JUST A LARGE VALVE
EXCLUD= -500000 ¢ 500000 15 JUST A VERY SMALL VALI'E
DO 610 J-1INPNUM
DO 600 1= 1, INPNUM
IF(INPUT{H LE EXCLY'D) GOTO 600
IF(INPUT( GT YMIN) GOTO 600y
YMIN INPUT(D
MING
[ CONTINUE
N{JV=MINI
EXCLI'D YMIN
YMIN 500000
Al CONTINUVE
NUM 1
PO RN 1TINPNTUM
IFITGT 40 GOTO 999
NN NN
OFTNUM{NUAN NN
NI'M O ONID'M -
Wl CONTINUE
Ju RET!URN

END
«
¢ feedeanereneeneaarecananaan cemeanmeens cesssenmanena
SUBROUTINE PLANE (X.Y.2.A.B.CD)
I
C This prgram s tonput 3 points which are not un the
(o same line. then to calculate the coefficients of the
< general equat,on for the plane in the space
¢
(o The final equatien far the planeisax = by - cz + 4 - 0
I
( COMMON PLAN X,Y.Z.AB.C.D
REAL X{3).Y(2).2(3)
¢
Al - (Y(2) - Y(1)) " (203) - Z2t1))
Bl - {Z{2} - Z2(1)) * {X({3) - X{1})
CrooaX2) - X)) T (Y{3) - Y1)
A2 (Y(3)- YD " {Z(2) - Z{1))
B2 1Zi3) - 2(1Y) T (X(2) - X
€2 X0 X {Y(2) - YD)
A Al - A2
R Bl - B2
cC 0102
D -X(1) A1 -Y(1)"B1-Z{1)"C1 «
1 Xf1) " A2 « Y(1) " B2 « Z2{1} " ("2
RETURN
END
.
¢ e rvewmemtrerecnansaTretaananam e .
SUBROUTINE INTCEP (ABCDXu Yo ZoS X YZ)
Iz
« This program s to caleulate the intercept {x1.y! z21)
o {x1yl.zi}1s the intercept of a plane, ax + by + e2 + 4 0
o and a hine which passes thru prant (x0.y0 z0) and with a sl.pe
« sl 8283 a1 52,93 are the 3 components of the umt graduent
[ vector

m
.
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COMMON/INTCP/A,B.C.D,X0,Y0,20,S.X,Y.2
REAL §{3) LENGTH

LE\(-TH THE DISTANCE BETWEEN ({x0,yC.z0) and {xl.y1.z1}

....... P N L L L L L L L LT T R D PP

DENOM = A"S(1) + B~S(2) + C"S(3)
IF(ABS(DENOM) GE.0 0000001) GOTO 100

THIS IS TO FORCE TO HAVE NO INTERCEPT
X=0

F -0

72=0

GOTO 999

LENGTH =~ -(A"X0 + B"Y0 + C"20 + D} / DENOM

= X0 + 5(1) * LENGTH
= Y0 + 5{(2) * LENGTH
= Z0 + 5(3) * LENGTH

N R

RETURN
END

D L L L L L

SUBROUTINE LIMIT

This program is to find the intercept is within the
triangle or not

Input data are
) (x,y.2) of the three nodal points of this triangle
(2) {x1,y1,21) of the intercept
Output data is TEST
When TEST = 2, then intercept is inside the triangle
When TEST = 1, then iqtercept is outside the triangle

COMMON/LIMI/X,Y,Z,X1,Y1,ZI, TEST

REAL X(3),¥(3).2(3),DIST(3) INNPRO(3) ,COS(3), THETA(3)
REAL SUM(3)

INTEGER TEST

TEST =1

DO 10d4=1_3

DIST(J) = SQRT( (X{J) - XI)™"2 + (Y(J} - YI)""2 -+
1 {Z{J) -2n*"2)

DO 20J=13

L=2Ji1

IF(LEQ4)L=1

INNPRO{J)= (X(3) - XI) * { X(L) - X1) +

1 (Y(3) - YI) * ( Y(L) - YI) +

2 (Z(J} - 21) * (2{L) - ZI)

COS8(J) = INNPRO(J)/({ DIST(J) * DIST(L) )
CONTINUE

R T T P T T

COS(1} IS COSINE(THETA), THIS THETA IS THE ANGLE BETWEEN
LINE I AND LINE 2.

COS(2) --------- BETWEEN LINE 2 AND LINE 3

COS(3) ~-------- BETWEEN LINE 3 AND LINE 1

LINE 1 - (XL,YLZI) TO (X1,Y1,21)

LINE 2 (XI,YL,ZI) TO (X2,Y2,22)

LINE 3 (XI,YILZI) TO (X3,Y3,23)
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DO 1001=1.3
IF(COS{I) EQ 0) GOTO 110
IF(ABS(COS(I) + 1).LE 0 00002) GOTO 120
IF(ABS(COS(I) - 1) LE 0 00002) GOTO 120
GOTO 160
THETA(D) = 90
GOTO 100
TAN = 0
GOTO 165
TAN = SQRT(1 /COS(1)°"2-1)
THETA(1) = ATAN(TAN) * 180 /3 1415927
IF(COS({I} GT 0} GOTO 100
THETA(I) = 180. - THETA(I)
CONTINUE

ANGMAX = AMAX1{ THETA(1), THETA(2). THETA(3} )
ANGMIN = AMIN1( THETA(1).THETA(2), THETA(3) )

DO 401 =13

IF{THETA(!) EQ ANGMAX OR THETA(I}) EQ ANGMIN) GOTO 40
ANGBET = THETA(D)

CONTINUE

CHECK IF THE INTERCEPT 1S AT THE BOUNDARY OF THIS
TRIANGLE OR NOT

cmtemmeEsesesmEeTstesnraarTEaumTa R aLOuun

CHECK = ABS (180 - ANGMAX)
IF(CHECK GE 0.2) GOTO 50

NOW, 1 WILL FORCE THE INTERCEPT TO LOCATE ON THE BOUNDARY

TEST = 2

DO 80I=13

IF(THETA(1) NE.AANGMAX) GOTO 80
1D =1

CONTINUE

ID1 =1ID + 1
IF(ID1.EQ4) ID1 = 1
TEMP = -1.°(Y(ID) - Y1} * { Y(ID1) - YI} - 1.”
1 (Z(ID) - ZI) " ( Z(ID1) - ZI)

TEMP = TEMP - 1 * DIST{ID) " DIST(ID1)
A=1

B = -{ X(ID) + X(ID1} )

C = X(ID) = X({ID1) - TEMP

B24AC = B™*2 - 4*A"C

IF(B24AC.GT.0) GOTO 85

IF{ ABS(B24AC) GT 0 000002) GOTO 81
B24AC = 0.

GOTO 85

TYPE *SQRT(-VE) »77"°7

SOLN1 = ( -B + SQRT(B24AC) )/2"A
SOLN2 = ( -B - SQRT(B24AC) }/2"A

DIFF1 = ABS(SOLNI - XI}

DIFF2 = ABS(SOLN2 - XI)

IF{ DIFF1 LT DIFF2) GOTO 90

XI = SOLN2

GOTO 999

X1 = SOLN1

GOTO 999



DOsel 13

P S |

IFJEQY) J 1t

SUMI THETA I' - THETA I

ITOT v

DOl 13

EstUM O QT s - ITOT  ITOT - 1
COUNTINUE

IF ITOT EQ 3 TEST 2
RETVRN
END
SURROUTINE INTPOL
THIS PROCRAM [S TO INTERPOLATE THE TEMPERATI RE
IN THE TETHAHEDRON AND RETURN THE TFMPFRATY kE
GRADIENT BETWEEN THESE TWO INTERCEPTS
COMMON INTPL XY ZXINIZIT TI TEMG

REAL X )Y Zia XD YL DY ZH 2y T4 T
KEAL B 34) (4 Ni¢g 20

OLe Xg 20XV I3- Y (1) 1 2040241 -
YO YONTIZI3- 20 XX -
220N XIB-X (DY (4)-Y (1))

f V-2 (Y3 Y (1)) X {(4)-XE3))-
CY 2N -V (X(R) X (1)) {Z ) - 2000
X 2-X(IN{Z(3)-Z01 Y4V Y

TO CALCUVLATE THE COMPONENTS IN SHAPE FUNCTION
Ni Ny NkONE
Note 1 {6"V.Jume) "B{l.J} s the ¢ mp:nent

f the thape function

Bl -((YI31-Y(2N(Z(4)- 22y
i Y)Y N Z2(3)- 220
Bo12Y Y3V (24 Z01 0
! CY{43- Vi Z2i3-2one
Bo12r Y)Y iZi4)-Za
1 YOO-Y(s(Z(-Zei

Bt YY)
t YY1 HZE- 200
B2 XI31-NI2))T 242

I IX4-XI2NZ(R) 22
Bien XX a2
!

I

1

IXT4-XOINT{Z 34
[ UX(2)-X(117 243 2 10

IX(Q)-X{OnmZeer-zine
B2 4 UKD XT P 22200

1 IX{RX 1 Ze 2D
B3t SHX(3)-Xe2)7Y )Y 2
1 IXTH-XI20(Y(3)-y'2) )
Bian (X3)-X0 Y e Yoo
1 XX TIY I3 Y

i SHUXTEX DY {4 Y e
1 CXT XTIy a2y
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B(3.4) = ({(X(2)-X{1))"(¥{3)}-Y(1)}-
1 (X(3)-X(1D7(Y{2}-Y(1)}

THE FIRST TERM OF INTERPOLATING FUNCTION

......... esresvtevasrrmranersannnnnn

Cl1) = X(2)TY(3)"Z(4) - X(2)"¥(4)}*Z(3}
1 « Y(2)"Z(3)"X(4) - Y(2)"Z(4)"X(3}
2 - Z(2)°X(3)"Y(4) - 2{2)"X{4)"Y(3)
C(2] = -X{(1)7Y(3}7Z(4) + X(1)"Y(4)"Z(3}
L - Y(1)TZ(3)°X(4) + Y(1)*Z(4)°X(3)
2 - Z{ITX(3)TY(4 + Z(2)°X(4)7¥(3)
C(3) = X(V) Y(2)°Z(4) - X(1)"Y(4)"Z(2)
1 « Y{1)"Z(2)"X(4) - Y(1)*Z{4)"X{2)
2 « Z(1)°X(2)°Y(4) - Z(1)°X(4)"¥(2)
Cl4)  -X(1)Y(2)7Z(3) + X(1)7Y(3)"Z(2)
1 - YOOTZ(7X(3) - Y(1)"Z(3)}°X(2)
2 - ZIDTXLTY(3) - Z(1)°X(3)7¥(2)

sumsevsecnenensEesetusseT T IS O v Ty

TO CALCULATE THE INTERPOLATING FUNCTIONS

DO 10J=12
N(1.J) 11 VOLG T { C(1)

1 - BILETXI) + B{2,1)° Y1)
2 < B3 1)°21())

N(2J) - (1 VOLA) " { C(2)

1 « B(1.2)*XI(J) + B(2.2)° YI{J)
2 ~ B{3.2)°Z1(J) )

N(3.J) (1 VOLG) * { C(3)

1 + B{L3)XI(d) + B(2.3)" YI(J}
2 + B(3.3)°21()))

N(4.J) = (1 VOL8) " { C(4)

1 ~ B{14)"XI(J) + B(2.4)" YI{J)
2 ~ R(341°21(J) )

CONTINUE

TH1Y = Ti1) " N{1 1 « T(2) " N(2,1)
1 « T{3) " N{31) -~ Tt4) * N(4.1)
TH2) = T-1) " N{1.2}) -« T(2) " N(2.2)
1 -~ TI3) " N(3.2) « T{4)* N{4.2)

DISTSQ -« XI{2) - X1, 1} "2 = ( YE{2) - Y}{1)}""2

1 - ZIt2. - Z)(1H) 12

DIST SQRT’'DISTSQ)

IF(DIST GT - "ol , GOT 20

TYPE = THE DISTANCE BETWEEN TWO INTERCEPTS 1S 1
TYPE " (X Y 7} OF INTERCEPT 1 * XIi 1) YH1).ZEL 1!

TYPE * (X.Y ZY OF INTERCEPT 2 " XI{2} vl{2).ZL 2:

TEMG = (T1 2) - TV} BIST

RETURN

END



APPENDIX C

Thermodynamically Calculated Isothermal Sections

Isothcrmal scctions through the Fe-Ni-Cr ternary system were thermody namically
calculated between 1873 K and 1023 K.  The results of these calculations can be used
to represent the liquidus surface. solidus surface. and the austenite + ferrite
two-phasc solvus surfaces for predicting interfacial equilibrium during solidification
and solid statc transformation of stainless steel alloys. Sigma phase, which occurs at
temperaturces below 1223 K. was not included as part ol this investigation.

Tic-lines were generated in all of the two-phase regions to predict scgregation
during solidification and partitioning during the ferritc-to-austenite transformation.
The thermodynamic calculations corrclate well with the existing experimental data
for binary and ternary invariant points. phase-ficld locations, and tic-!'nes in the
two-phase ficlds. In addition, the mctastable phasc equilibrium between ferrite and
liquid and bctween austenite and liquid was calc-:lated to low temperatures by
suspending the alternate solid phase. The metastable phase cquilibrium calculations
arc uscful when conjecturing the possibilitics of phase sclection during rapid cooling
ratc conditions.

The calculations were performed by the "Thermo-Calce” software package produced
by the Roval Institute of Technology in Stockholm [C.1]. These calculations are based
on a subregular lattice solution model {C.2] and the Kauffman database. which are
integral portions of the softwarc. The program calculates x-y data pairs that
corrcspond to the compositional end points of the ternary tic-lines. The phase
boundarics were constructued by connecting the e¢nd points and then every third tic
linc was plotted in cach of the two-phase ficlds.

The location ot the line of two-told saturation, ferrite salvus and austenite <olhvus
arc important to the solid.fication kEchavior of Fe-Ni-Cr allovs  These Lines can be
constructed by connecting the end pointe of the tic-triangles tn the ternary v tem,
Fable €1 summarizes the locations of the te-trianeles and Fig €1 plots these Jdata n

*he Fe-Nu-(r dyagram



Table C 1 Tic-Triangle locations from the calculated isothermal diagrams

Temperature Ferrite Austeanite Lrqued
(0C) M Ni % Cr % Ni % Cr AN W Cr
1500 3.1 29 4.2 27 jo 32
1480 36 8.7 56 7.7 641 I
1475 38 10.1 6.1 88 68 101
i— 1450 4.7 17.4 8.7 143 91 171
! 1440 5.1 20.5 12.0 16.4 102 19.6
1437 5.3 215 10.3 171 103 204
1431 55 235 1i.2 18.3 12 219
14235 5.8 255 12.0 19.6 11.9 235
1419 6.1 27.5 12.9 208 126 250
1413 6.4 29.7 13.9 221 13.4 26.5
1407 6.7 319 14.8 234 14.2 280
1401 7.1 345 16.0 248 151 298
1375 8.8 44.7 21.0 30.1 190 36.1
1350 11.2 55.9 273 355 239 425
‘ 1328 16.0 66.5 355 41.6 30.5 493
’ 412 58.7 440 55.9 48.6 513
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Figure C.1 lPocation of the ferrite solvus. austenite sohvus and hne of

two-fold saturation tliquid) in the Fe-Ni-Cr cvstem  Tic triangles
are indicated and were determined from thermodynamic caleula-
tions.
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APPENDIX D

Finite Difference Model for Diffusional Growth

The ferrite to austenite transformation occurs by a  diffusion  controlled
mechanism for the majority of conditions obscrved in this insestigation. This
appendiv sets up the mathematical approach necessary to solse the gosverning
diffusion ¢ uations in the Fe-Ni-Cr ternary svstem. The information provided in this
appendiv is sufficient to develop a finite difference model of the transformation
which can be usced to predict the rate and the cextent of the ferrite to austenite
transformation as a function of cooling rate.

This phasc transformation model applics to a two-phasc, tcrnary component
svstem. The problem is complex because of the presence of three diffusing species,
therelfore. seme assumptions arc made in order to simplify the problem. Firstly, the
sum of the fluxes of the three specics will be assumed to be zero. This assumption is
represented by cquation D.2 and implies that Kirkendall-tvpe vacancics arc not
created. Sceondly, the composition gradicnts in the transformed austenite will be
assumed to be negligibly small. The driving force for the transformation under these
conditions is strictly the composition diffcrence between ferrite and austenite at the
intcrface and no back diffusion from the transformed austenite occurs. Third,
diffusion will be assumed to occur for simple gecometrics. Planar diffusion along the
x-orthagonal axis is assumed for Widmanstatten austenite platelets while radial
dilfusion in cvlinderical coordinants is assumed for the transformation of ferrite

dendrites.

The finite difference method is separated into four sections:
I Input the arbitrary initial composition profilc.

Il Adjust the compositions at cach non-interface grid point using the boundary

conditions at the interface and the diffusion cquation.

111 Adjust the compositions at the interface using thermodynamic information.
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v Account for the moving boundary. procced 1o the nexnt me

increment and rencat steps HL HE IV as many times asnecessary

1. Input Initial Composition Profile

In a threc-componcnt system, the composition of two components must be
specilicd at cach grid point. The two componcents to be specificd will be Cr and Ny
since these have the largest compositional diflerences between the austenite and
ferrite phasces. Figure D.1 illustrates a possible grid in which a fully ferritic
specimen is transforming to austenite. A uniform ferrite composition is assumed and
the composition of austenite at the interface can be determined by the equilibirum
tic-lince at the transformation temperature.

Althcugh a uniform ferrite composition is depicted in Fig. D.1 any arbitrary
camposition profile in the ferrite could be used without adding complexity to the

computational method.

I1. Adjusting the Composition of the Non-Interfacial Grid Points

Grid point zcro is located at the center of the specimen and at the first time step
its composition corrcsponds to that of the austenite boundary condition. Grid point |
is in the ferrite phase at the lirst time step and thus has a different composition than
grid point zero. This diffcrence in composition provides a driving force for diffusion
and the flux between these points can be calculated using ficks first law of diffusion:

- [ ¢
o= \_,/> ‘ ) (N1

Aot

\ o /’

where Kk refers to Cr or Nio | orefers to (r. Ni. and Fe. The subscript i refers to the
ferrite or austenite phase, however, since the flux in the austenite phase is assumcd
1o be small. ontv diffusion in the ferrite is considered. Other nomenclature used in
this chapter is summarized in Table D.1. The flux of the third component (Fe) can be

determined rom the flux balance:



[he change in composition of grid paint 1 doue 1o thes floy actine v an
increment oF time., . van be calculated using the finte ditterence toorm 0 b

second law

, | ty,
where m orefers 1o the time ancrement step and 1 ¢ the grid poant andex 1 thas
cquation. i~ the unknown and can be solved for ance all other varabie g
known. bPguatten 3 should be repeated once to calculate the chanve tn Cr and o noe o

calculate the change in Ny oconcentrations at grid porng | The e concontratien Can

be caloulated by the mass balance

In order to use cequarton D3, the boundary conditians at the szere Vlus planes mu o by
accunted For Phis problem can be treated by arufically creating a grd poant outode
the cample and ~ctuing 1ts camposition cquat to the surface congeniration

By repeating the above procedure for all grid points, the comp sittons can be
calvulated throughout the specimen. Howerer, the composition at the interface. erid
point sero, has not vet been adjusted and requires thermodyvnamic cquibibriay 1o be

satisticd in addinion 1o the khinctic considerations.

I11. Adjusting the Compositions at the Ferrite Austenite Interface

As dilfusion oceurs. the austenite phase gre v 5 and the austenite ferrile nteriace
adrvances into the ferrite. The velocity of the interface motion is related to the fluy

of the diffusing clements

., i (". S,
Thus, four sets of Kinetic equations nced to be solved simultancousiy in order o
calcutate the interlace velocity: 1) the mass balance. eq. Y4, 2 the fluy balance. oy

1D.2. 3) the diftusion cquation D.1 and 4) the sclocity Tlux relationchip, eg D3
Starting with the dil'Tusion cquations in the errite phase

. . ol ' . e . '
/ [ n o, TR
’ 2 ) o i
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dey, s ey, . (l(‘_‘,\
/:x = _Di':(r( (,‘j - DG ‘\} - Dy,

ax \ cdxn \ o\
/:. = ‘/b\. - /‘;, (flux balance)

and substituting the differential form of the mass balance.

deg. dc .y, dcy,
+ +

[<AN [<AN dx

= 0

the flux of Cr and Ni can be equated 1o their concentration gradients

. \(l'{“, f/(‘-‘.
Po= s DR - D, - D -D, QANIN
dv ’ i
deg, de
o= DR PR s DA, (Dot
o [T

Equation’s D.6 and the following velocity-flux relationships :

Ll - _ i vb _ by
Jer - l\(‘(r C(r.
& - ¥o _ by
Jve = L O\ T Cy

can be solved simultancously for the interface velocity:

(‘;f’—(‘g:' dx [TAY

1 . dee, . de
12( : )(\D‘é,c,—uf,h N U D BN O AT

| P Ldege, . dry,
, =( o )(;Div,c,—n‘ll,, SRR IR NN
C .

B-cd dx
Equations D.7a and D.7b each represent the interface velocity and the phasc
transformation problem appears to be overspecified. That is, a given tie linc fixes
- and et-ci which specifies all variables on the right hand side of both cquations.
Therefore, there appears to be two independent means of calculating the velocity.
However, in the ternary system, tic-line movement involves one degree of freedom
and can be used to "adjust” - and - so that both equation D.7a and D.7b can

be satisfied with a common velocity. Movement of the tic-linc must satisfy

thermodynamic cquilibrium at the interface:

c: = CI (D.8)



where the partial molar Gibbs energy for component k., ., is a function of
temperature and composition. Expanding cquation D.8 into its standard Gibbs cnergy

and activity components gives:

< Rl lna, = " + Rl Ina; (.9)

&

where k refers to Ni. Cr and Fe.

Equations D.7a. D.”b and D.9 must be solved simultancously to obtain the
interface composition and sclocity. Therefore. a means of determining ... ... . and
. as a function of temperature and and .. must be established. Thermodynamic
data lor Fe. Ni. and Cr are reported as a function of temperaturc by Chuang and
Chang [D.1]. From these data. the standard free energy and activity coefficicnts can
be calculated.

An alternative scheme for determining the tic-tinc location could be used to
incorporatc the previously determined tic-lines in the Fe-Ni-Cr system. These tic-lines
arc summarized in Appendix C and could be used as a substitute for equation D-9.
This approach is less lexible in the sensc that only those temperatures where the
isothcrmal sections werce calculated arc available and the tic-lines at other

temperaturcs would have to be interpolated from the existing data.

1V. Accounting for the Moring Boundary

The composition at all the grid points and at the interface has been adjusted to
satisfy kinetic and thermodynamic requirements. Howcver, the phase transformation
involves a moving boundary, additional adjustments must be madc to the grid in
order to keep the same number of grid points in the ferritec phasc. Therefore, a grid
transformation must be accomplished in which the spacing between points is
transformed. Since cach grid point moves, the composition at cach point must also be
rcadjusted. These manipulations are common to moving-boundary problems and

dctails arc not nccessary here.

The time incremcent should be increased one step. t* = t + i, and the program
should bc repcated from step Il using the new interface composition as a boundary

condition and the new composition profile.
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APPENDIX E

Dendrite Tip Calculations

In Chapter 7 methods were prosenied to calculate the charadteniste ae N .

vdiite prowing under steady snate condiiens Theis appendiy sume e N
catcutations which  were pertfermed for cach  of thoe sehiditcatn o
investizatad an thes study The results are histed an three tavles for cavn oo v .
Vit talie o v cadicates the uadorcaahing caleulatiens, e seovnd tatic R

the ~corerdtion calvulations and the third tabie C:ndicates the amounss o
and oo ndary phases that salidily Tar cach albey Since Aoy 3 sobdatacs onoee B
mede 1w rates and in the A mode at high rates, calvulations were peite oo :

Ith oonditieons The nomenclature used te describe the solidstication caliutatn o

cummaryed below

Description of the varniables

undeicooling caused by tip radius
J
undercooling caused by solutal cltects !
) |
total undercooling |
- - i
ltquidus temp. - cutectic temp !
———
actual undercooling below the cutectic temperaturce !
"x
[N composttion of liguid at the dendnite tp i
Iy Iraction primary phase caused by tp undercoctme {
=
'y fractien cutectic hiquid :
ALl austenite. ferrite :
—
PNl subscripts. primary. secondary, total :
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D.1A: Alley | Undcercooling calculations

s
[
‘o)

Melt 1, 1", 1., 1 1
(K) (K1 (K} (K) (K}
Cast 0.46 7.25 7.7 16 -
E-B 1 1.30 12,1 134 d0 -
E-B 2 1.35 12.4 13.7 10 -
F-B 3 2.4 15.3 17.5 16 -
E-B 4 3.96 18.7 226 16 -
E-B 5 5.65 20.7 26.4 16 -
E-B 6 .11 A 293 16 -
Table D.1B: Alloy | Segregation calculations
Melt CL oy (g Ap Ag Fs
Cast 23.30 0.279 0.17 0.82 0.12 0.05
E-B I 24.17 0.448 0.15 045 0.12 0.05
E-B 2 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 2593 0.761 0.09 0.91 0:4 0.03
Table DI1.C: Alloy 1 % Primary and sccondary phases
Solidification Fp Fs Fr Ap Ag AT
Condition
Equifibrium 0 (] 4] 100 0 4]
Scheit 0 5.80 5.80 §2.0 12.2 94.2
Cast 0 5.27 5.27 83 11.7 84.7
E-B 1 0 4.65 4.65 85 12.3 95.3
E-B 2 0 4.60 4.60 85 12,5 954
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 3.10 310 90 13.9 96.9
E-B 6 0 2.79 2.7 91 142 972




Table D.2A: Alloy 2 Undercooling calculations

Melt 1, 1 W Ary 1o,
(K) (K) (K) (K) (K)
Cast 0.47 7.63 8.10 19.7 -
E-B 1 1.32 12.8 I4.1 19.7 -
E-B 2 1.39 13.1 14.5 19.7 -
E-B 3 230 16.2 18.5 19.7
E-B 4 411 19.9 240 19.7 0.2
E-B 3 5.84 221 279 19.7 2.
E-Bo 7.60 238 314 19.7 4
Table D.2B: Alloy 2 Segregation calculations
Melt CL fo, g Ap Ag F,
Cast 25.06 0.27 0.30 0.70 0.21 093
E-B | 2599 0.44 0.27 0.73 0.19 .084
E-BZ 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 o 27.95 0.76 0.15 0.85 0.10 047
Table D2.C: Alloy 2 % Primary and sccondary phases
Solidification Fp Fg Fr Ap Asg AT
Condition
Equilibrium 0 18 18 - - 82
Scheil 0 14.4 14.4 55.0 30.6 856
Cast 0 9.30 9.30 70.0 20.7 90.7
E-B 1 0 8.37 8.37 73.0 18.6 31.6
E-B 2 0 8.30 8.30 731 18.7 91.7
E-B 3 0 7.75 7.7 75.0 17.3 923
F-B 4 0 713 713 77.0 159 929
E-B 5 0 5.58 5.58 82.0 12.4 94.4
L-B 6 0 4.65 4.65 85.0 10.4 953




Table D32 Alloy 3 Undercoohing calvulations

Nelt vy | N 1 1
k) (1] (K 1N (ki
Cast 0.47 T 82 8.29 E A3
1-B 1 1.35 132 145 4. 8.7
L-B 2 142 13.5 15.0 43 9.0
I'-8 3 254 16.7 19.0 45 12.2
1-B 4 118 205 247 4.5 16.0
1-B3 5.93 228 8.7 4.5 183
1-B 6 -.80 246 24 45 c01

Table D.3AB: Alloy 3 Segregation caleulations

Melt L o g Ap Ag F.
[GRTY 26.00 0.27 0.48 0.52 0.33 0.83
t-B 1 26.96 0.43 0.36 0.64 0.25 0.89
[-82 27.03 0.44 0.36 0.64 0.25 0.89
t-B 3 27.59 0.54 0.29 0.71 0.20 091
L-B 4 28.27 0.64 0.22 078 0.13 0.93
F-B 5 28.67 0.70 0.18 0.82 0.1z 094
t-B 6 29.99 0.76 0.17 0.83 0.12 0.94

Table DI.C: Alloy 3 " Primary and sccondary phases

Suldificaton Fp Iy br Ap Ag A
Conditiun

Fquilibrium 0 3 32 - - 68
Scheil 0 23, 236 26.0 50.3 76,3

Cast 0 14.9 149 520 331 85.1

E-B 1 0 106 116 64.0 248 §8.8

E-B 2 0 116 116 64.0 248 §8.8

E-B 3 0 9.00 9.00 1.0 200 91.0

PB4 0 6.8° 6.8 "0 5.1 932

‘ R 0 5.58 5.58 82.0 124 914
: I-B o 0 5.30 5.30 £3.0 IS 04




Tatle DAA Alloy d-A cmetastalble austenmited undercachme calculations

o0

NMelt e 1y v ' i

th (k) thoy thy ik
Cast [URR 8.04 8352 -3 1.8
I'-B 1 13- 135 149 -38 173
-8B 2 ISR 13 153 -38 1=
F-B 3 238 170 195 -38 214
-84 4.23 211 253 BRI 49
t-B 3 603 AR 294 BN 2Tz
I-Bo 8.0 250 330 -3 N I8N

Fable 1 4B Atloy 4-A (metastable austenited segeegatan calculations

NMedt [ (8 g Ap Ag | B
Cast 26 84 - - - - -

-8 1 2".82 - - - - -

I-B 2 2788 0.51 0.49 (51 0.33 0.16
F-B 3 28.46 0.61 0.49 031 0.33 0.12
E-B 4 2917 0.72 0.2% -2 019 0.09
P-B 3 29.59 0.78 022 [UBS 0.15 00”
I-Bo 298 0.81 0.19 081 (SRR 00

Lable DI O Aoy -4 (metastable austenine)

W Primarny and secondary phases

Sohdilication Ip by b Ap Ay A
Condition

Fquilibrium - - - - - -
Svheil - - - B . .
Cast - - - - - -
E-B 1 - - - - - -
F-B 2 0 160 160 S0 0 KSR
E-B 3 0 120 120 el o >2To 880
E-B 2 0 CX¢ un o 190 910
F-133 0 "0 T T8 >0 (PR
F-Bo 0 60 6 §10 130 FNE{]




Table D4D: Alloy 4-F Undercooling calculations

Melt 1. s Mo 1, 1o,
(K) (K) (K) 1K) (K)
Cast 0.35 6.80 7.15 Q.7 6.1
E-B I 1.05 12.3 13.4 0.7 1.6
E-B2 1.10 129 14.0 0.7 122
E-B3 1.75 15.9 17.7 0.7 15.2
E-B 4 3.20 20.3 237 0.7 19.8
E-BS 3.00 232 28.3 07 225
E-B6 6.1 255 36 0.7 2438

Table D4E: Alloy 4-F Segregation calculations

Melt C'L fo, fg 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 0.6+ 0.36

E-B 3 17.8 i 0.47 0.44 0.56 0.70 0.30

E-B 4 184 | 058 033 0.67 0.77 023

E-B 3 18.8 0.65 0.28 72 0.81 0.19

| EB® 19.0 0.70 0.73 0.77 0.84 0.16

Table DLF: Alloy 4-F % Primary and sccondary phascs

[ Solidification Fp Fs Fr Ap As Ar
Condition

Equilibrium - - 48 0 52 52

] Scheil 8 29.4 374 0 626 026

Cast 26.0 220 51.0 0 49.0 49.0

E-B I 48.0 16.1 od.1 0 359 359

E-BZ 48.0 1601 641 0 339 359

E-B 3 56.0 136 69 6 0 30.3 30.3

E-B 4 67.0 10.2 T2 0 2T A

E-B 3 72.0 8.~ 80.7 0 193 19.3

EBo 770 T 841 0 159 139




Table D.3A: Alloy 3 Undcercooling calculations

Meht 1. 11 1., W, i
(K) (K) (K) (K) (K)
Cast 0.36 6.84 7.21 10.4 -
E-B 1 1.00 11.7 12.7 10.4 1.3
E-B 2 .06 12.0 t3.i 10.4 1.6
E-B 3 1.75 15.2 16.9 10.4 4.8
E-B 4 34 19.3 R 10.4 8.9
E-B3 4.47 1.8 26.3 10.4 1.4
E-B 6 6.00 23, 29.0 10.4 12.6
Table D.3B: Alloy 5 Segregavion caleulations
Melt | C Fp Ag Fs
Cast 1532 0.38 42.7 42.7
[-B1 15.98 0.43 38.0 38.0
E-B 2 16.03 33 0.43 38.0 38.0
E-B 3 16.46 0.54 3.7 3L
E-B 4 17.00 0.66 234 23
E-BS5 17.35 29 0.71 0.0 20.0
E-B 6 17.30 5 0.75 17.3 L7,

Table D3.C: Alloy 5

“w Primary and sccondary phascs

Sulidification Fp Fg [EEN Ap Ag At
Condition

Equilibrium - - -2 0 28 28
Scheil 33.0 24 344 0 15.6 43.6
Cast 38.0 19.2 372 0 427 2
E-B | 45.0 17.0 62.0 0 38.0 38.
E-B2 45.0 170 62.0 0 38.0 3
E-B 3 54.0 142 68.2 0 it R
F-u5 4 66.0 103 o5 4] 234 234
E-bs 5 71.0 9.00 80.0 ¢] 20.0 0L
E-B 6 735.0 T.80 8§23 0 [ 17.3




Tablc D.oA: Alloy 6 Undcercoohing catculations

Melt 1/ 1/ 1 H
(K (K 1L ik Ky
Cast 0.35 6.47 6.82 170
E-B | 0.98 [ 12.2 17.0 -
L-B 2 1.03 1.3 1235 17.0
E-B 3 1.70 14.58 te.2 17 e
t-B 4 303 18.4 215 [ 13
E-B 3 4.34 20.8 252 17.0 38
E-B o 5.90 228 8.7 170 M8
Tablc D.6B: Alloy 6 Scegregation calculations
Melt CL fog iE Fp Ag Vs
Cast 14.46 0.228 0.48 052 0.33 0.15
L-B8 1 1512 0.38 0.46 0.55 [V 014
[-B 2 15.17 0.39 046 0.55 052 0.14
E-B 3 15.57 0.48 0.46 0.57 0.30 0.13
E-B 4 16.10 0.60 0.36 0.64 0.25 0.11
E-B 5 16.42 0.66 0.29 0.71 9.20 0.09
E-B o 16.70 0.7t 0.23 0.77 0.16 0.07
Table DO.C: Alloy 6 % Primary and sccondary phases
Sotidfication Fp Fg bt Ap A AT
Candition
e brium - - 88 R B
Scheil 17.0 17.0 63.0 0 36 36
Cast 52.0 14.8 00.8 0 331 ERN
E-B | 54.0 14.3 68.3 0 3" 3t
E-B 2 54.0 143 68.3 0 37 37
E-B 3 37.0 133 70.3 f) 296 296
E-B 4 64.0 1.2 751 0 pER 248
E-B 5 71.0 9.00 80.0 0 0.0 20.0
L-B 6 77.0 7.13 8§41 0 159 15.9




Table D7A Allov 7 Undercooling calculations

Melt 1! 1/ v vy [
(K (K) (K) (K) (K
Cast 0.33 6.21 6.53 244 -
t-81 0.95 10.7 11.° 244 -
L-B 2 1.00 11.0 12.0 244 -
F-B 3 1.66 13.9 135 244 -
F-8 4 298 17.5 2035 214 -
L-B > 4.22 19.8 24.0 244 -
[-HBo 571 21.9 276 244 32

fable DB Alloy 7 Segregation calculations

Melt L fog Mg . Ag P
Cat 13,64 0.23 037 0.63 026 0.12
F-B 1425 0.39 0.36 0.64 0.5 0.11
F-B 2 14.30 0.40 0.56 0.63 0.24 011
F-B 3 14.68 0.49 0.33 0.67 0.23 0.10
L-B 4 1517 0.60 0.29 071 0.20 0.09
[-B 3 15.48 0.67 0.25 0.75 0.17 0.08
L-R 6 1570 071 0.21 0.79 0.15 0.07

Tabte D7.C: Alloy 7 " Primary and sccondary phases

Solidification Fp Fg Fr Ap Ag AT
Condition

Equilibrium 100 0 100 0 Q 0
Scheil 60.0 13 73.0 0 A 27
Cast 63.0 1.3 744 0 255 235
F-B 1 64.0 1.2 75 0 248 248
F-B2 65.0 10.9 758 0 241 241
F-B 3 67.0 10.2 .2 0 227 227
E-B 4 71.0 9.00 80.0 0 20.0 20.0
E-8 35 75.0 7. 82.7 0 17.2 17.2
[-B 6 790 6.5 83.5 0 145 14.5
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APPENDIX F

The Composition Of Delta Ferrite

The compostion of delta ferritc is an important paramcter which can be used o
calculate the staurization magnetization of ferrite. In Chapter 3. mecthods werce
presented that allowed the iron content of ferrite to be determined as a function of
temperature. based on the thermodynamically calculated isothermal sections. This
method required the composition of ferrite and austenite to be determined as a
function of tempcraturce and these results arc presented below.

From the thermodynamically calculated isothermal scctions, the compositional end
points of the ti¢ lines in the ferrite + austenite ficld were determined at iron contents
in the ferrite phasc between 80 and 50 wt.%. These calculations were made at five
temperatures from just below the solidus (1400°C) to 9509C. These results are
summarized in Table F.1. along with the calculations of the Cr'Ni ratio in the
austenite and ferrite phases and the ratio of Fe in the ferrite to Fe in the austenite.

Figure F.] and F.2 present the % Cr and % Ni in the ferritc. As the temperature
decreases the amount of chromium in the ferrite increases while the amount of nickel
in :he ferrite decreuscs. Although the average composition changes only a few
percent over this temperature range, the Cr/Ni ratio varies considerably because of
the countervariant scgregation characteristsics of Cr and Ni. Figurc F.3 shows the
increase in Cr/Ni ratio of the ferrite with dccreasing temperature. At high
temperatures, the Cr/Ni ratio is about four to onc and docs not vary considerably
with Fe content in the ferrite. At 950°C, the Cr/Ni ratio is about 14 for the 70, 60
and 50% Fec¢ alloys and is about 21 for the 80% Fec alloys.

Figure F.4 and F.5 present the % Cr and % Ni in the austenite phase. These
data were taken from the asutenite tic-linc end points which are in cquilibrium with
ferritc of 80, 70, 60 and 50% iron contents. The trend of Cr and Ni consterts in the
austenite with temperature is the reverse of that in ferrite With decreasing
temperature, the % Cr in austenite tends to increcase or remain constant while the %
Ni in austenite decrecases. The Cr/Ni ratio of austcnite is presented in Fig. F.6 and

shows much less of variation with teraperature than the Cr/Ni ratio of ferrite. In
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austenite, the Cr Ni ratio varics from a minimum of 10 to 43 as the temperature
decreases from (100 to 950°C.

The Fe content of the ferrite is tie most important parameter For predicting the
saturization magnetization of ferrite. Figure F.7 shows the influende of temperature
on the ratio of the Fe¢ content of ferrite to the Fe content of austenite. At 1400 ¢
this ratio is close to 1.0 which mcans that onlv 2 small amount of Fe partitions
between austenite and ferrite. At 95007, this ratio varics between 082 and 096
depending on the amount of Fc in the ferrite. Chapter 3 utilizes this relationship to
place limits on the maximum amount of Fe¢ that can be present in ferrite. based on

thc nominal altay compaosition.

50.0 A
FERRITE a4 BO% Fe
— — e 70% Fe
59 & 60% Fe
; 400 o 50%Fe
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8 - —
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Figure F.1 Thermodvnamic calculations of the chromium content in ferrite
as a function of temperature and iron content of the ferrite,
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Figure F.2  Thermodynamic calculations of the nickel content in ferrite as a
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Figure F.3  Thermodynamic calculations of the Cr’Ni ratio of ferrite as a

function of temperature and iron content of the ferrite.




N

CHROMIUM (Wt %)
)
@]

o 80% Fe AUSTENITE
& 70% Fe
® 60%Fe
A 50%Fe N 2

rh g —D. T e
E— o o— _ )
T
| W S Y WA IS W N T SN N W S SN W S
1000 1300 1400

100 1200
TEMPERATURE (°C)

Figure F.4 Thermodynamic calculations of the chromium content ‘n ausicn-
ite as a function of temperature and iron content of the ferrite.
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Thermodynamic calculations of the nickel content in austenite as
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Figure F.6 Thermodynamic calculations of the Cr/Ni ratio in austenite as a
function of temperature and iron content of the ferrite.
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Figure F.7 Thermodynamic calculations of the ratio between the Fe content
of ferrite and the Fe content of austenitz as a function of
temperature and iron content of the ferrite.




APPENDIX G

The Geometry of Electron Beam Surtace Melts

Table G.1 summarizes the matrix ol electron beam paramters which wore w0
304 staindess steel and o061 aluminum  to determiine  the antlucnce of wo b
parameters on weld pool shape. This test matriy consited ot three clectiren Feam woid
current fevels, Loido and 12 mAy and Tour travel speeds. So 030 1270 2530 508 mn
at 2 constant voltage., Vool 100 AV, Through the metallographic cyvamanaten ol the
resulting resohiditied regions, the influence of travel speed and current on the ~hape
of the molien cone were determined. In addition, by estimaning the power density tor
cach of the clectron beam marameters. the influence of power density on the depth ot
penctration was cvaluated to show the conditions necessary 1o form the kevhele
penctration mode in high (aluminum) and low (stainless steeh diffusiv ity allows,

NMelt depth, Do omeft width, W, and melt length, Lo owere measured on cach
specimen by post-weld metallographic techniques and the results are prescated in
labic G.2. Since the thermal properties of  stainless steel and  aluminum  aie
signiticantly ditterent, cach material responds to the clectron beam in ditferent wavs
Tuo account for the difference in physical propertics. the depth, width, and lenght ol
cach melt was plotted versus the operating parameter. n.in therr dimensioniess form
DD, DW and DL respectively. This allows the influence ol a large range of clectien
beam parameters to be directiy compared by taking into account the trave! spead. -,

and the thermal ditfusivity, oas defined by Christensen (G T
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where g = Watts, » = density (g m3). C = hcat capacity (J g ¢C) and #.=mclting
temperature, {(¢C). These calculations arc summarized in Table G.3 For cach of the
solidification conditions.

Figure G.1 shows the influence of E-B paramcters on melt poo! length, Log DL
is plotted versus Log n and indicates that Log DL increascs lincarly with Log n but is
indcpendent of travel speed or current at a given operating parameter. Penctration in
aluminum and stainless stecl both show the samc trend with the operating parameter
and compare Mavorably with Christensen’s data for GTAW welds.

Figurc G.2 shows the influence of E-B paramcters on the melt pool depth. Log
DD is plotted versus Log n and the .esults are compared with Christensen's prediction
for arc welds. At low current levels, the data are close 1o Christensen’s prediction but
the data deviates as the current leve! i1s increased. This deviation is caused by an
increasc In penetration as the electron beam current is incrcased. At low current
levels the clectron beam bchaves more like a GTA weld which is similar to a point
heat source from which Roscnthal [G.2) and Christensen derived their results. At
high current levels, the clectron beam ‘kevholes® into the metal and behaves like a line
heat source thus giving more penctration than Christensen would predict.

Figure G.3 shows the inllucnce of E-B paramcters on the melt pool width. Log
DW is plotted versus Log n and the results are compared to Christensen’s reduced
width for GTA weclds. This plot indicates that the melt width deviates to lower
valucs that the Christensen prediction as the current level is increased. This result
follows directly from the previous results.  Since DL is independent of beam current
and DD incrcascs with increasing current, DW will dccreass with increasing current
for a constant opcrating paramecter.

The deviation of the EB welds from Christensen's GTA welds is a result of the
higher power densities that can be achicved by clectron beam welding, These power
densitics were calculated by estimating the radius of the minimum EBW spot. r*, for
cach melt condition, based on the width ol the highest speced mett. The results were
plotted against the weld aspect ratio {(weld depth/weld width) shown in Figurc G.4.
The 3 mA wceids agree with Rosenthal's predicted valucs. However, as the power
density is increased, the aspect ratio increascs as the clectron beam begins to "keyhole’

into the base mctal and the clectron beam welds deviate from Christensen's
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predictions. The amount of kevholing is also related to the travel speed. and at a

constant power density level the weld aspect ratio decrcases as the travel spced

increascs.

Table Gl: Heat input

SST Al
Weld
Speed Current Heat Speed Curzent Heat
(mm, s) (mA) (J/mm) (mm/s) (mA) (J,/mm)
1 3.5 47 3.0 55
2 6.4 7.0 94 6.4 6.0 110
3 14.0 189 12.0 220
4 35 24 3.0 28
5 12.7 7.0 47 12.7 6.0 55
6 14.0 94 12.0 110
7 35 12 3.0 14
8 254 7.0 24 254 6.0 28
9 14.0 47 55
10 35 6 69
11 . 7.0 12 50.8 B 6.0 14
_T_ 14.0 24 12.0 28




Table G.2

Weld pool dimensions

$S1 Al
Weld
Depth Width Length Depth Wadth lLength
tmm) tmm) (mm) (mmi (mmi} tmmy}
I 116 260 .30 0 80 ) 0.91
: 368 1.00 280 290 300 1.90
] 3 810 340 6.00 10.9 360 210
! 1 st .00 1.30 06l .66 T
! N 1.30 1.20 320 2T 280 1.91
—
{ 6 520 18 1.00 8 64 356 350
' - 0.61 1.08 1.50 061 1.58 081
8 168 1 46 310 ARl 134 AR
i 9 360 1.80 3.30 645 254 K|
10 0.46 0.96 1.60 049 146 0.76
i 0.93 1.16 340 1 80 .76 1.93
i 12 205 I 46 530 160 220 2.80

Table G330 Physical properties

Property units SST Al
R tm? ) 4.5010-¢ B INIQ-®

s (g m%) OO N

C (] g 03 1.05

L 1 (C) 1425 633




Table G4 Dimensiontess weld poot shape

AN

SS Al
Weld n o INW ™ n e W
Ta oy T Ca S a
| 1.30 0.84 1.84 092 0013 [ANRRIN (1068 [UEURTY
h 3 260 281 197 0029 0113 orzo 007>
3 0.25 570 240 423 O.000 0433 [UR N [SRCARY
4 R 0.7l 1.40 1.83 0029 0049 0.130 OU8~
3 6.25 210 1 68 1.10 (L.060 0219 0220 (150
3 123 230 il8 648 (U 0680 0280 0270
N 023 170 302 423 0.000 [ARYRIS) 248 arz-
N 123 1.09 4.08 874 a1z 0.354 (.368 0350
9 z3 10.1 502 142 0240 {uz [URTEN] (380
o 12,5 B 257 5.36 49.00 a0 0154 0460 023y
11 23 53 6.48 19z (0.2q0 [URT 334 dold
12 S0 .- 820 RIRU (0480 F4> 06l 110
Lable G 3 Power denany
S8l Al
weld \ \
v r* A ¥
hW tmm) wat kW i [
(kW mm¥ AW mm?®
1 RS 024 170 [URY 03" 08t
N (LAt .29 RER1Y 000 048 A
3 140 036 AR 120 0o 142
4 033 024 170 030 (U 0Nl
> (AR Y ] [SIn) 280 [T (148 [T
0 140 [TRIY VA 120 00 [N
b 033 024 1 "0 (LRt 03" 08t 7
N (S 029 > 30 Uy O 48 (U
D] 1 40 036 293 120 (t do 142
10 (033 no4 (U O3 [ 0Nt
1 {+7u (3] 230 o0 IJJ.\'V ()‘)"—M_m
12 ;40 0 36 20 120 0an rar J




Dimensionless Weld Length, DL
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Figure G1  Dimensiontess melt pool length for clectron beam surtface melts in
stainfess steel and aluminum, plotted sersus the operating
paramcter. Results for 3, 6, and 12 mA beam currents at 100 kV
and various travel speeds are presented.
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Figure G.2

Operating Paraometer, n

Dimensionless melt pool depth {or clectron beam surtface melts in
stainless steel and aluminum, plotted versus the operating
parameter. Results for 3, 6, and 12 mA beam currents at 100 kv
and various travel spceds are presented.
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Dimensionless melt pool width for clectron beam surface melts in

Figure G.4

stainless steet and aluminum, plotted ‘ersus the operating
parameter. Results for 3, 6, and 12 mA beam currents at 100 kV
and various travel speeds are presented.
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APPENDIX H

Computer Programs

Ihis appendiy Liste the computer programs that woere w4t ctoubats the
dendnite up characterctics tChapter 7y and the characterstae duita oo b tange an
the clectron beam melts (Chapter 81 These programs were written o bortran IV oy

DEC PDPL

Dend

¢ Tip Radius

Ihis program caleulates the characternstios at the tip of a column.ae

N dendrite vrowing under steady -state conditrons
N I W Elmer  April. 1988
10 53733287401

20 180539016973

0 8§ H317H0892S

-1()

5(\

60

~0

§0

N

90 ASTT2566

100 0)‘)‘)‘)10\

110 23991055

120 Hﬁl‘)‘}'\ﬂ

130 ;4 -0 G097 RS
B S3=000107857

10 Pi=313150265
151 signs=1

160 tape *0 o Alloy Nooo
170 accept *ial
1
1
|

75 tpe X Composition (wt' )

"6 aceept *oo

80 type * Liquidus stope (K0

183 aceept *.pml

190 type * Partition cocefl”

192 accept *.pk

194 tvpe * Laquidus temp (K

196 aceept * 11

200 tipe *° Solute diffusivity tm~2 <y

210 aceept *.DI
213 type * Interfacial energy ¢4 m* 2y
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220 accept *ss

225 type . Eatropy of fursen ] m 3Ry
23 accept *.dS

250 npe S GIK me
260 accept *.G

.~

N

2°0 print 1003

280 print *° Alloy Number aal

281 print 1001

290 print *° Co. initial comp. (wt % \) = o0

300 print *." ml liguidus slope = ".pml

30 print *.° L. partition coeft. = ".ph

320 print *° Tl liquidus temp. (K) ="l

330 print *.° DI solute diffusivity (m~2 <) = "Dt

340 print *.° s, surface energy (J m*2) = "5

350 print *." dS. ¢ntropy of fusion (J m*3ik) = ".dS

360 print *° G, temp gradicat (K m) =" g

365 print 1002

370 print *° HIGH VELOCITY BFHAVIOR

3T print *.° G ="GHK m)y

iz print 1001

180 print *°  P¢ AY rt dTr dTe
! D1 Tt ci*

390 print *’ (m s} tm) (K (K)

! Ky (ko (Wween)
39] print 1001

.~

394 ix=1

393 iul=100

396 =10

39" istep=-3

398 z=1

399 gt=ss ds

N

< High Peclet number (Pe>1) approx
-

400 do 300 1pc= tul.illistep

105 pe=floattipe) Tloat(ix)

310 piv=tpc**d+al1*pc**3+a2*pc**2+a3*pc+ad)
' (pc**d+b1*pc**3+b2*pc** 2+ b3*pe+bd)

120 a=pi**2%g1 (pc***di**l)

430 b=pmI*(1-pk)*Co ' (dI*(1-(1-pk)*pir )

433 iftsign.cq.-1.) go to 343

4335 temp=b**2-4*a*

136 if (temp.le.0) go to 500

440 v=(-b+ sqrtttemp)y (2*ay

442 go to 150

443 temp =b¥*2.4%*3%p

144 if {temp.1e.0) go to 500

345 v=(-b- sqrtttemp)) (2*a)

446 i (vdc.1e-07) go to 500

450 r=2“‘£)c‘d| \

460 tr=2%gt r

470 tc=pmi*co®(1-1 (I-(1-pK)*piv))

480 cl=co (1-(1-pk)*piv)

483 1=tl-tr-tc

484 Dt=tr+tc

490 print 1000, pc.v.rar.te.Deat.cl

500 continuc

c

520 if{z.cq.2.) go to 610
530 z=z+1

570 iul=95

580 ill=10

590 1step=-5



395 ix=10
600 go to 400

¢
610 iul=93

620 =10

630 istep=-5

635 ix=100

<

c Low Pecclet number (pc<l) approx
¢

640 do 790 ipc=iul.ill.istcp

643 pc=lloat(ipc) float(ix)

650 cl=cO+c 1 *pc+cl*pe**2+c3*pe 340 pet a4 c5* pe® *S-alogpy)
660 piv=pc*cxp(pc)*el

670 a=pi**2*gt (pc**2rdi**D)

680 b=pml*(I-pk)*co (dI*(1-(I-ph)*piv 1}
690 if(sign.cq.-1.) go to 713

695 tcmp= b**2-4%3%g

696 if (tcmp.lc.0) go 10 790

700 v=(-b+ sqri(temp)} (2*a)

710 go to 730

715 temp= _**2-3*3*
716 il (temp.1¢.0) go to 790
72 v=(-b-sqrt(temp)) (2*a)

725 if (vie.le-07) go 1o 790

730 r=2"Pc’dl \

740 tr=2"gt r

750 tc=pmi*ca*(1-1 (l-(l-pk)*piv})
760 cl=co (l-(1-pk)*piv)

770 te=tl-tr-tc

772 di=tr+tc

780 print 1000. pc.h.rarte.Deet.el
7%0 continuc

¢
820 if (z.¢q.3.) gc to 900
840 if {z.cq.4.) go to 939

c
850 z=z+1

860 iul=95
870 ill=10
880 istep=-5
885 1x=1000
890 g0 to 640
c

900 2=2+1
910 iul=95
920 ili=10

930 1step=-5
931 ix=10000
932 if (sign.cq.-1.) go to 990

939 print 1003
940 print *’ LOW VELOCITY BEHAVIOR *°
941 print *° G =".G.Y(K. m)
943 print 1001
950 print *° Pc v rt dTr dTc
! DT Tt Cr*
960 print *’ (m/s) (m) (K) (K)

' (K) (K)  (wtShx)
961 print 1001
¢70 sign=-1*sign
980 go to 394
990 type *'Type 99 to quit'
991 accept *.quit
992 sign=-1*sign
993 if (quit.cq.99.) go to 1010
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994
999

OO0

1001
[TULN
1003
1010

Characteristic Diffusion Dist

o oe

o0

e,

[N P A A

print fool
go (o 250
Formar (E 1O 20 b OS2 P13 IS 3

tR2IS8D)

Formut ¢ )
format « )
format 1thl
end

ﬂ

A umprions

Diffusion controlled growth
Ternary dilfusion cffects are ignored

S8

1
3 Cooling -ate as independent of temperature
3

CRadius of curvature effects are agnored

J.W Blmer May 1988

sign=|
sum={(
R=0.00168"

type *Cinput Cooling Rate (C s
l\gLDl *CR
i m%n cq.-1) go (o 183

-

tpe Inpu( Dilfusiviey: Do qm=2 s) Q theal moled

.:cccm * Do

tape *. ‘lnpu[ Solidus Temperature (C)
aceept *.T

I's=T+273.16

type *'Temperature Increment ?
accept *.Diemp

iff (sign.cq.-1) go to 187

print 1000

print *’ DIFFUSION DISTANCE CANFOCUL A THONS

print 1000

print **Do im*2 s) = ".Do

print *'Q (kcal mole) = ".Q

print *Ts (C) =T

print 1000

print *°Cooling Rate (C 5) = ".CR

print * Temperature Increment (473 = " Diemp

To=1Ts

Dtime=Dtemp CR
Tavg=To-Dtemp 2
DFN=Do*expi{-1*Q (R*Turvg)n
DLsq=DIFN*Dtime
Smlsq=SmlLsq+Dlsq
iH(To.it.5001 go to 260
To=To-Dtemp

go ta 200
N=2%sqriSml sy
uX=X¥*1cl6

I,

This program caleulates the amount of translormatien that oooures
during sohidification ol a stainless steel alloy

TN
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¢
275 tvpe *, "The Diffusion Distancs (um) = "u\
280 print *The Diffusion Distance (um) = ‘.uX

285 print 1000
290 Type *.'Try 2 new Cooling Rate (1=yves, O0=NoY

300 accept *ans

c
305 sign=-1
310 SmLsq=0
305 X=0

310 uX=0
315 To=T1

c
320 if (ans.eq.0) go to 1010
330 go to 70

1000 format ( )
1010 end



388

Biographical Sketch

The author was boin in Homestead. Florida on December 9. 1957, He attended
elementary school in the South-West United States, Living 1n Arizona and Nevada.
before moving to Colorado in 1968. After graduating from Golden High Schoo! 1n
1975, hc ecntered the Colorado School of Mines, in Golden Colorado, where he
graduated as a Mctallurgical Engincer in 1979. During that utme he worked in a cast
iron foundry in the Denver arca which impressed upon him a desire for higher

education.

In September of 1979, the author began graduate school at the Colorado School
of Mines and completed 2 Masters degree in Metallurgical Fngincering in 1981
During this time he worked as 2 Metallurgast 1n the Tracture and Dclformation
Division at thce Nutiona! Burcau of Standards in Boulder Colorado, where he
performed rescarch on the low-temperature mechanical propertics of alloys.

In January of 1982 hc joined the staff at Lawrence Livermore National
Laboratory, in Livermore California. In the Matcrials Science Division, he performed
short-term rcescarch and desclopment projects concerning the metaliurgical guality of
precision manulacturcd compen~nts. This work dcalt with advanced Joining
techniques and lead ta his interest in the microstructurcs which develop during the
electron beam welding of stainless stecl atloys.

In Scptember 1984, the author was admitted to the Doctoral program in the
Matcerials Science and Engineering department at MIT under the guidance of
Professor T W. Eagar. His futurc plans are¢ to continuc research at Lawrence
Livermore National 1 aboratory, with emphasis on the effects that rapid solidification
has on the microstructure of metals and alloys.

The author is a member of the American Socicty Tor Mctals, the Amecrican
Welding Socicty. Tau Beta Pi. Sigma Xi, and Alpha Sigma Mu. He is a registered
Professional [ngincer in Colorado and a registered Metallurgical Engincer 1n
California.



