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Abstract

Phase selection and subsequent microstructural evolution during
rapid solidification were investigated with a series of Fe-Cr-Ni alloys of
constant Fe (70 wt%). Three of the alloys have fcc as the primary phase
upon equilibrium solidification, and two solidify with bcc as the primary
phase. Melting and undercooling of samples were achieved using an
electromagnetic levitation technique. Rapid solidification was subsequently
obtained in a "containerless” condition in an inert gas flow (gas-cooled
solidification) or by casting the melt onto a solid chill substrate or into a
liquid metal bath.

Primary bcc solidification was found to be dominant during gas-
cooled solidification from the undercooled melt, even for alloys which
solidify as primary fcc upon equilibrium solidification. Evidence of
metastable bcc solidification in bulk samples was explicitly obtained when
Fe-17.5Cr-12.2Ni alloy samples were undercooled by about 20 K or more.
The primary phase was identified by solute profiles of the quenched
mushy region and by structural features in the final microstructures.
Metastable bcc solidification was verified also in Fe-16Cr-14Ni and Fe-
15Cr-15Ni through thermal analysis of the double recalescence behavior as
well as solute profiles in quenched structures. It is concluded that the
phase selection during gas-cooled solidification is determined by the
preferential nucleation of bcc in the undercooled melt. Following primary
metastable bcc solidification, stable fcc is formed in these alloys. When the
formation of fcc occurs in the semi-solid condition, it proceeds in a
peritectic manner, and is enhanced by the presence of a high fraction of
bce. Nucleation and growth of stable and metastable phases during gas-



cooled solidification are discussed and a nucleation phase diagram for Fe-
Cr-Ni alloys is proposed.

In contrast to gas-cooled solidification, fcc solidification is dominant
over bcc during the chill casting of undercooled melts, even for equilibrium
primary bcc alloys. Fcc dendrites preferentially grow from the chill, but
the vicinity of the metal/chill interface often reveals an apparent non-
dendritic growth morphology. Small bcc dendrites are retained at the
interface, which suggests nearly concurrent nucleation of bcc and fcc. The
mechanism of preferential growth of fcc is discussed in terms of thermal
and kinetic factors and the stability of the growth morphology. A dendrite
growth model for chill casting is presented by assuming that heat
evolution at the dendrite tip occurs both into the undercooled melt and
through the growing solid. The effect of heat extraction rate on growth
behavior during chill casting is discussed, and a diagram for the stability of
growth morphology is presented.

In gas cooled solidification, bcc-to-fcc transformation occurs either in
the semi-solid or the fully solid state after primary bcc solidification
during gas cooling. The transformation mechanism becomes massive-like
at higher initial undercoolings. The metallographic features of massive fcc
are presented, and the effect of initial undercooling on the bcc-to-fcc
transformaton is discussed.

Thesis Supervisor: Merton C. Flemings
Titles: Toyota Professor of Materials Processing
Head of the Department of Materials Science and Engineering
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Chapter | - Introduction

1. Background

1.1 Rapid Solidification of Alloys

Rapid solidification is characterized by high growth rates of the
solid (i.e., high solidification rates) which are several orders of
magnitude greater than those in conventional solidification. These
high growth rates are attained either by high undercooling or by
rapid cooling or quenching of the liquid. The former is achieved by
methods such as levitation melting and the glass slag technique. Since
nucleation of the solid is more difficult due to the absence of a mold
and other nucleation catalysts in those techniques, the liquid can be
cooled to temperatures far below the liquidus temperature. Once
solidification starts in this highly undercooled melt, the growth of the
solid is almost instantaneous due to a strong thermodynamic driving
force for crystallization. On the other hand, rapid solidification can
also be attained by rapid cooling in processes such as substrate
quenching, and by high-speed laser or electron-beam welding. In
those cases, the rapid movement of the solid/liquid interface is
mainly brought about by the high heat extraction rates.

The high growth rate of the solid often leads to a departure of
the solid/liquid interface from an equilibrium statell-31. As the
solidification rate increases, complete rearrangement of atoms at the
interface during crystallization is less iikely to occur due to the
limited time available. As a result, a number of microstructural
changes are imparted to rapidly solidified materials:

refinement of microstructure
increased solid solubility
improvement of chemical homogeneity
new metastable structures and phases
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Because of these microstructural characteristics of rapidly
solidified materials, a variety of rapid solidification processes have
been developed for the purpose of fabricating materials with
improved or unique structure and performance. Examples are the
fabricadon of amorphous materials, fine alloy powders, and fine alloy
fibers. In these fabrication processes, rapid solidification is
performed by cooling the liquid alloys at a rate of 104 to 106 K/s
Also, rapid solidification processing is used to modify surface
structure and properties of existing materials as a post-
manufacturing process. This modification is achieved by surface
melting and alloying using high-energy density beams!+51 and by
plasma spraying. Direct thin strip casting and high speed welding by
laser and electron beams are included in the category of rapid
solidification processing. Many other potentially interesting
applications of rapid solidification processing are also being
developed.

1.2 Metallurgical Aspects of Rapid Solidification

Although some rapid solidification processes are already past
the development stage, many metallurgical aspects of rapid
solidification are still under investigation. These are primarily related
to:

¢ evolution and stability of growth morphology

¢ selection and stability of solidifying phase

An important growth morphology in rapid solidification is the
dendrite because of the effectiveness of this morphology in
redistributing heat and mass.[1.8] Dendrite growth models(8-111 were
developed for both constrained and unconstrained growth by
combining the extended planar front instability criterial®-8]1 with the
analytical work by Ivantsov!l2l, In addition to heat and mass
transport at the tip of an isolated dendrite, capillary effects, kinetic
effects and nonequilibrium interface conditions have also been
incorporated. Calculated results, such as the dendrite growth stability,
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tip radius, and growth velocity, have been experimentally examined
in various rapid solidification processes. Several important research
efforts were undertaken at MIT(13-15], Dendrite growth velocity was
determined by the use of high-speed cinematography and
pyrometry, and compared with the results obtained from
models.[13,14.16,17] Changes in grain structure and the coarsening of
dendrites were also studied.[15] However, such experimental
approaches have so far been conducted mainly on binary alloys, and
the number of investigations on ternary or higher multicomponent
alloys is still limited.

Phase selection and microstructural stability has been one of
the primary interests of rapid solidification research. The problem
has been discussed based on nucleation theory and the equilibrium
phase diagram with metastable liquidus and solidus line
extensions.[18-24.56] This approach was reasonable for small-volume
systems such as gas-atomized powders, but its validity is still unclear
for large volume or rapidly quenched systems; experimental
verification for bulk samples is quite lacking. On the other hand,
growth-controlled phase selection was observed in laser and electron
beam surface melting in the absence of a nucleation barrier.[19. 25. 26]

1.3 Previous work on the Fe-Cr-Ni System

One of the multicomponent alloy systems in which rapid
solidification has been most actively investigated is the iron-
chromium-nickel (Fe-Cr-Ni) alloy system. In addition to the practical
importance of this alloy system as the basis for stainless steel, it has
several features which make it ideal for rapid solidification research.
Firstly, the solidification behavior of stainless steel has been
determined according to composition and solidification conditions in
recent years.[27-31] Secondly, during the early stages of the research,
interesting metallurgical features of rapid solidification were noted in
this system. Finally, the equilibrium phase diagram and
thermodynamic data for Fe-Cr-Ni have been well investigated
through both experiments and thermodynamic calculations[32-381,
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Although phase chemistry is likely to be non-equilibrium in rapid
solidification, thermodynamics is still important for the discussion of
solidification behavior and phase stability, as was demonstrated in
the research on binary alloys.

Solidification modes of Fe-Cr-Ni alloys are strongly
composition-dependent, and are generally classified as follows [28. 29};

e A mode : Fully fcc solidification.

¢ AF mode : Primary fcc, plus eutectic reaction (fcc+bcc) at the
terminal stage.

¢ FA mode : Primary bcc, plus eutectic reaction (bcc+fcc) at the
terminal stage.

¢ F mode: Fully bcc solidification.

Bcg, if formed during solidification, generally undergoes solid state
transformation to fcc on post-solidification cooling. Thus, the final
microstructural characteristics in the as-solidified condition are not
always identical to microstructural characteristics immediately after
solidification. However, the solidification mode is still dominant in
determining the final microstructure. In single phase solidification
via A and F modes, solute distribution profiles during solidification
are retained in the final dendritic microstructurel28.39], In the case of
AF and FA solidification modes, morphologies, distributions and
contents of ferrite and austenite also reflect the solidification mode
well(28-311, Microstructural features and solute profiles resulting from
each solidification mode are described in detail in the next chapter.

While the solidification modes were being established, research
on rapid solidification of the Fe-Cr-Ni alloys was begun using high-
energy density beams such as laser and electron beams for
welding.[#0-#6] Fcc solidification was found to be dominant as the
welding speed (i.e., solidification speed and cooling rate) increased.
Obviously, solidification in welding is controlled by growth with a
positive temperature gradient in the liquid and solid, and it was
concluded that rapid constrained dendritic growth favored the fcc
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phase rather than the bcc phase.l55] The trend of preferental fcc
solidification was also found in chill casting and splat cooling
experiments.#>+71 Unlike laser and electron beam welding,
solidification is controlled not only by growth but also by nucleation
at the substrate in those processes. In addition, the melt was
substantially undercooled by the substrate prior to solidification.7]

In contrast to the above results, primary metastable bcc
solidification became dominant with decreasing particle size, i.e., with
increasing undercooling of the melt and solidification rate, in gas
atomization of type 303 stainless steel.[22:23] Calculations using
classical nucleation theory supported the experimental result
showing the preferential nucieation tendency of bcc at increased
undercooling. The prediction that bcc is favored over fcc as a primary
phase was also made for Fe-Ni alloys[14.20,24,48,50] but
microstructural verification by experiment was limited to fine
particles [20.49], Some droplet experiments produced a two-step
recalescence benavior in the solidification of hyper-peritectic Fe-Ni
alloys in a deeply undercooled condition [14.50,51], The first
recalescence was considered to be a result of metastable bcc
solidification. However, corresponding microstructural evidence was
not presented.

2. Objective and Approach

The overall objective of the present research is to obtain a
better understanding of the rapid solidification of Fe-Cr-Ni ternary
alloys. Although a number of rapid solidification research projects
have been carried out on this alloy system, many aspects still remain
controversial and poorly understood. Among these, the phase
selection problem mentioned above is certainly an important issue.

This study tries to gain a consistent understanding of the phase
selection behavior and subsequent solidification sequence both
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theoretically and experimentally. The results from droplet
experiments are so far not consistent with results from chill casting
and high speed laser and electron beam welding. These processes
exhibit some differences in the pertinent variables such as the
nucleation barrier and temperature gradient; however, it is not clear
why this leads to a difference in phase selection. The different phase
selection behavior should be explained on a common basis: nucleation
and growth. The mechanism of the phase selection and factors
controlling it should be metallurgically ascertained as well. Changes
in microstructure during and after solidification also need to be
clarified; the change of metastable primary phase is of particular
interest.

A rapid solidification experiment using a levitation technique is
a promising experimental method for fulfilling the above obiectives.
In fact, unconstrained dendrite growth into an undercooled melt,
which is commonly encountered in many rapid solidification
processes, has not been investigated well in the Fe-Cr-Ni alloy
system. One of the drawbacks of laser and electron beam melting
experiments and gas-atomization experiments is a lack of actual
information about the thermal history of the sample during rapid
solidification. On the other hand, a levitation experiment with a high
speed pyrometry system can provide quantitative information cn
temperature and heat evolution and dissipation as a function of time
during rapid solidification[1+.15.51l, The solidification sequence can be
interrupted by quenching a sample into a liquid metal bath!(!5! for
microstructural observation at various stages of solidification. Also,
high cooling rate can be obtained in the solidification of undercooled
melts by quenching onto chill substrate. This can be used for
examining the effect of heat flow conditions by changing the chill
material.
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3. Overview of the Following Chapters

The following consists of six major chapters (Chapter II to
Chapter VII). Each chapter has the style of an independent paper,
containing its own introduction, objective, results, discussion, and
conclusions. However, there is a consistent overall objective
throughout the six chapters as mentioned above. Each chapter's
introduction is more detailed than this chapter in providing
background information pertinent to each subject.

Chapter Il is entitled "Metastable Bcc Solidification of A Primary
Fcc Fe-Cr-Ni Alloy". Nucleation-controlled solidification of a primary fcc
Fe-17.5Cr-12.2Ni alloy is investigated using containerless, gas-cooled
solidification by a levitation technique. Three major results are noted
in this chapter. First, metastable bcc solidification in bulk samples,
which was unclear in the past in spite of predictions[20], is explicitly
shown. Metallographic evidence of metastable bcc solidification is
presented. Second, using nucleation theory and a growth model, it is
shown that the nucleation process is dominant over the growth process
in determining the primary phase to solidify. A nucleation phase
diagram for Fe-Cr-Ni alloys is proposed. Finally, the decomposition of
the metastable bcc phase is analyzed, and a peritectic like semi-solid
process is identified as well as the solid-state bcc-to-fcc transformation
process.

Chapter Il is entitled "Double Recalescence and Double Dendrite
Formation in the Solidification of Primary Fcc Fe-Cr-Ni Alloys".
Solidification of Fe-16Cr-14Ni and Fe-15Cr-15Ni alloys are analyzed
based on recalescence behavior and quenched structures. The
following three findings form the core of this chapter. First, double
recalescence is demonstrated in Fe-Cr-Ni alloys for the first time, and
is shown to result from metastable bcc solidification and subsequent
formation of the stable fcc phase. This result is confirmed by the
"nucleation phase diagram" obtained in Chapter II. It is shown that fcc
formation follows metastable bcc solidification during the inter-
recalescence plateau and the second recalescence, and the formation of
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fcc is enhanced by the presence of a high fraction of bcc solid. Finally,
the internal dendritic core within each dendrite and solute profiles are
correlated to the recalescence behavior. The double
recalescencel1+50.511 and solute-rich corel52-54] were treated separately
in the past, but a relationship between these two are suggested in this
chapter.

Chapter 1V is entitled "Effect of Heat Extraction Rate on Dendrite
Growth into Undercooled Melt in Fe-Cr-Ni Alloys". The solidification of
Fe-17.5Cr-12.2Ni and Fe-18.5Cr-11.3Ni during chill casting was
investigated using various chill materials, and this chapter describes
the experimental results. It is shown that fcc solidification becomes
dominant in these alloys, which is in contrast to the dominance of bcc
in gas-cooled solidification. It is suggested that the high heat extraction
rate achieved by the chill causes the preferential fcc solidification. The
growth morphologies of fcc and bec in chill casting are also discussed.

Chapter V is entitled "Rapid Dendrite Growth during Chill
Casting". In connection with the previous chapter, a dendrite growth
model for chill casting is proposed. It is assumed that a dendrite tip
grows into the undercooled liquid and heat evolution at the dendrite
tip occurs both into the undercooled melt and through the growing
solid towards the chill. The effect of heat extraction through the solid is
incorporated into the BCT modelll0l. Dendrite growth behavior in the
presence of this heat extraction is discussed. Particular emphasis is
placed on the stability of dendrite growth in the presence of heat
extraction through the solid.

Chapter VI is entitled "Preferential Fcc Solidification in Fe-Cr-Ni
Alloys during Chill Casting". This chapter tries to explain the
preferential fcc solidification found in the chill casting described in
Chapter IV. Calculations are conducted using nucleation theory and the
dendrite growth model developed in Chapter V. The calculations show
that bce nucleation is always favored, but it is suggested that a high
heat extraction rate at the chill can cause nearly concurrent nucleation
of bcc and fcc. Preferential fcc growth is discussed with reference to
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the thermal effect, kinetic effect, and the stability of the growth
morphology.

Chapter VIl is entitled "Bcc-to-Fee Transformation after Rapid
Solidification in Fe-Cr-Ni Alloys". This chapter describes the bee-to-fce
transformation behavior during the gas-cooled solidification of three
different alloys. The occurrence of a massive transformation is shown
in samples solidified with large initial undercoolings. The
metallographic features of massive fcc are presented, and the effect of
initdal undercooling on the formation of the massive fcc is discussed.

Finally, some suggestions for future work in this field are given
in Chapter VIIL
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Chapter |l - Metastable Bcc Solidification of A Primary
Fcc Fe-Cr-Ni Alloy

Abstract

Rapid solidification of a primary fcc ferrous alloy, Fe-17.5 wt
pct Cr-12.2 wt pct Ni, was investigated using a levitation melting and
undercooling technique. Metastable bcc solidification was obtained in
bulk specimens when they were undercooled by about 20 K or more
in the process used. The primary phase was identified by solute
profiles of the quenched mushy region as well as the structural
features in the final microstructures.

Models of nucleation and growth were applied for comparison
with experimental results. It is concluded that metastable bcc
solidification is caused by nucleation, while the effect of growth on
the phase selection is not significant. A nucleation phase diagram is
proposed by combining experimental observation and nucleation
theory for Fe-Cr-Ni alloys.

Formation of the fcc phase following metastable bcc
solidification was observed by quenching the levitated specimens
into a liquid metal bath at various times after recalescence. It occurs
in the semi-solid condition at lower levels of undercooling, where the
transformation is peritectic-like, involving solute transport across
interdendritic liquid paths. At higher undercoolings, the
transformation of bcc to fcc is primarily by solid state
transformation, and likely to become massive-like as undercooling
increases.
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1. Introduction

1.1 Previous Work on Phase Selection in Ferrous Alloys

Phase seiection and microstructural stability have been
primary issues in rapid solidification research.[1.2] Many
experimental instances of metastable phase solidification have been
identified in various alloy systems by using different rapid
solidification techniques. Obtaining and controlling metastable phases
is important practically if novel materials are to be produced. From
the scientific point of view, an understanding of phase selection
behavior and its mechanism is also of interest, in connection with
understanding microstructural evolution during rapid solidification.

In ferrous alloys, selection between bcc (ferrite) and fcc
(austenite) during rapid solidification has been studied for many
years. It has been examined particularly in the Fe-Ni alloy system
since metastable bcc solidification was first reported by CechBl in Fe-
29.5 wt pct Ni powders. The potential for metastable bcc
solidification was also indicated theoretically in hyperperitectic Fe-Ni
alloys undercooled below the liquidus line extension of the bcc
phase.[l A good summary of previous experimental work on phase
- selection in Fe-Ni alloys is available in ref. [5].

Despite many studies, only limited experimental evidence of
metastable bcc solidification has been reported!3.6l. In addition,
nearly all of the evidence has been limited to the solidification of fine
powders. In bulk solidification of hyperperitectic alloys, two-step
recalescence behavior has been observed, suggesting metastable bcc
solidification in the first recalescence.[7-91 However, corresponding
microstructural evidence was not obtained.

The potential for metastable bcc solidification was also
investigated in the Fe-Cr-Ni alloy system.[9-111 Kelly et al. [9] reported
that primary bcc solidification became dominant with decreasing
particle size, i.e., with increasing undercooling, in the gas atomization
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of type 303 stainless steel. They also performed a calculation based
on nucleation theory, and showed the preferential nucleation
tendency of bcc at increased undercooling. MaclIsaac et all10 also
reported a change from fcc to bee with decreasing particle size for
the solidification of type 316 stainless steel droplets.

As noted above, observation of metastable bcc structures has
only been made in fine powders. However, nucleation of bcc is also
expected to be favored over fcc in bulk undercooled melts. As stated
by Thoma and Perepezkol5}, the metastable bcc is likely to be
retained in the final structure of rapidly-cooled fine powders but
unlikely in the final structure of slowly-cooled bulk specimens, thus
making it difficult to develop a full understanding of the
solidification process in Fe-Ni alloys. They therefore considered both
the solidification pathway and subsequent solid-state
transformations, and concluded metastable bcc solidification occurred
in specimens of a range of different sizes in their study.

The approach of Thoma and Perepezko is valid but not
sufficient to explain the full range of phase selection behavior
reported in the literature. For example, the preferential fcc formation
observed in substrate quenching of both Fe-Ni alloys(!2 and Fe-Cr-Ni
alloys(13] can not be explained by their analysis, despite the fact that
initial melt undercooling and post-solidification cooling rate in
substrate quenching are comparable to fine powder solidification.

1.2 Solidification Behavior of Fe-Cr-Ni Allovs

Solidification of Fe-based Fe-Cr-Ni alloys in conventional
casting and welding has been classified into four modes depending
on the primary phase and subsequent solid-state transformation.!l+
18] Reviewing those overall solidification modes is useful for the
interpretation of rapidly solidified structure as discussed in the
previous section.
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Figure 1 is the pseudo-binary phase diagram of 70wt%Fe-Cr-Ni,
which is of interest in the present study. Extended liquidus and
solidus lines are also included as dashed lines. The diagram was
obtained by thermodynamic calculation using Thermo-Calc[19 as
described later. The equilibrium primary phase to solidify (for alloys
in this section of the ternary diagram) is either fcc or bee depending
on composition. Bcc near the eutectic composition becomes unstable
as temperature decreases, and undergoes transformation to fcc.
Although the actual solidification follows a 3-dimensional path, the
following solidification modes are intuitively understandable based
on the pseudo-binary phase diagram. The schematics of four
solidification modes of Fe base-Cr-Ni alloys (or austenitic stainless
steel) are shown in Figure 2.[14]

A and AF modes solidify as primary fcc.[1+.16,18] The liquid is
enriched in Cr (i.e., the partition ratio of Cr, k¢,<1) and partitioning of
Ni is insignificant (i.e., the partition ratio of Ni, kni=1) during fcc
solidification. While the A mode is fully fcc solidification, the AF
mode involves the (fcc+bcc) eutectic reaction in interdendritic regions
as the Cr concentration increases in the interdendritic liquid. The
eutectic has a divorced morphology. The amount of bce decreases
slightly on post-solidification cooling by diffusional bcc-to-fce
transformation, but some is stabilized by solute partitioning, and is
retained in the final structure. The concentration of Cr is further
increased and that of Ni is decreased in the bcc after the
transformation. As a result, the final structure of the A mode is fully
fcc, and that of the AF mode is fcc cell/dendrite with interdendritic
bec.

The FA mode solidifies as primary bcc.[15. 17.18] In contrast to
primary fcc solidification, the liquid is enriched in Ni (ky;<1) and
partitioning of Cr is insignificant (k¢~1) during bcc solidification. The
(fcc+bcc) eutectic reaction occurs in interdendritic regions as the Ni
concentration increases in the liquid. The primary bcc shrinks by
bce-to-fce transformation, yet remains at the core of dendrites to
give vermicular/skeletal and/or lacy morphologies which are
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surrounded by fcc. The dendritic structure is still identifiable from
the morphology of bcc in the final structure. It is noted that the
concentration of Cr is increased and that of Ni is decreased in the bce
as a consequence of the solid state iransformation.

The F mode is fully bcc solidification.[15] The bcc-to-fcc
transformation starts from a fully bcc structure after the
solidification. It results in the development of Widmanstitten fcc or
lath-like fcc plates, primarily initiating from prior bcc grain
boundaries. Therefore, the original dendritic structure is barely
visible in the final structure. Relatively fast homogenization of
solutes in the fully bcc sample prior to transformation also assists in
the dissipation of the original solidification structure. In the final
microstructure, the bcc is enriched in Cr and the fcc is enriched in Ni.

1.3 Objectives of This Study

The question of what determines phase selection in the rapid
solidification of ferrous alloys has not heretofore been resolved. The
potential for metastable bcc formation from an undercooied melt has
been predicted by many researchers using nucleation theory;
however, evidence has been limited. In addition, there is
experimental evidence showing that phase selection is not
determined by nucleation alone. The preferential fcc solidification
seen in substrate quenching was already described as an example,
and it will be seen later in this work that there is a strong effect of
heat extraction rate on the phase selection. Selective fcc growth was
also found in primary bcc stainless steels when surface-melted using
laser and electron beams.[21-23] In this case, there is no nucleation
barrier to solidification, and so phase selection must be growth-
controlled .

The objective of this chapter is to show the occurrence of
metastable bcc solidification in bulk specimens of a primary fcc Fe-
Cr-Ni alloy and to determine the criteria governing it. A levitation
melting technique was used to achieve various undercooling levels
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and subsequent rapid solidification. Metallographic features showing
evidence of metastable bcc solidification are presented. In an effort
to identify the criteria governing the phenomenon, the effect of
undercooling on phase selection was evaluated using nucleation
theory. Finally, the decomposition of the metastable bcc phase and
the subsequent evolution of the stable fcc phase are discussed, based
on the observation of structural changes in the mushy zone with
time.

2. Experimental

2.1 Material

The Fe-Cr-Ni alloy used in this study was 17.5 wt pct Cr - 12.2
wt pct Ni - bal. Fe. The location of the alloy on the isoplethal section
of the Fe-Cr-Ni ternary phase diagram at 70 wt pct Fe is indicated by
an arrow as "alloy A" in Figure 1. The composition is on the primary
fcc side of the eutectic composition, Fe-18.1 wt pct Cr-11.9 wt pct Ni.
The alloy was vacuum-melted using pure materials, and cast intoa 7
kg ingot. It was then hot-forged, hot-rolled, and finally hot-drawn
into 5-mm dia. rod. Finally, the product was solution-annealed at
1323 K for 1800 s followed by a water-quench. Those processes
essentially eliminated all microsegregation of solutes in the starting
material. Chemical analysis revealed that the purity of the ternary
alloy was more than 99.96 wt pct with the remaining impurities (<
0.04 wt pct) mainly consisting of carbon (0.003 wt pct), silicon (< 0.01
wt pct), manganese (< 0.01 wt pct), nitrogen (0.001 wt pct) and
oxygen (0.008 wt pct).

The equilibrium solidification mode of the alloy, primary fcc,
was verified using induction melting. The alloy rod was placed in an
induction coil, and a part of the rod was melted and slowly solidified
in an inert atmosphere as in zone-melting. A typical equilibrium
solidification structure is shown in Figure 3. The solidification was AF
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mode, displaying dendrites of fcc (bright) with interdendritic bec
(dark). The solidification mode was also verified by autogenous
welding using conventional gas-tungsten arc welding and low-speed
electron beam welding.

2.2 Levitation Experiment

A schematic diagram of the experimental apparatus is shown in
Figure 4. The apparatus included a levitation melter and a
temperature measuring system. The levitation melter consisted of a
high frequency power supply (10 kW, 450 kHz), capacitor banks, and
a levitation coil. The coil used in the experiments had an inner
diameter of 13 mm and was configured with five lower primary
turns and two upper reverse turns. A quartz tube was inserted
inside the coil and connected to a vacuum chamber below, so that the
levitation atmosphere and the stream of cooling gas could be
controlled. A liquid metal bath was placed about 50 mm below the
levitated specimen when quenching was desired.

In a given experiment, an alloy specimen of mass 0.5 g (£0.05
g) was electro-magnetically levitated and induction-heated in an
atmosphere of argon and 4 vol pct hydrogen until completely meited.
Then, cooling was accomplished by flowing high-purity (99.9996%)
helium, eventually causing nucleation to occur at a certain
undercooled temperature with accompanying rapid recalescence.
Some samples were solidified while levitated, and this process is
hereafter referred tc as "gas-cooled solidification". Other specimens
were quenched from the semi-solid state into a Ga-25 pct In liquid
bath at specified times after recalescence, in order to "quench in" the
structure existing at different times during solidification.

The thermal history of levitated specimens was measured
using a two-wavelength pyrometer which was connected to a two-
channel digital data acquisition and storage system. Two data
sampling rates were assigned simultaneously in order to measure the
entire thermal history with low resolution and rapid recalescence
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with high resolution; 200 Hz (5 ms per point) was typically employed
for the former purpose, and 200 kHz (5 us per point) for the latter.
Calibration of the thermal measurements for Fe-Cr-Ni alloys was
performed prior to the experiments in the same way as detailed in
previous studies [23.24], The linear signal ratio-temperature
relationship was evaluated through more than sixty calibration
experiments, and based upon that, the accuracy of undercooling
measurement was estimated to be within +79%.

2.3 Metallography

The microstructures of the specimens were observed by optical
microscopy. Specimens after levitation were spherical, with a
diameter of approximately 5 mm. They were cut into halves, and
then mounted so as to observe the cross section. Of major interest in
the observation is the region in the vicinity of the specimen surface,
since the pyrometric temperature measurement was performed at
the surface. In order to reveal the microstructure, the sample was
electrolytically etched at 4 V for 5 to 10 s in an aqueous solution of
10 vol pct sulfuric acid. The etching delineated the relative
difference of Ni concentration as well as the phase boundaries;
regions of low Ni concentration such as bcc were selectively stained
dark, while regions of high Ni concentration such as fcc were
relatively bright in the duplex structures. The coloration could not be
used to determine the structure in a single-phase region or a
partitionless region, however.

Concentration profiles of Cr and Ni in solidification structures
were measured using computer-aided microprobe analysis (CMA)[25],
Two-dimensional step-scanning was conducted over the area of
interest on as-polished cross-sections of the samples. Operating
conditions of the CMA were: an acceleration voltage of 15 kV, a beam
current of 1 uA, a spot size (i.e., beam diameter) of 1 um, and beam

irradiation time of 20 ms per point.
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X-ray diffractometry (XRD) was used to identify the phase
balance in the structure of interest. Measurement was conducted on
the as-polished cross section of a sample (approximately, 20 mm?)
with the diffraction angle, 26, varying from 30° to 100°. Operating
conditions of the XRD were: an acceleration voltage of 60 kV and a
current of 300 mA for the X-ray source using a copper target, a
divergence slit of 1° and a receiving slit of 0.3° for the
diffractometer.

3. Calculation

3.1 Thermodynamic Properties of Fe-Cr-Ni Aliovs

Phase diagrams and thermodynamic properties such as free
energy, enthalpy etc. were calculated using Thermo Calc, a software
and database package for the calculation of phase diagrams
developed by Sundman et al.f19 Thermodynamic data from the SGTE
(Scientific Group of Thermodata, Europe) database of Thermo Calc
version ] were applied to those calculations after comparing the
portion of calculated phase diagram of interest with that by Chuang
et al.l26] and that by Hasebe et al.[27] The isoplethal section of the Fe-
Cr-Ni ternary phase diagram shown in Figure 1 was one of the
calculation results. All the thermodynamic properties necessary for
the following numerical analyses were calculated to maintain
correspondence between the numerical results and the phase
diagram.

3.2 Nucleation

Classical nucleation theoryi?8-301 is applied to evaluate the
phase selection during nucleation. Heterogeneous nucleation at the
specimen surface is assumed. Although the nature of the catalyst
(substrate) is not known in the present experiment, the liquid/gas
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interface can be a good nucleation site. Following the classical
nucleation theory, surface nucleation rate, I, is given by

_ks _AG*
Is_nexp[ T ] (1)

where K is the kinetic parameter for surface nucleation(28.301 y is
the viscosity of the liquid, AG* is the critical free energy of the
formation of a nucleus. Kk is the Boltzmarin constant, and T is the
absolute temperature. n can be estimated for metallic systems by

using[29,30]

n=10%3exp [T—3§T‘,"—] (N s m-2) (2)
r-lrg

where T; is a reduced temperature (=T/TL), and T,y is the reduced
glass transitiocn temperature. In the case of planar catalytic sites and
incoherent nuclei, the critical free energy AG* is given by

3
AG* = -‘%"-l%z-f(e) (3)
AG?

where ys, is the interfacial energy between the solid and the liquid,
AG, is the free energy for the formation of the solid from the liquid
(per unit volume), and f(8) is a catalytic potency factor which is a
function of the wetting angle 8 between the nucleus and the
substrate given as f(0)=(2-3cos8+cos30)/4.

In the calculation, AGy and vs, are critical parameters affecting
the final results. Two cases are considered for AG :

(i) maximum free energy change (i.e., thermodynamic driving force),
AGmax, as an upper bound for AG,.[31]

(ii) free energy change for massive (i.e., composition invariant)
transformation, AGnassive, @S @ lower bound for AG,.
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Schematic representations of these quantities on the free energy
diagram are given in Appendix 1. Both were calculated as a function
of temperature using Thermo Calc, the results (absolute values) of
which are also shown in the Appendix 2. Those two &Gv's are realistic
extreme cases in terms of the composition of nuclei; AGyax
corresponds to full partitioning and AGpassive tO partitionless
situation. The interfacial energy between the solid and the liquid,
vs/L, is estimated with the following equation(32,33];

yor = 2sLAHsL (4)

( NVQ)IIB
where asg,/1 is a dimensionless interfacial energy parameter, AHg,| is
the enthalpy difference between the solid and the liquid, N is
Avogadro's number, and V is the molar volume. Corresponding to
each case of (i) and (ii), AHg,1 is also calculated as a function of

temperature by Thermo Caic.

Nucleation rate, Is, is a function of T and 6, and thereby,
nucleation temperature, Tn(6), during continuous coofing is
determined by integrating the nucleation rate,[29]

- IS
S = 5
f dT/dt dr=1 (3)

TN©)

where S is the surface area and dT/dt is the cooling rate of the
specimen. The implication of Eq. (5) is that the number of mucles
becomes one when the temperature reaches the nucleation
temperature, TN(6), during continuous cooling. It is known that TN(6)
will not change significantly even if the number of the RHS is
changed.[#91 Two independent functions, Ty, fec(Orecisup) and

Tx. bee(Obeersub), are obtained from Eq. (5), where 6¢.c/sub andi 8pcc/sub are
wetting angles between fcc and substrate and between bcc and
substrate, respectively. Tn(8) is a one-to-one function monotonously
decreasing with 6. If the two functions, Tx fec(Otcc/sub) DG TN, bl @bceisub),
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are plotted together on the 6-T coordinate, a given transition
temperature, Ty, can specify a unique difference of wetting angles, A0
(=8fcc/sub-Obccssub)- At the same time, the reverse is also true. In other
words, a given A8 can specify a unique value of T, and thus, A6 and T
have a one-to-one correspondence. Therefore, if a value of A8 is
assumed in advance, one can uniquely determine the corresponding
transition temperature at which fcc nucleation and bcc nucleation
have the same likelihood, without knowing either 6¢.c/sub O Obcc/sub-
In actual calculation, the following combinations are searched
numerically with a given A8:

TN, fcc(efcc/sub) = TN, bcc(ebcc/sub) (6'1)

and
Ofcc/sub = Obcc/sub + A (6-2)

Numerical data used in the calculation are listed in Table 1.

3.3 Growth

Dendrite tip models were called upon to evaluate the effect of
phase stability on the growth. The Boettinger-Coriell-Trivedi (BCT)
modeli34 was employed. In Fe-Cr-Ni alloys, equilibrium partition
ratios indicated that distinct partitioning occurred only with one of
the two solute elements for each primary phase to solidify. Pseudo-
binary approximation of the alloy system and linear approximation
of the liquidus and solidus lines were found to be reasonable, and the
BCT model was applied under these assumptions. The details of the
model itself are not described here, but can be found in refs. [34, 35].
Numericai data used in the calculation are given in Table 2.
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4. Experimental Results

4.1 Thermal History

Figure 5 shows a typical cooling curve observed during a
levitation experiment. The melt was initially superheated by about
100 K, then cooled at a rate of approximately 100 K/s. At a certain
undercooled temperature, Ty, the melt started to rapidly solidify
with recalescence. Undercooling, AT (= T -Tn), obtained in this study
ranged from 12 K to 160 K. The recalescence time, a time from Ty to
Tgr, was a function of undercooling, decreasing with increasing
undercooling as shown in Figure 6. The effect of initial undercooling
on the recalescence temperature, Tgr, was not as clear in this study as
reported beforel2+4.35], This was probably due to the narrow freezing
temperature range of the alloy. After reaching Tg, the temperature
decreased slowly while the specimen was in the semi-solid state.

During most levitation experiments with the present alloy, a
secondary recalescence from TN' to Tr' was observed about 0.5 to 2 s
after the first recalescence. The onset temperature, TN', decreased as
the initial undercooling increased, as shown in Figure 7. The time
between the first recalescence and the second recalescence did not
show any distinct dependency on initial undercooling. The specimen
became fully solid after the second recalescence, and then cooled at a
rate of 100 to 150 K/s. Significance of the marked temperatures and
times are to be discussed in the following sections.

4.2 Metastable BCC Solidification from the Undercooled Melt

Figure 8 shows typical solidification structures obtained by
gas-cooling solidification with initial undercoolings from 33 K to 155
K. In the micrographs, bcc is stained dark, and fcc bright.
Microstructures varied with initial undercooling; however, as
detailed below, features of primary metastable bcc solidification
were commonly observed in each structure.
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Figure 8(a) is for an initial undercooling of 33 K. Dendrites are
elongated from the specimen surface towards the inside for 100 to
200 um, and seem to be interconnected to one another; however,
dendrites beyond these are rather globular and appear to be isolated.
Bcc phase (dark) is retained at the core region of each dendrite with
skeletal or vermicular morphologies; skeletal bcc is more evident at
the cores of the elongated dendrites. The location and morphology of
the retained bcc are typical of FA solidification modell5.17,18] a5
illustrated in Figure 2.

Figure 8(b) is for an initial undercooling of 51 K. Retained bcc
near the specimen surface is denser than that in Figure 8(a), yet
dendrite boundaries are clear, outlined by fcc (bright). The
morphology of retained bcc varies from a lacy appearance to skeletal
and vermicular appearances as it goes from the surface to the inside.
As compared with Figure 2, those morphologies at the core region of
dendrites are characteristic features indicating FA mode
solidification.[15]

Figure 8(c) is for an initial undercooling of 138 K. No dendritic
structure is seen near the specimen surface; in its place is large-scale
plate-like fcc. This implies that a bce-to-fce diffusional
transformation occurred after fully bcc solidification (F mode),
forming a plate-like (or Widmanstatten) structure of fcc from bcc
grain boundaries. At intermediate undercoolings between 51 K and
138 K, structures appropriate for mixtures of FA mode and F mode
were observed.

Figure 8(d) is for an initial undercooling of 155 K. The structure
near the surface of the specimen was fully fcc and did not contain
any retained ferrite. The structure was considered to be achieved by
massive transformation following fully bcc solidification. This
conclusion was based on the temperature of the bcc-to-fcc
transformation, and changes in structures, solute profiles, and X-ray
diffraction before and after the transformation, as discussed later. In
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fact, the inside of the specimen clearly retained the final structure
produced by primary bcc solidification.

In order to confirm the above conclusion microstructurally,
solidification was interrupted immediately after recalescence by
liquid metal quenching, and the solute distribution in the mushy
zone was measured. Figure 9 shows a quenched structure and
corresponding concentration maps of Cr and Ni. The specimen was
initially undercooled by 33 K, and quenched into the In-Ga liquid
bath approximately 0.3 s after recalescence. Dendrite morphology is
elongated near the surface and globular inside, which is analogous to
structural features shown in Figure 8(a). The fraction solid seems to
be slightly higher near the surface than inside at the moment of
quenching. The interdendritic regions (showing fine cellular
structure) were liquid prior to the quench. No significant partitioning
of Cr is seen between the solid and the liquid, but partitioning of Ni is
considerable. Ni is depleted in the solid, and enriched in the
interdendritic liquid. The composition profiles indicate that the solid
existing in the mushy zone is bcc, and thereby confirm that the
primary solidification product is metastable bcc phase. This was
supported by similar tests on other quenched specimens made with
different undercoolings.

Both primary fcc and primary bcc solidification were found to
coexist in a specimen when the initial undercooling was small. An
example appears in Figure 10, which was undercooled by 18 K prior
to solidification. Nearly half of the specimen surface is covered with
retained bcc having a skeletal morphology, and the remainder with
fcc dendrites with interdendritic bec. The former indicates primary
bcce solidification growing toward the inside from the surface, and the
latter primary fcc solidification; however, the growth of the
metastable bcc was limited to near the surface. It should be noted
that the growth direction of retained bcc is different from that of
nearby fcc. The mixed solidification of primary bcc and fcc suggests
that the transition of the primary phase from stable fcc to metastable
bcce occurs at about this undercooling level.
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4.3 Structural Change after Metastable Bcc Solidification

Microstructural changes during gas cooled solidification were
observed through liquid metal quenching experiments, and they
revealed that the second recalescence is associated with the
formation of fcc phase. Figure 11 shows changes in microstructure
with time after the first recalescence. Specimens which were
similarly undercooled but quenched into In-Ga bath at different
times after the first recalescence were selected. The initial
undercceoling of every specimen was similar: around 110 K.

Fine dendrites of primary bcc were uniformly distributed
within the entire specimen at 0.15 s after the first recalescence
(Figure 11(a)). This suggests that the temperature distribution within
a specimen during and immediately after the recalescence was
uniform, and that the assumption of adiabatic conditions during
recalescence is reasonable. In the specimen levitated and cooled 0.4 s
before quenching, more notable dendrite thickening is apparent in
the outer region, as well as dendrite coarsening (Figure 11(b)). The
distribution of fraction solid suggests slightly lower temperature at
the surface than at the center. In the specimen held 1.5 s before
quenching, the outer region appears to have been nearly fully solid
and largely homogenized while the inside was still semi-solid
(liquid+bcc) with substantial coarsening occurring there (Figure
11(c)).

In all experiments, fcc was observed in the structure only after
appearance of the second recalescence. The formation of fcc is seen in
Figure 11(d) which was obtained at 1.9 s after the first recalescence
and 0.4 s after the second recalescence. The growth interface of fcc,
proceeding toward the center, is seen at about 1.2 mm inside from
the specimen surface in the figure. A mixture of fcc and bcc (which is
close to the final structure in samples fully solidified by gas cooling)
is observed behind the interface, while the mixture of liquid and
primary bcc remains ahead of the interface.
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Figure 12 shows the solute profile of Cr and Ni in the vicinity of
the growth interface of the fcc. The profiles in the liquid are basically
the same as those in Figure 10; Ni is notably partitioned between the
primary bcc and the liquid while the partitioning of Cr is
insignificant. On the other hand, Cr is largely depleted in growing fcc
and enriched in both bcc and interdendritic regions behind the
interface. The concentration of Ni in fcc is slightly lower than that in
the liquid, and much higher than that in bcc. The bec-to-fcc
transformation is also characterized by the shrinkage of the Ni-
depleted region in the fcc. In summary, the solute profiles obviously
indicate fcc growth into the (liquid+bcc) semi-solid region with solute
redistribution.

Figure 13 shows X-ray diffraction results from the structures
quenched before and after the second recalescence, corresponding to
the structure shown in Figure 11(a) and 11(d), respectively. Peaks
indicating fcc in Figure 13(a) probably resulted from the previously
liquid region which presumably solidified to fcc through quenching,
or from the bcc-to-fce transformation during quenching. A clear
difference between Figures 13(a) and 13(b) is that the (111) peak of
fce significantly increased in the latter. This indicates that the second
recalescence can be attributed to the formation of fcc which has a
preferred orientation.

5. Discussion

5.1 Effect of Nucleation on Phase Selection

Calculated temperatures for the fcc-to-bcc transition in Fe-
17.5Cr-12.2Ni alloy are plotted in Figure 14 as a function of wetting
angle difference, A8(=8fcc/sub-Obcc/sub). The figure shows that fcc is
favored as a nucleating phase at relatively high temperature but that
stability is reversed as temperature decreases. The two lines are
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based on the two different free energy changes, AGmax and AGpassive,
used in the calculation. Liquidus lines for fcc and metastable bcc are
also included in the figure. Preferential fcc nucleation is expected
above the transition temperature, and bcc nucleation below it.

The calculated transition temperatures in Figure 14 are in
general agreement with the tendency of the phase selection observed
in levitation experiments. The line obtained from the use of AGpyax,
and the line from AGpassive Show similar dependencies on A9
(=6fcc/sub-Obccssub); the former approaches the liquidus of bec at the
high end of A6, and the latter to the bcc-To. Experimentally, both
primary fcc and primary bcce were found to coexist at undercoolings
around 18 K, and thereby, the transition in nucleating phase was
considered to be at those undercooling levels. Since massive
nucleation is more likely at lower temperatures, the transition
temperature calculated by using AGnpax is probably suitable for
comparing calculation results with observation at small undercooling.
Thereby, the difference of the wetting angles is deduced from the
line using AGnax to be close to zero for gas-cooled solidification,
although its physical significance is not clear due to the unknown
nature of the "substrate". On the other hand, the line using AGpassive
is probably suitable for comparing calculation results with
observation at large undercoolings.

Using the assumption 6fcc/sub=8bcc/sub (i.€., A8=0), a diagram
indicating preferential nucleating phase (a nucleation phase diagram)
was constructed as shown in Figure 15. Extended liquidus lines of fcc
and bcc are included by dotted lines, and experimental observations
of primary phases are also plotted in the figure. Fcc is a dominant
nucleating phase in the region above the transition line, and bcc
nucleation is dominant otherwise. The transition temperature
decreases as Cr content decreases, or as the composition goes to the
side where fcc is stable. At lower temperatures, bcc nucleation is
always dominant, even in equilibrium primary fcc compositions. This
is primarily due to its smaller liquid/solid interfacial energy. In fact,
the nucleation phase diagram is applicable to experimental results
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obtained with the more fcc-stable Fe-15Cr-15Ni alloy, as described in
the following chapter. It is interesting to note that the transition
temperature is below the liquidus temperature of the bcc phase, and
the difference between the two temperatures becomes larger in the
region of fcc stability; this implies that the liquidus extension of an
alternate phase may not indicate the onset of the nucleation of the
alternate phase despite the common practice of using it for this

purposel?l,

5.2 Growth of Primary Phase during Recalescence

Figure 16 shows the calculated result of dendrite tip velocity
from fcc and bcc versus melt temperature. Since the growth
velocites of both phases are close to each other at all undercoolings,
it appears that either phase can grow as long as its nuclei exist. In
other words, The growth model does not indicate a growth
preference of either fcc or bec, and growth is not expected to be
critical to phase selection in this system.

Growth velocities were experimentally estimated from
measured recalescence time, and correlated with the result of the
model also in Figure 16. Since undercoolings attained in the present
study were small to intermediate as compared with the unit
undercooling, AH;/Cp. (AHg, latent heat of fusion, and Cp,, specific heat
of the liquid), multiple nucleation could occur during nucleation and
growth stages. Temperature was measured through pyrometry at the
specimen surface. Therefore, the observed recalescence time, Atg,
could be related to the growth velocity, V, assuming that
recalescence represents site saturation by nucleation and growth at
the specimen surface. In other words, measurement of recalescence
results from the decrease of undercooled regions by the formation
and growth of high temperature dendrites, and the measurement of
its termination corresponds to the overlapping of thermal diffusion
fields around growing dendrites. The two-dimensional Johnson-
Mehl-Avrami equation[36] was applied to relate V and Atg:



57

V =44 (1) 05 (Atg) (7)

where Isis the surface nucleation rate at the nucleation temperature.
In the calculation of nucleation in the previous section, Is always fell
between 106 and 107 (m-2 s-1) at the nucleation temperature, and
thus, Is =107 was assumed in the above equation. As seen in Figure
16, velocities obtained by Eq. (7) show good agreement with the
model results. Inversely, this implies that the assumptions of steady
state dendrite growth and recalescence controlled by nucleation and
growth are acceptable.

5.3 Formation of Secondary, Stable Fcc Phase

In Figures 11 and 12, it is apparent that the transformation of
bcc to fec in the semi-solid regions occurs by diffusion of solvent
through the liquid, according to the peritectic-like reactions:

L + bcc — fce (+ bee) (8)

The association of the liquid phase provides a relatively rapid
transport mechanism for the bcc-to-fcec transformation, and accounts
for the relatively rapid temperature rise of the second recalescence.
In fact, as shown in Figure 7, most of the onsets of the second
recalescence are in the liquid/bcc two-phase region, and the
nucleation and growth of fcc occurs at those temperatures. The
distribution of Ni shown in Figure 12 indicates that the liquid is the
most enriched in Ni, bcc is the least, and fcc is intermediate, which is
in accord with the mass balance of the peritectic reaction in Eq. (8).
Another typical example is shown in Figure 17, which was obtained
by quenching after metastable bcc solidification with relatively small
undercooling (AT= 67 K). The fraction of primary bcc is relatively
small, and dendritic growth of secondary, stable fcc is clearly seen to
proceed into the semi-solid.
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As seen in Figure 7, the onset temperature of the second
recalescence was relatively low when initial undercooling was large;
it was close to the fcc solvus in some specimens. As the temperature
decreases, microstructure prior to the transformation is likely to be
fully bcc with extensive solute homogenization, rather than the semi-
solid. Under those conditions, i.e., in nearly fully solid situation, the
mechanism of the bcc-to-fcc transformation can be either diffusional
for Widmanstitten structures or perhaps even massive in the
extreme casel38l, Typical consequences were shown in Figures 8(c)
and 8(d). In summary, the formation of stable fcc after the
metastable bcce solidification occurs both in the semi-solid and in the
fully solid state. The former is likely when the initial undercooling is
relatively small so that semi-solid is present for long times after the
first recalescence. On the other hand, the latter becomes dominant
when initial undercooling increases and less remaining liquid is
available at the transformation time.

6. Conclusions

Phase selection and microstructural evolution during the rapid
solidification of Fe-17.5 wt pct Cr-12.2 wt pct Ni alloy was
investigated. The equilibrium solidification mode of the alloy was
primary fcc. Undercooling and rapid solidification of bulk samples of
the alloy were achieved using a levitation technique. Conclusions
obtained are:

(1) Metastable bcc solidification in bulk specimens, which was not
clear in the past in spite of predictions, occurs at initial undercoolings
of 20 K to 160 K. The bcc solidification is identified by the final
microstructures and by solute distributions in mushy regions; the
microstructures show retained bcc typical of primary bcc
solidification mode, and the solute profiles exhibit the distinct
depletion of Ni and insignificant partition of Cr in growing solid
which is also specific to bec solidification.
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(2) Nucleation and growth calculations were made using classical
nucleation theory and the BCT (Boettinger-Coriell-Trivedi) dendrite
growth model. Bcc nucleation is favored over fcc nucleation for
undercoolings greater than 20 K. Growth shows little preference for a
specific phase to grow in an undercooled condition in the present
system. Therefore, it is concluded that nucleation is the process
governing primary phase selection.

(3) Anucleation phase diagram was constructed based on
experimental observation and theoretical calculation assuming no
difference of wetting angles of fcc and bcc for heterogeneous
nucleation. The diagram shows which of the two phases nucleates in
an undercooled condition for a range of Cr-Ni-70 wt pct Fe alloys.

(4) When the primary phase to solidify is metastable bcc, subsequent
recalescence occurs 0.5 to 2 s after the original recalescence. This is
attributed to the formation of fcc. At lower undercooling levels, it
takes place by peritectic-like transformation in the semi-solid
condition involving solute transport across interdendritic liquid
paths. At higher undercoolings, it is essentially by the solid state bec-
to-fcc transformation, and likely to be massive as undercooling
increases.
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Appendix 1

Schematic representations of AGmax and AGmassive on the free
energy diagram are shown below, where AGma:. is the maximum
free energy change or thermodynamic driving force and AGmassive is
the free energy change for composition invariant transformation. in
the figure, CO and C* are the nominal composition and the solid
composition giving thermodynamic driving force, respectively.

T<To

Free Energy

Composition
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Appendix 2 - AGmax and AGpassive calculated for fcc and bec as a
function of temperature using Thermo Calcf19],

3000 = L ’
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Table 1 : Parameter values used for nucleation calculation (other
than AGmax, AGmassive and corresponding AHg, ).

_paprameter value ref.

T.  liquidus temperature (K) 1726.19 (fco)
1721.88 (bce)
as/ dimensionless interfacial energy parameter (-)
0.86 (fcc/liq) [32]
0.71 (bcc/liq) [33]
molar volume (m3 mol-1) 7.71 x10°6 (liq)
7.71 x10-© (fcc)
7.71 x10-6 (bcc)
ks  Kkinetic parameter for surface nucleation (N m-4)

<l

1x 1029 [28,30]
Trg reduced glass transition temperature (-) 0.25 [29]
S surface area of specimen (m?2) 7.85x 105

dT/dt cooling rate (K s 1) 100
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Table 2: Parameter values used for the calculation of the dendrite tip

model.
parameter ref.
Ty  liquidus temperature (K) 1726.19 (fco)
1721.88 (bco)
AHf enthalpy of fusion (J mol-1) 11332.44 (fcc)
8947.16 (bco)
ASf entropy of fusion (J mol-1K-1) 6.5552 (fco)
5.6766 (bcc)
kcr partition ratio of Cr 0.8630 (lig/fcc)
kni partition ratio of Ni 0.7692 (lig/bcc)
my  slope of liquidus (K wt%- 1) -4.1248  (fcc)
-6.6133  (bco)
G specific heat of ligiud (J mol- 1K-1) 43.7468
v molar volume (m3 mol-1) 7.71 x10-© (liq)
7.71 x10-6 (fcc)
7.71 x10-6 (bcc)
Dy diffusivity of Cr in liquid (m2 s 1)
Dy  diffusion constant (m2 s-1) 2.67x10°7 [37]
Q  activation energy (J mol-1) 6.69x104 [37]
Dni  diffusivity of Ni in liquid (m2 s 1)
Dy diffusion constant (m2 s-1) 4.92x10-7 [37]
Q  activation energy (J mol-1) 6.77x104 [37]
a thermal diffusivity in liquid (m2 s 1) 54 x10-6 [21]
Vo  sound velocity in liquid (m s-1) 2000 [34]
ap  interatomic distance in liquid (m) 1x10-9 [39]
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Figure 1 - Calculated pseudo-binary phase diagram of the Fe-Cr-Ni

system at 70 wt pct Fe with the extension of liquidus lines and
the location of the alloy composition used in the present study.
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liquid fce

Figure 2 - Schematics of solidification modes of Fe-base-Cr-Ni alloys
and austenitic stainless steels observed in conventional casting
processes.
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Figure 3 - Solidification structure of the Fe-17.5Cr-12.2Ni alloy
obtained by zone melting.
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Figure 4 - Schematic of apparatus for levitation melting and
undercooling experiments.
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Figure 5 - A cooling curve obtained during gas-cooled solidification
with an inital undercooling of 74 K. Ty is the liquidus
temperature, Ty and Ty are the onset and termination
temperatures of the first recalescence, respectively, and T'y
and T'g are the onset and termination temperatures of the
second recalescence, respectively.
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Figure 7 - Effect of initial undercooling on the onset temperature of
the second recalescence.
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Figure 8 - Solidification microstructure in the vicinity of the
specimen surface, obtained by gas-cooled solidification with
initial undercoolings of (a) 33 K, (b) 51 K, (¢) 138 K, and (d)
155K.
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Figure 9 - Concentration distributions of Cr and Ni in the mushy
region which was obtained using liquid metal quenching after
the first recalescence, and measured by the computer-aided
microprobe analyzer (CMA).
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Figure 10 - Solidification structure obtained by free levitation with
an initial undercooling of 18 K, which shows the mixed
solidification of primary fcc and primary bcc; (a) the whole
sample, (b) a region showing primary bcc solidification, and (c)
aregion showing primary fcc solidification.
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Figure 11 - Microstructural changes with time after the first
recalescence obtained by liquid metal quenching following free
levitation; (a) 0.25 s after recalescence (AT=110K), (b) 0.4 s
after recalescence (AT=105 K), (¢) 1.5 s after recalescence (AT=

116 K), and (d) 1.9 s after the first recalescence and 0.4 s after
the second recalescence (AT=109 K).
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Figure 12 - Concentration distributions of Cr and Ni in the vicinity of
the growing interface of fcc, obtained by CMA.
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Figure 13 - X-ray diffraction results from specimens quenched (a)
before the second recalescence and (b) after the second

recalescence.
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Figure 14 - Stability of nucleating phase calculated as a function of
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where Y sub and Bpec sub are the wetting angle for
heterogeneous nucleation between fcc and a catalyst and
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temperatures of nucleating phase transition were obtained
using different free energy values as noted.
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Figure 16 - Growth velocities of fcc and bcc dendrites calculated as a
function of melt temperature using the BCT model. and
comparison of experimentally estimated velocities with the
model results.
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Figure 17 - Dendritic growth of stable fcc phase into the semi-solid
after metastable bec solidification with initial undercooling of

67 K.
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Chapter Ill - Double Recalescence and Double
Dendrite Formation in the Solidification of Primary Fcc
Fe-Cr-Ni Alloys

Abstract

The rapid solidification behavior of two primary fcc Fe-Cr-Ni
alloys, Fe-16Cr-14Ni and Fe-15Cr-15Ni, was investigated by using a
levitation technique.

Double recalescence was observed in both alloys for initial
undercoolings greater than a certain level specific to each alloy
composition. Comparison with a "nucleation diagram" indicates that
the first recalescence is attributable to metastable bcc solidification.
This was supported by other data: recalescence temperatures, solute
profiles, and X-ray diffraction. It is concluded that the inter-
recalescence plateau is an incubation period for the formation of fcc,
which causes the second recalescence. Analyses of the lengths of the
plateau and second recalescence suggest that a high fraction of bcc
solid enhances the stable nucleation of fcc, and that the growth of fcc
into bcc is massive-like when the initial undercooling is large.

An internal dendritic structure was observed at the core of
each dendrite in microstructures obtained by quenching immediately
after recalescence. Those core structures are brought about by either
fcc solidification with non-equilibrium partitioning or by metastable
bcc solidification. Solute profiles at the core structures reflect the
primary phase to solidify. Both Cr- and Ni-enriched cores are
obtained when the primary phase is fcc, while Cr-enriched but Ni-
depleted cores are found when the primary phase is metastable bcc.
Those profiles are peculiar to rapid solidification.
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1. introduction

The use of high-speed pyrometry has made it possible to
analyze rapid recalescence during solidification from the undercooled
melt. Time and temperatures for the recalescence have been
measured with high resolution in various alloy systems.[1-6]
Verification of theoretical models such as dendrite tip models and
coarsening models have been attempted by comparing those thermal
measurements with model results.[1-6]

Double recalescence was found in the course of some of those
rapid solidification studies using high speed pyrometry; it was found
in hyper-peritectic Fe-Ni alloys,[3.6.7] and also in hyper-peritectic Fe-
Co and Fe-Cu alloys.[”1 Double recalescence consisted of three stages:
the first recalescence from the undercooled melt, the second
recalescence to the final maximum recalescence temperature, and an
isothermal plateau between the two recalescence events. Picconel”]
considered that those three stages were respectively attributed to
metastable bcc solidification, subsequent fcc solidification, and an
incubation time for the nucleation of fcc. Therefore, it was stated that
double recalescence was evidence of metastable bcc solidification in
bulk samples of the above ferrous binary alloys. However, no
metallographic features corresponding to the recalescence behavior
were presented in that research, and metastable bcc solidification
was proposed only on the basis of thermal measurements.

Munitz and Abbaschian(® quenched hyper-peritectic Fe-Ni
alloys from the undercooled liquid state, and found dendrite cores to
be enriched in solute in solidified specimens. Solute-rich regions
were observed in the form of crosses at dendrite cores when the
undercooling prior to the quench was below the Ty for fcc but above
the Ty for bcc. It was concluded that solute-rich crosses resulted from
the partitionless solidification of fcc at the initial stage of dendritic
solidification, and therefore, they were not formed when specimens
were undercooled below the Tq for bcc because they solidified with
metastable bcc. However, since nucleation occurred while the
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undercooled specimen was in the quenching medium, precise
thermal measurement could not be made. In particular, the actual
nucleation temperature and the thermal behavior of the recalescence
were not identified.

The above observations provide useful clues for investigating
metastable bcc solidification, but thermal measurements and
metallographic observations have not been correlated. In addition,
double recalescence has not been previously analyzed in detail, and
determination of the metastable bcc primary phase has been by
inference.

Phase selection in the Fe-Cr-Ni alloy system during rapid
solidification has a similarity to that in the Fe-Ni alloy system, but
neither double recalescence nor solute-rich dendrite cores have been
reported thus far. In the previous chapter, it was shown that
metastable bcc solidification occurs in bulk undercooled specimens of
Fe-17.5Cr-12.2Ni alloy, a primary fcc alloy. In that case, two separate
recalescences were found to occur during solidification,
corresponding to primary bcc formation and subsequent fcc
formation. However, the recalescence behavior was quite different
from the double recalescence previously reported in Fe-Ni
alloys.[3-6.7] The time between the first and second recalescences was
several orders of magnitude larger in the Fe-Cr-Ni alloy of the
previous chapter than in the earlier work. In addition, the system
was not isothermal between the first and second recalescence in the
Fe-Cr-Ni alloy; instead, the temperature decreased down to the
nucleation temperature of fcc. In contrast, there was an isothermal
plateau between the two recalescences in the earlier work, implying
that the double recalescence occurred under adiabatic conditions.

In this chapter, the solidification behavior and resultant
microstructures of two primary fcc Fe-Cr-Ni alloys were investigated.
The alloys employed were Fe-16Cr-14Ni and Fe-15Cr-15Ni; fcc is
more stable in these alloys than in the previously studied Fe-17.5Cr-
12.2Ni. In both alloys, double recalescence and structures showing
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the appearance of solute-rich cores were obtained. Analyses of these
two observations are presented, and their mechanism, the
relationship between them, and the factors governing their
occurrence are discussed.

2. Experimental

Two Fe-Cr-Ni alloys were used: Fe-16Cr-14Ni (alloy C) and Fe-
15Cr-15Ni (alloy D); the locations of both alloy compositions are
indicated on the pseudo-binary phase diagram of the Fe-Cr-Ni
system at 70 wt pct Fe shown in Figure 1. It is obvious that the
stability of fcc in both alloys is improved over that in the Fe-17.5Cr-
12.2Ni alloy which was investigated in the previous chapter. The
purity of those teri.ory alloys is more than 99.9 wt pct as indicated
by the chemical analyses listed in Table 1. The preparation of the
starting materials was the same as described in the previous chapter.

The equilibrium solidification modes of the materials were
verified by slow zone melting in an inert atmosphere and low-speed
(4.2 x 103 m s 1) electron beam welding, both of which are also
described in the previous chapter. Both alloys solidified as primary
fcc and produced fully fcc microstructures in these equilibrium
solidification processes.

Figure 2 shows a schematic diagram of the apparatus for the
levitation experiment. An alloy specimen of mass 0.5 g {#0.05g) was
levitated within the coil and melted in an atmosphere of argon and
4% hydrogen. Then, it was cooled by flowing high-purity helium, and
solidified from a certain undercooled temperature with rapid
recalescence. Some samples were completely solidified while
levitated in the cooling gas (gas-cooled solidification), while others
were quenched into a Ga-25%In liquid bath immediately after
recalescence to quench in the mushy-zone structure. The thermal
history of a levitated specimen was measured using high-speed
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pyrometry. Two data sampling rates were used to measure both the
whole thermal history and rapid recalescence event simultaneously;
a sampling rate of 200 Hz was employed for the former purpose, and
sampling rates of 100 to 200 kHz for the latter. The accuracy of
undercooling measurements was within +79%.

Microstructures were observed by optical microscopy. As-
solidified spherical samples approximately 5 mm in diameter were
cut into halves and then mounted so as to observe the cross section.
Regions near the specimen surface were primarily examined since
the temperature measurement was performed at the surface. The
microstructure was revealed by the use of electrolytic etching in an
aqueous solution of 10 vol pct sulfuric acid. Concentration
distributions of Cr and Ni were measured using computer-aided
microprobe analysis (CMA)Pl. Two-dimensional profiles were
obtained by x-y step-scanning over the area of interest on the as-
polished cross-section of a sample. Operating conditions of the CMA
were: an acceleration voltage of 15 kV, a beam current of 1 pA, a
beam size (also the distance of each step scan) of 1 um, and beam
irradiation time of 20 ms per point. X-ray diffractometry (XRD) was
used to identify phases existing in the structure of interest.
Measurements were conducted on the as-polished cross section of a
sample. Operating conditions of XRD were: an acceleration voltage of
60 kV and a current of 300 mA for the X-ray source using a copper
target, a divergence slit of 1° and a receiving slit of 0.3° for the
diffractometer, and a diffraction angle, 26, from 30° to 100°.

3. Results

3.1 Thermal History

Typical recalescence curves measured during the levitation of
Fe-16Cr-14Ni and Fe-15Cr-15Ni are shown in Figures 3 and 4,
respectively. Double recalescence was observed as the initial
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undercooling (AT) increased, exhibiting three stages: the first
recalescence from an originally undercooled melt, the second
recalescence to the final recalescence temperature, and an isothermal
plateau linking the first and second recalescence. The phenomenon
became distinct when the initial undercooling was greater than
approximately 60 K in the former alloy, and greater than
approximately 100 K in the latter alloy. Specimens which were
undercooled around the "transition temperature” did not clearly
show the plateau, but showed a brief stay at an intermediate
temperature during the temperature rise, as seen in the recalescence
curve of AT = 114 K in Figure 4.

The behavior of the first recalescence was directly related to
initial undercooling; the temperature rise became steep with
increasing initial undercooling, as seen in Figures 3 and 4. The effect
of the undercooling on the time for the first recalescence, which is
the time during which the temperature rises from the maximum
undercooling to the plateau temperature, is plotted for both alloys in
Figure 5. Undercooling obtained in the present study ranged from 12
Kto 244 K for Fe-16Cr-14Ni alloy, and from 40 K to 312 K for Fe-
15Cr-15Ni alloy. Times decreased with increasing initial
undercooling, and the time-undercooling relationship in both alloys
seems identical.

Time for the second recalescence, which is the time during
which the temperature rises from the plateau temperature to the
maximum recalescence temperature, was also a function of initial
undercooling, as shown in Figure 6; it decreases with increasing
initial undercooling. The recalescence time in Fe-16Cr-14Ni is longer
than that in Fe-15Cr-15Ni; the former ranges from approximately 1
ms to 10 ms, while the latter from 0.2 ms to 2 ms. In the figure, data
points of 10 ms for Fe-16Cr-14Ni alloy were measured at the 200 Hz
sampling rate since times between the first and second recalescence
were so long in those samples that a high sampling rate (100 kHz)
was not available at the moment of the second recalescence.
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Therefore, the actual times for those data points are somewhere
between 5 ms and 10 ms.

Figures 7 and 8 show temperatures after the first and second
recalescences in Fe-16Cr-14Ni and Fe-15Cr-15Ni alloys, respectively.
In the figure, temperatures of the liquidus and solidus were
calculated using Thermo Calc (101 (ver. ]). In both alloys, temperatures
after the first recalescence are close to the liquidus temperature of
metastable bcc, while temperatures after the second recalescence are
approximately the solidus temperature of fcc. The effect of initial
undercooling on those recalescence temperatures are insignificant. It
is interesting to note that undercooling at the plateau is about 30 K
or less, with respect to the fcc liquidus, and therefore, times for the
second recalescence shown in Figure 6 are relatively small for their
undercooling level, as compared with times in Figure 5.

Figure 9 plots times between the first and second recalescence
(hereafter, referred to as plateau time) against initial undercoolings
in both alloys. Plateau times in Fe-16Cr-14Ni alloy are generally
longer than those in Fe-15Cr-15Ni alloy. In the former alloy, plateau
times are mostly stable between 1 ms and 5 ms when initial
undercoolings are approximately more than 100 K. For undercoolings
less than that, plateau times spread over longer duration up to 700
ms. On the other hand, plateau times in Fe-15Cr-15Ni alloy are
between 0.2 and 0.9 ms regardless of undercooling. In summary,
except for the scatter in Fe-16Cr-14Ni alloy at lower undercooling
levels, the effect of initial undercooling on plateau times is
insignificant, but the effect of alloy composition is noticeable.

3.2 Microstructure

Figure 10 shows microstructures of Fe-16Cr-14Ni alloys which
were solidified with different initial undercooling and quenched
approximately 0.3 s after recalescence (after the second recalescence,
if applicable). The quenching was effective in retaining not only
dendrites, but also their internal structures.
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Figure 10(a) is for an initial undercooling of 12 K. Double
recalescence was not observed at this undercoocling level. Bright
"crosses" are seen at the cores of dendrites. Interdendritic regions
showing a fine cellular structure were liquid prior to the quench.

Figure 10(b) is for an initial undercooling of 58 K. This
undercooling level is close to the "transition", but double recalescence
was not clearly recognized in this specimen. Within a dendrite,
another internal dendritic structure is present; it is more obvious on
the longitudinal section of the dendrites. It is interesting to note that
the outer boundary to the dendrites reveals a smooth solid/liquid
interface without any significant perturbation, while the internal
dendrites retain well-developed, very fine secondary branches.

Figure 10(c¢) is for an initial undercooling of 101 K. Distinct
double recalescence was observed. The quenched structure is similar
to the structure shown in (b) with an initial undercooling of 58 K. It
seems that secondary branches of internal dendrites were somewhat
ripened as compared with those in (b).

Figure 10(d) is for an initial undercooling of 176 K. Double
recalescence was obvious during the solidification. Some of the
dendrites are in the process of coalescing, and more than one core
structure is often seen within a unit after coalescence.

The effect of plateau time on solidification structure was
examined in Fe-16Cr-14Ni alloy. Figure 11 compares two
microstructures which exhibited similar initial undercoolings but
different plateau times during their solidification; Figure 11(a) is for
an initial undercooling of 66 K and plateau time of 4 ms, and Figure
11(b) is for 70 K and 350 ms. Both microstructures were obtained by
quenching the samples immediately after the second recalescence
into an In-Ga liquid bath. It appears that the shorter plateau time
brought about dendritic internal structures, while the longer plateau
time resulted in a rather spherodized, blocky internal structure
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without secondary branches. The volume of internal phase seems
larger in the case of longer plateau time. Figures 12(a) and 12(b) are
X-ray diffraction results for the two microstructures shown in Figure
11(a) and 11(b), respectively. Larger bcc diffraction peaks were
obtained from the structure with a longer plateau time than from
that with a shorter plateau time.

Figure 13 shows microstructures of Fe-15Cr-15Ni alloys
quenched approximately 0.3 s after recalescence. Figures 13(a) and
(b), which were obtained with initial undercoolings of 60 K and 104
K, respectively, show similar structures to Figures 10(a) and (b). The
internal structures in the 60 K undercooled sample are rather
cellular/dendritic, while those in the 104 K undercooled sample are
dendritic with developed secondary branches. On the other hand, as
the initial undercoolings become even larger, the internal dendritic
structures become indistinct. Coalescence and coarsening of dendrites
are pronounced, as seen in Figures 13(c) and (d). This is probably a
result of the higher fraction solid after recalescence with higher
initial undercooling.

3.3 Solute Profile in Quenched Specimen

Solute profiles in quenched microstructures were measured in
selected specimens using CMA, and the following three patterns were
observed regarding profiles at dendrite cores:

(1) enriched in both Cr and Ni
(2) enriched in Cr but depleted in Ni
(3) no measurable enrichment in Cr and Ni

Figure 14 shows profiles of Cr and Ni measured on the
quenched microstructure shown in Figure 13(a). The sample
solidified with an initial undercooling of 60 K and did not show
double recalescence. Concentrations of both Cr and Ni are higher at
dendrite cores than the surrounding areas, which is typical of pattern
(1). Concentrations of both Cr and Ni at the core are close to the
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nominal contents, while concentrations in the surrounding are 0.5 to
1.0 wt pct lower. Interdendritic regions which were liquid prior to
the quench are enriched in both Cr and Ni.

Figure 15 displays profiles of Cr and Ni in the microstructure
shown in Figure 10(c). The sample solidified with an initial
undercooling of 101 K and showed a distinct double recalescence. The
profiles are representative of pattern (2). Cores are enriched in Cr,
but depleted in Ni with respect to the neighboring dendrite area. The
enrichment of Cr is close to the nominal content, while Ni is more
than 1 wt pct below the nominal content.

The pattern (3) was measured in structures which solidified
with high undercoolings. Profiles seem uniform within dendrites,
being slightly depleted in both solutes. Interdendritic regions are
enriched with both solutes, but the extent of segregation was smaller
than in previous patterns.

4. Discussion

4.1 Occurrence of Double Recalescence

The relationship between initial undercooling and the
occurrence of double recalescence was compared with the "nucleation
phase diagram" which was determined in the previous chapter.
Results are shown in Figure 16. Calculation of the diagram was
described in the previous chapter. It appears from this plot that the
occurrence of double recalescence corresponds to bce nucleation. That
is, experiments in which moderate or distinct double recalescence
was observed lie at or below the calculated line for the transition
from fcc nucleation to bee nucleation.

Two calculated lines for the transition are provided in the
nucleation diagram: one is for partitioned nucleation driven by
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maximum driving force, and the other for partitionless (massive)
nucleation. From this analysis, it is difficult to determine which
transition line is more applicable, since the observations showed
rather broad transitions for both alloys. The actual transition appears
to be between the two lines, and the transition in recalescence
behavior also seems to be in agreement with this.

The relation between the observation of double recalescence
and the "nucleation phase diagram" is consistent with discussions in
the previous chapter. Double recalescence results from metastable
bcc solidification, and its occurrence is therefore controlled by
nucleation. Inversely, the validity of the "nucleation phase diagram"”
which was proposed in the previous chapter is supported by the
present observations.

Metastable bcc solidification during the first stage of double
recalescence is also supported by recalescence temperature and X-
ray diffraction results. Despite some scatter, Figures 7 and 8 suggest
that the temperature after the first recalescence is approximately the
liquidus temperature of bcc and the temperature after the second
recalescence is between the fcc liquidus and solidus temperatures.
The implication is that the first recalescence can be attributed to bcc
formation, and the second recalescence to the formation of fcc. Bec
diffraction peaks were obtained from a quenched structure having a
higher fraction of core structure, as shown in Figure 11(b). Those bcc
peaks are considered to result from dendrite cores, and therefore,
suggest metastable bcc solidification during the first stage of double
recalescence.

4.2 Relationship between Double Recalescence and Microstructure

Internal dendritic structures were found within dendrites in
samples quenched after recalescence, but these internal structures
can not readily be related on the basis of morphology alone to the
occurrence of double recalescence. For example, similar internal
dendritic structures are exhibited at dendrite cores in Figure 10(b)
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and (c), which solidified without and with double recalescence,
respectively. In addition, internal structures fade away as initial
undercooling increases while double recalescence is distinct.

Solute profiles, on the other hand, are relevant to the
occurrence of double recalescence. Figure 17 plots the patterns of the
solute profiles on the "nucleation phase diagram". In the samples
analyzed, it is seen that cores of the dendrites are enriched in Cr but
depleted in Ni when they are in the bcc nucleation region, while
cores of the dendrites are enriched in both Cr and Ni when the initial
undercooling is in the fcc nucleation region. The former profiles, i.e.,
high Cr and low Ni at dendrite cores, are exactly what is expected in
the bcc phase from the partition ratios of Cr and Ni during bcc
solidification and subsequent bce-to-fee transformation.[10.131 The
latter behavior, i.e., high Cr and high Ni at dendrite cores, must be
explained by partitionless solidification.[8]

4.3 Growth during the First Recalescence

Dendrite growth velocities were evaluated from recalescence
time data, and compared with velocities determined assuming the
BCT (Boettinger-Coriell-Trivedi) model(lll. A time for the first
recalescence, Atg;, is converted to a velocity, V, by the following

equation in the present study:
V=44 (1905 Atgy) " (1)

where Is is the critical nucleation rate and is assumed to be 107 (mr2
s-1) as mentioned in the previous chapter. Assumptions for the
conversion and the application of the BCT model to the present alloys
were described in the previous chapter. The details of the model
itself are found in refs. [4,11]. Numerical data used for the calculation
are listed in Table 2.

Figures 18 and 19 compare the estimated velocities and
calculated velocities from the BCT model for Fe-16Cr-14Ni and Fe-
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15Cr-15Ni, respectively. The calculated results demonstrate that the
growth of fcc is faster than that of bee for the entire undercooling
range of interest in both alloys. Nevertheless, experimental
observation indicates that prima: v bee solidification is favored from
the melts undercooled by more than a certain level. This means that
the process governing the primary phase selection is not growth but
nucleation in the present situation of solidification.

Although the growth phase can not be specified from the
comparison due to data scatter, velocities estimated from
experimental data follow the calculated temperature-velocity
relationship well. This indicates that the first recalescence is
essentially governed by normal dendritic growth, i.e. steady-state
growth controlled by thermal and solute diffusion, in both alloys. It
may be interesting that there is a stay in plots of experimentally
estimated velocities around 1640 K in Figure 19, which seems to
indicate change in the growth phase from fcc to bcc. Another concern
is that estimated velocities are likely to be larger than the model
results at higher undercoolings (i.e., lower temperatures). This may
imply that the assumption of nucleation-growth control for deriving
Eq. (1) is not reasonable at undercoolings higher than approximately
170 K.

4.4 Formation of Fcc after Bece Solidification

In the preceding sections, it has been shown that the first
recalescence in these alloys is a result of metastable bcc
solidification. Thus, the subsequent plateau time can be characterized
as the incubation time for secondary recalescence, i.e.,, the formation
of fcc. Figure 9 indicates two features of the plateau time data: a
large scatter at lower undercooling levels in Fe-16Cr-14Ni alloy, and
composition-dependent characteristics. Plateau times observed in Fe-
16Cr-14Ni are approximately five times longer than those in Fe-
15Cr-15Nj; initial undercooling does not seem to influence the times.
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In Figure 20, the data of Figure 9 are re-plotted versus
calculated fraction solid after recalescence. Assuming bcc
solidification during the first recalescence, the fraction solid, fs, is
given by

fs = 200 (T - Ty) (2)
pL

where AHy is the latent heat of fusion of bcc, CpL is the specific heat of
the liquid, Tr is the recalescence temperature, and Tn is the original
undercooled temperature. Since the freezing temperature range of
bcc is not very large, the liquidus temperature of bee can be taken as
Tr for convenience. It is seen in Figure 20 that most of the scatter
occurs at fraction solid less than approximately 0.4. In other words,
the plateau times become rather stable when the fraction solid is
greater than 0.4. Perhaps fcc formation (or nucleation) needs a
certain fraction of bcc solid in the liquid for its stable occurrence.

Figure 21 shows calculated results of the effect of
heterogeneous nucleation site on the nucleation temperature of fcc in
the presence of the liquid and bcc. The situations considered are: (1)
spherical homogeneous nucleation in bec, (2) heterogeneous
nucleation on planar catalytic bee with a spherical fce cap in the
liquid, (3) heterogeneous nucleation at the bcc/ liquid interface with a
spherical fcc cap in bec, (4) heterogeneous nucleation at the
bce/liquid interface with two abutting spherical fcc caps, and (5)
heterogeneous nucleation on the bcc/bec grain boundary with two
abutting symmetric spherical caps of fcc. The critical free energy for
nucleation, AG*, was calculated for each geometry, and nucleation
temperature, Ty, was determined simply from AG* = 60kTy[14.211,
Details of the calculation and data used for the calculation are given
in the Appendix. Results are obtained as a function of the bcc/fcc
interfacial energy since it is not well known and can vary widely
between coherent and incoherent bee/fec interfaces.
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Regarding the nucleation of fcc from the liquid, bec is not a
strong catalyst. This is because of the difference of solid/liquid
interfacial energies between fcc and bcc. In the case of fcc nucleation
on planar bcc, for example, even if the fcc/bec interface is highty
coherent, the calculation indicates that the nucleation still needs
more than 100 K undercooling. Smaller undercoolings were observed
for double recalescence in this study. Consequently, in order for fcc
to nucleate at the plateau temperature, the nucleation of fcc on a
bee/bec boundary is realistically the most probable among the five
cases investigated, while fcc nucleation within bcc requires very high
coherency.

The above calculation considers rather simple cases of fcc
nucleation, and there are other complicated candidates for fcc
nucleation sites such as edges and corners of combinations of the
liquid and bcc. However, the results of the calculation are suggestive .
that when a sufficiently high fraction solid is reached, grain
boundaries may form as a result of coalescence, collisions, or strains
from a cohesive network, leading to fcc nucleation. Therefore, the
tendency of plateau times seen in Figure 20 is explained by the
effect of fraction solid on the formation of bce/bee grain boundaries
for fcc nucleation.

4.5 Incubation Time of Fcc Formation

In the expression of time-dependent nucleation, the duration of
the transient, v, is given to an order of magnitude by(14

n.2 _ nc2
—c_ __k 3
’ Dc quc ( )

where n. is the number of atoms in a nucleus of critical size, qo is the
probability per unit area and unit time of an atom adding itself to an
embryo, and A, is the surface area of a nucleus of critical size. In an
ideal situation, the time will be inversely proportional to ( AG)4,
where AG is the thermodynamic driving force for formation. The
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driving force for fcc formation at the liquidus temperature of bcce is
estimated as 136 J/mol for Fe-16Cr-14Ni and 200 J/mol for Fe-15Ci-
15Ni. Therefore, the incubation time for steady state nucleation of fcc
in Fe-16Cr-14Ni is about 5 times longer than that in Fe-15Cr-15Ni{ =
(200/136)* ). This appears to be comparable with experimental
observation. In summary, the composition-dependent plateau time is
interpreted as an incubation time for the nucleation of fcc.

4.6 Growth of Fcc during the Second Recalescence

Once the growth of fcc starts after some incubation time, it
should proceed into both the liquid and the bcc simultaneously
during the second recalescence. This growth is relatively fast for its
undercooling level. As shown in Figures 7 and 8, undercooling before
the second recalescence is roughly 30 to 40 K with respect to the fcc
liquidus temperature. Times for the first recalescence corresponding
to this undercooling are more than 10 ms in Figure 5, but actual
times for the second recalescence are less than 10 ms as shown in
Figure 6. Growth into the liquid is controlled by relatively fast solute
transport through the liquid. The solid-state bcc-to-fcc
transformation could also be fast since bcc is completely unstable at
likely transformation temperatures, and therefore, it could be
massive-like (composition-invariant). In addition, the driving force
for the bce-to-fce transformation is almost twice as large as that for
the liquid-to-fcc transformation at the likely transformation
temperatures (i.e., plateau temperatures).

Since the growth of fcc into the liquid continues even after the
second recalescence, the second recalescence may be essentially
attributed to the solid-state bce-to-fce transformation. As initial
undercooling increases, the fraction of bce formed during the first
recalescence is increased, and eventually coalescence occurs. This
tendency is demonstrated in Figure 13 (c) and (d). Nevertheless, the
recalescence time tends to decrease with increasing undercooling, as
shown in Figure 6. Therefore, this may indicate the necessity of the
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massive-like transformation from bcc to fcc at higher fraction solid of
bcc.

4.7 Formation of Core Structures

When the recalescence was single and the solidification was
primary fcc, both Cr and Ni were found to be enriched at dendrite
cores as shown in Figure 14. Those profiles were probably detected
as core structures in etched microstructures. The solute enrichments
are believed to be attained by increased partition ratios during rapid
solidification.[812] According to non-equilibrium interface kinetics,[15]
partition ratios are expected to change noticeably when the growth
velocity is around 1 m/s or more. Based on relations between initial
undercooling and velocity in Figure 18 and 19, the assumption of
increased partition ratios seems reasonable. The solute-rich crosses
were observed even when the initial undercooling was 12 K, but
actual solute enrichments with respect to the surroundings were
found to be small, compared with other samples with higher
undercoolings.

In contrast, Cr enrichment and Ni depletion were observed at
dendrite cores when the solidification was primary bcc and there
was an accompanying double recalescence. However, bcec was not
retained even in quenched microstructures, as shown in Figure 12(a),
and only solute profiles corresponding to bcc were retained; core
structures within dendrites probably reflect these solute profiles.
Both core structures and solute profiles were recognized only when
initial undercooling was relatively low, and both of them were found
to fade away as undercooling increased. In bcc solidification at
relatively small undercooling levels, Ni is depleted in the growing bcc
solid, while the partitioning of Cr is insignificant. In order for
dendrite cores to be depleted in Ni and enriched in Cr, additional
solute redistribution is necessary, and this will occur in the
diffusional bce-to-fce transformation. Then, the transformation
proceeds from the external surface of the dendrite to the core, and
the last part to transform to fcc will be depleted in Ni and enriched
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in Cr, since the partition ratio for Ni is more than unity and that for
Cr is less than unity during the bcc-to-fee transformation.

When the initial undercooling is relatively large, the resultant
fraction of solid bcc is rather high after the first recalescence, and
dendrites are more likely to coalesce. Solute partitioning becomes
insignificant as the partition ratio is increased with increasing
undercooling, and the bcc-to-fce transformation tends to become
massive. The possibility of massive-like bec-to-fce transformation is
thermodynamically high in this situation. Consequently, both core
structure and specific solute profiles at dendrite cores are less likely
to remain in quenched structures.

5. Conclusions

Rapid solidification of two Fe-Cr-Ni alloys, Fe-16Cr-14Ni and
Fe-15Cr-15Ni, was investigated using a levitation technique. Both
alloys are fully fcc upon equilibrium solidification. Bulk samples
were melted, then rapidly solidified from variously undercooled
conditions, and quenched into an In-Ga liquid metal bath
immediately after recalescence. Conclusions obtained in the present
study are as follows:

(1) Double recalescence occurs in both alloys when the initial
undercooling is greater than a certain level specific to each alloy
composition. The undercooling level inducing double recalescence
corresponds to that causing metastable bcc solidification in a
calculated "nucleation phase diagram". It is concluded that the first
recalescence results from metastable bcc solidification. This is
consistent with the other evidence: recalescence temperatures, solute
profiles and X-ray diffraction analysis.
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(2) The second recalescence is attributed to subsequent fcc
formation, and the isothermal inter-recalescence plateau is
attributed to the incubation for the fcc nucleation. Incubation times
decrease and vary less as initial undercooling increases, which
suggests that nucleation of fcc is enhanced by the presence of a high
fraction of bcc solid. The second recalescence is primarily controlled
by the bce-to-fec transformation, and the growth of fec is likely to be
massive when the initial undercooling is large.

(3) Within each quenched dendrite, another internal dendritic
structure was observed. These core structures result from either fcc
solidification with non-equilibrium partitioning or from metastable
bcc solidification. Dendrite cores are enriched in both Cr and Ni when
recalescence was single, while they are enriched in Cr but depleted
with Ni when recalescence is double. The former core profiles are the
result of improved partition ratios in fcc solidification, and the latter
result from bcc solidification and subsequent bec-to-fec
transformation.

Appendix

Models for fcc nucleation in the mixture of the liquid and bcc

Regarding the nucleation of fcc solid in the mixture of the
liquid and bcc solid, many combinations of nucleation site and critical
nucleus morphology are possible. In the present study, the following
five simple cases were considered in order to evaluate the feasibility
of the nucleation of fcc:

(1) Homogeneous nucleation of fcc in bce with spherical morphology
of critical nucleus, where coherency and accompanying strain
between fcc and bcc were ignored. The free energy of activation for
the critical nucleus formation, AG*, is:
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3
AG* = 167 (Yree/bee) - (A'l)
3 (AGy, bec to fec)

(2) Heterogeneous nucleation of fcc on planar bcc with a spherical
cap into the liquid. AG*is:

167 (Yjigifec)®
2
3 (AGv, liq to fec)

AG* =

f(8) (A-2)

where 6 is a wetting (or contact) angle between fcc and bec substrate,
and f(0) is given by a function of cos6:

2
4 o
f(G):(—+('OSB);1 cos 6) (A-3)
cos 6 = Ylig/bee - Yfcerbee (A-4)
Ylig/fcc

(3) Heterogeneous nucleation of fcc at the liquid/bcc interface with a
spherical cap in bcc. Coherency between fcc and bee was ignored. AG*

and cosO are:

3
AG* = 167 (Yfeerbee) - £(8) (A‘S)

3 (AGV_ bce to fcc)‘

iq/ = Yligi
cos B = Ylig/bee - Yligifece (A-6)
Yfcc/bee

(4) Heterogeneous nucieation at the liquid/bcc interface with two
abutting spherical caps with different radii (i.e., different wetting
angles). Let 8; be the wetting angle between the liquid-side fcc cap
and the liquid/bcc interface, and 6; be the wetting angle between the
bcce-side cap and the interface. Then AG*,cos81 and cos8, arell6l:

3 3
AGH = 167 (Yree/bee) - (£(0;) + (ch_c_/bcg) f(63)) (A-7)
3 (AGV, bec to fec) Yigifee
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2 2
cos B, = Yiig/bee” F \’liq/fcc2 - Yfce/bee (A-8)
2¥iiqrbecYiig/fee

.
cos 0, = Yliq/bcc2 - Ylig/fec™ + 'chc/bcc2 (A-9)
2Yliq/bcc'chc/bcc

(5) Heterogeneous nucleation at planar disordered bcc/bcc boundary
with two abutting (syminetrical) spherical caps. Coherency between
fcc and bee was ignored. AG* and cosf are:

AGH = 167 (Yrcerbeo)®  £(0) (A-10)
3 (AGv, bee to t"cc)2 2

cos @ = ybeelbee (A-11)

In the calculation of AG*, volume free energy changes, AG,, (J
m- 3) were estimated by enthalpy changes, and given as a function of
temperature, T (K):

AGy, liq to fec = é-“#)—: 1.50x10° - 8.64x10°T (A-12)
miL

AGy, bec to foc = AH*’C\C/’TC%(:"C:’“C'T) = 4.02x10® - 2.11x10°T (A-13)
m Ccc/icC

where Tpec/fec i the hypothetical bee solvus temperature (1904.13 K)
and AHpc/fcc is the enthalpy change for the change from bcc to fcc at
Toec/fec (3,094 ] mol-1). Definition and value of the other parameters
in Egs. (A-12) and (A-13) are given in Table 2. Interfacial energies,
Ylig/fces Ylig/becs @0Q Ybec/bee, Were assumed to be constant for the
simplicity and taken as 0.3, 0.2, and 0.47[171 (J m- 2), respectively.

Nucleation temperature of fcc, Ty, was determined so as to
satisfy AG*=60KkTy, where k is the Boltzmann constant. The nucleation
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temperature was calculated as a function of interfacial energy
between fcc and bcc, ygcc/bee, and plotted in Figure 21.
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Table 1. Chemical Compositions of alloys used (wt%)

Fe-16Cr-14Ni Fe-15Cr-15Ni

Cr 15.9 15.0
Ni 14.3 15.0

C 0.012 0.018
Si 0.02 0.01
Mn 0.03 0.03
N 0.002 0.001
O 0.014 0.009

Fe bal bal
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Table 2: Parameter values used for the calculations involving the dendrite tip model.

parameter value ref.
15Cr/15Ni 16Cr/14Ni
TL liquidus temperature (K) (fce) 1733.81 1731.10
(bcc) 1704.44 1708.52
AHf enthalpy of fusion (J mol-!) (fcc) 11643.31 11532.89
(bee) 8901.91 8885.15
ASf  entropy of fusion (J mol-1K-1) (fcc) 6.7753 6.6983
(bec) 5.7775 57354
ka  partition ratio of Cr (lig/fec) 0.8790 0.8743
Kng partition ratio of Ni (lig/bec) 0.7625 0.7641
my  slope of liquidus (K wt%-1) (fcc) -3.5352 -3.7150
(beo) -7.0625 -6.9588
Cp.  specific heat of ligiud (J mol-1K-1) 43.8785 43.832
\Y molar volume (m3 mol-!)  (liq) 7.71 x106
(fce) 7.71 X106
(bcc) 7.71 x10%6
D¢ diffusivity of Crin liquid (m?2 s-1)
Do diffusion constant (m2 s-1) 2.67 x107 [18]
Q activation energy (J mol-1) 6.69x104 [18]
Dx;  diffusivity of Ni in liquid (m2 s-1)
Dg diffusion constant (m?2 s-1) 4.92x10-7 [18]
Q activation energy (J mol-1) 6.77x10% [18]
a thermal diffusivity in liquid (m? s-1) 5.4x 100 [(19]
Vo sound velocity in liquid (m s-1) 2000 f11]
ap interatomic distance in liquid (m) 1x10° {20}
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of the two alloy compositions used in the present study. Dashed
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110

Quartz Tube

Power Supply

450kHz 10kW Levitation Coil

Two-color Digital Computer
Pyrometer  Oscilloscope

Ar+H2, He
g
4>.
|""I - vacuum
Liquid Metal

Quenching Bath

Figure 2 - Schematic diagram of apparatus for levitation melting and
undercooling experiments.



Temperature (K)

1M

1750
1700} ' [ -
1650 [AT=66K
1600} ————
AT = 132K
1550 |
15001
1450 Fe-16Cr-14Ni
1400 1 | | i 1 ] ! i ] | [} 1 ]
0 4 8 12 16 20 24 28

Time x 1073 (s)
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initial undercooling of about 100 K
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Figure 11 - Microstructures of Fe-16Cr-14Ni which were solidified
with similar initial undercooling but with different plateau
time, and quenched into an In-Ga bath immediately after the
second recalescence. (a) AT = 66 K with a plateau time of 4 ms,
and (b) AT = 70-K with a plateau tme of 350 ms.
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Figure 12 - X-ray diffraction results from specimens shown in Figure
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(b) AT = 70 K with a plateau time of 350 ms.
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Figure 13 - Typical microstructures of Fe-15Cr-15Ni which were
solidified with different initial undercooling (AT) and quenched
into an In-Ga liquid bath immediately after recalescence. (a) A'l
= 60K, (b) AT = 104 K, (¢) AT = 205 K, and (d) AT = 306 K.
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Figure 14 - Concentration profiles of Cr and Ni in a microstructure of
Fe-15Cr-15Ni which was solidified with an initial undercooling
of 60 K, and quenched after recalescence.
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Chapter 1V - Effect of Heat Extraction Rate on
Dendrite Growth into Undercooled Melt in Fe-Cr-Ni
Alloys

Abstract

The rapid solidification behavior of two Fe-Cr-Ni alloys was
investigated: one, Fe-17.5Cr-12.2Ni (alloy A), has fcc as its
equilibrium primary phase and the other, Fe-18.5Cr-11.3Ni (alloy B),
has bcc. Phase selection during chill casting of the undercooled meit
was examined using different chill materials. The predominant phase
to solidify is fcc in alloy A and metastable fcc in alloy B; this is in
contrast to the preferential bcc solidification found in the gas-cooled
solidification of both alloys. Nearly concurrent nucleation of bcc and
fcc is suggested by tiny bce dendrites intermittently present at the
chill surface. The heat extractive capacity of the chill material exerts
a major influence on the nucleation and selective growth of fcc.
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1. Introduction

In the foregoing chapters, using a levitation melting and
undercooling method, the occurrence of metastable bcc solidification
was demonstrated in primary fcc Fe-Cr-Ni alloys. It was concluded
that the phase selection of primary bcc was determined by
nucleation. The nucleation of bcc was favored over the nucleation of
fcc in the undercooled melt, and preferential nucleation determined
the overall solidification structure.

In contrast to the above, some solidification processes have
produced preferential fcc solidification in similar alloy compositions.
Vitek et al.[l-2] investigated the solidification of several commercial
stainless steels using a laser beam melting and splat quenching
techniques. They found that primary fcc solidification became
favored over primary bcc solidification as the cooling rate increased.
Elmer et al.B] examined the effect of solidification rate on the
solidification of Fe-25wt% Cr-Ni ternary alloys using an electron
beam melting technique, and confirmed the above results. They also
showed that fcc dendrites selectively grew from the "matching
substrate” even if the "substrate" consisted of fcc-bec duplex
structure. A similar tendency was observed in laser beam surface
melting[+3] and in capacitor discharge welding.[6] Mizukami et al. [7]
investigated the casting of Type 304 stainless steel on copper chill,
and found metastable fcc primary solidification to occur near the
chill surface. The prevalence of fcc solidification in chill casting and
substrate quenching was also reported in Fe-Ni alloys.[8.9]

In the case of laser and electron beam welding, it is obvious
that the phase selection is controlled by growth, since nucleation is
not required. Vitek et allll considered that metastable fcc growth
resulted from larger underccolings at high growth rates. Bobadilla et
al.l¥ attempted to explain the preferential fcc solidification by the
use of the KGT (Kurz-Giovanola-Trivedil10l) model, a dendrite growth
model for constrained growth. The tip temperature of an fcc dendrite
was calculated to be higher than that of a bcc dendrite at the higher
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growth rate even in a primary bcc alloy composition. They therefore
concluded that fcc growth is dominant over bcc growth in the
presence of a positive temperature gradient ahead of the growing
dendrites. However, the mechanism of fcc growth is still
controversial.[ll]

The case of chill casting is different from that of welding in that
nucleation is required, and so some degree of undercooling can be
anticipated before solidification begins. Mizukami et al.[’l measured
the melt temperature of a chill cast stainless steel by embedding a
photo-diode at the chill surface, and found that the melt was
substantially undercooled at the chill interface prior to sclidification.
Numerical analyses also demonstrated the existence of undercooling
ahead of the advancing solidification front during chill casting,
assuming planar growth.[12-14] In such cases, the temperature
gradient is negative from the advancing front to the undercooled
liquid, whereas it is positive in the solid toward the chill.

The mechanism of phase selection in chill casting is still
unclear. There is a nucleation barrier at the chill interface, which
leads to undercooling at the chill prior to solidification. Once
solidification starts, growth proceeds into undercooled melt. In this
respect, chill casting is similar to gas-cooled solidification by the
levitation technique described in the previous chapters. Conditions
unique to chill casting are the presence of the chill/metal interface
which may act as a preferred nucleation site, and the presence of
heat flow through the solid to the chill. Therefore, one or both of
these two factors may cause different phase selection in chill casting
from that in gas-cooled solidification. However, few investigations
have been conducted on the phase selection behavior of Fe-Cr-Ni
alloys during chill casting.

In this chapter, rapid solidification of two Fe-Cr-Ni alloys via
chill casting is investigated. Upon equilibrium solidification, one of
the alloys used is primary fcc, and the other is primary bcc. The
phase selection of these alloys in chill casting is presented, and
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compared with those in gas-cooled solidification by a levitation
technique. Effects of nucleation and growth on phase selection in chill
casting are discussed.

2. Experimental

Two Fe-Cr-Ni alloys were used: Fe-17.5Cr-12.2Ni (alloy A) and
Fe-18.5Cr-11.3Ni (alloy B). The locations of both alloy compositions
are indicated on the pseudo-binary phase diagram of the Fe-Cr-Ni
system at 70 wt pct Fe shown in Figure 1, where the diagram was
calculated using Thermo Calc(15l, Alloy A is primary fcc on
equilibrium solidification and alloy B primary bcc as seen in the
figure; this was also verified by zone melting. The purity of these
ternary alloys is more than 99.95 wt pct; impurities are carbon,
silicon, manganese, nitrogen, and oxygen, and the concentration of
each impurity is less than 0.01 wt pct. The preparation of these
alloys was described in the previous chapter.

Figure 2 shows a schematic diagram of the apparatus for the
levitation experiment. An alloy sample of mass 0.5 g (0.05g) was
electro-magnetically levitated and induction-melted in an
atmosphere of argon and 4% hydrogen. Then the melt was cooled by
flowing high-purity helium. During the cooling, the melt sample was
dropped onto a solid chill substrate or quenched into an In-Ga liquid
metal chill bath at an appropriate undercooling level before
nucleation.

Solid chill substrates were made from various materials:
copper, fully ferritic stainless steel (AISI 444, Fe-19Cr-2Mo), fully
austenitic stainless steel (AISI 310, Fe-25Cr-20Ni), pure alumina
(Al;03) and pure zirconia (Zr,03). The volume ratio of a chill
substrate to an alloy sample was approximately 12:1. The surface of
the chill substrate was polished with a 600-grit SiC paper, and the
chill was placed 50 mm below the levitated sample.
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During levitation, the thermal history was measured by using
high-speed pyrometry, as described in previous chapters. In chill
casting, the temperature measurement was valid until the sample
started to fall, but the sample must have been further undercooled
during the fall and after reaching the chill. The increase in
undercooling during the fall was estimated from the cooling rate
before the fall and the time necessary for the free fall to the chill
surface. This undercooling increase was approximately 10 K, and was
added to the undercooling measured before the fall; therefore,
undercooling values reported in this chapter are the sum of these
two undercoolings. However, because of an additional increase in
undercooling after the sample impacts upon the chill, the final
undercooling prior to nucleation was not determined. The
undercooling measurement during levitaton was useful to assure a
minimum undercooling of the melt droplet before casting. In
addition, a CCD camera capable of 60 frames per second was used
during each experiment to verify that nucleation did not occur
during the fall.

Table 1 lists the number of samples cast on each chill
successfully (i.e., without nucleation during the fall), and the
undercoolings of those samples. Chill casting using copper and In-Ga
liquid metal bath were extensively conducted, and various
undercooling levels were attained, up to approximately 100 K. For
other chill materials, a few samples were made for each. For a given
undercooling and chill material, some variation in structure was
obtained from sample to sample, apparently depending on
metal/chill contact ( and hence heat transfer coefficient). Results
described in the following section represent results typical of each of
the methods of solidification, and illustrate the trends observed. The
effect of undercooling prior to casting on structure was not as clear
as the effect of chill material. Using the copper chill, samples were
chill cast from different undercooling levels, but the change in
microstructure was not consistent with increasing undercooling prior
to casting. Therefore, in this chapter, the effect of chill marerial is
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mainly described using samples which were similarly undercooled
prior to chill casting.

Optical microscopy was used to observe the microstructures.
Samples were cut perpendicular to the chill surface, and regions near
the chill interface on the cross-section were closely examined. The
microstructure was revealed by electrolytic etching in an aqueous
solution of 10 vol pct sulfuric acid at 4 V for 5 to 10 s. Concentration
distributions of Cr and Ni were measured using computer-aided
microprobe analysis (CMA)[16l, Two-dimensional profiles were
obtained by step-scanning over the area of interest on the as-
polished cross-section of a sample. Operating conditions of the CMA
were: an acceleration voltage of 15 kV, a beam current of 1 pA, a
beam size (also the distance of each step scan) of 1 um, and a beam
irradiation time of 20 ms per point.

3. Resuits

3.1 Solidification of Alloy A

Figure 3(a) shows the microstructure of a sample which was
undercooled by 51 K and then solidified while levitated (gas-cooled
solidification). In this solidification process, the primary phase to
solidify from the undercooled melt is metastable bcc. The
equilibrium solidification mode of alloy A is primary fcc followed by
eutectic bcc plus fcc formation in interdendritic regions (AF mode).
In the microstructure of the levitated sample, bcc (dark) is located at
dendrite cores and has a skeletal morphology indicating primary bcc
solidification. Also, as shown in Chapter IIl, the primary bcc was
confirmed by the solute distribution in a mushy zone and by
secondary recalescence for fcc formation. The metastable bce
solidification was obtained for undercoolings greater than 20 K.
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When a levitated droplet of alloy A was undercooled and then
chill cast before recalescence, a different structure resulted. Figures
3(b), 3(c) and 3(d) show structures of samples cast onto chill
substrates of copper, ferritic stainless steel, and alumit...,
respectively. The micrographs near the chill show a clear contrast to
the gas-cooled solidification sample. Fcc grows from the chill;
primary fcc solidification is evident throughout the sample for all
chills used. However, close examination reveals that tiny bcc
dendrites appear sparsely at the interface; some are seen as separate
dendrites and others as clusters of cells as shown in Figure 4. They
are certainly dissimilar to the surrounding matrix, and some of them
exhibit Ni depletion in the measurement of solute distribution as an
indication of bcc solidification. These bcc dendrites cease to grow
within twenty microns of the interface. They are longer and more
numerous in the samples cast against the alumina and stainless steel
chills and less in the samples cast against the copper chill. In the
vicinity of the chill, some fully fcc regions without any eutectic bcc
are observed; in this region of some samples, there is a layer right at
the chill which seems to be non-dendritic or featureless as shown in
Figure S. Beyond this zone, solidification becomes dendritic, and the
structures change gradually from fully fcc to fcc with interdendritic
eutectic bcc. Casting on the austenitic stainless steel chill resulted in a
similar structure to that obtained using a ferritic stainless steel chill,
while casting on zirconia resulted in a structure similar to that
obtained with an alumina chill.

3.2 Solidification of Alloy B

Figure 6(a) shows the solidification structure of alloy B
obtained by gas-cooled solidification with an initial undercooling of
60 K. In this solidification process, the primary phase is bcc; the
equilibrium primary phase is favored even in an undercooled
conditon. The microstructure is similar to that in Figure 3(a),
showing skeletal bcc (dark) at dendrite cores. The primary becc was
stable at all undercooling levels investigated (up to 190 K).
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Figures 6(b), 6(c) and 6(d) are chill cast structures; samples
were undercooled by levitation and then cast against a copper,
ferritic stainless steel, and alumina chills, respectively. In contrast to
gas-cooled solidification, metastable fcc solidification is extensively
observed in the vicinity of the chill for all chill materials used. Fcc
dendrites (bright) are found to grow from the chill surface for some
distance; beyond these, dendrites of primary bcc (dark) are formed
in an equiaxed manner. The region of metastable fcc is a few
hundred microns for the copper chill, and less for other chills.
Formation of bcc dendrites at the chill surface is more distinct than
in the case of alloy A; they are seen between fcc dendrites at the
copper and ferritic stainless chills. In some parts of the sample
surface cast against the alumina chill (normally, at the center of the
chilled face), growth is first of bcc, then changes to fcc solidification,
and finally back to bcc solidification again. The bcc-fce-bee sandwich
structure is seen in Figure 6(d).

3.3 Solute Profiles in Samples cast on Solid Chills

Figure 7 shows the distributions of Cr and Ni in an alloy A
sample cast on a copper chill. The partition of both Cr and Ni are not
significant up to approximately 100 um from the chill surface, and
become more noticeable beyond this zone. Beyond 100 um, both Cr
and Ni are generally depleted at dendrite cores, the degree of
partitioning being greater for Cr. Some dendrites reveal the
enrichment of both solutes at the center of the solute-depleted
dendrites; the solute-rich cores are also visible in cast structures of
both alloy A and B as shown in Figure 8. As discussed in the previous
chapter, the solute-rich cores result from the rapid solidification of
primary fcc with accompanying non-equilibrium solute partition
ratos.

Figure 9 shows the distributions of Cr and Ni in the chill cast
structure of alloy B; the sample was cast onto a copper chill. The
region of primary metastable fcc is clearly identified in the profile of
Ni; the partitioning of Ni in this region is insignificant. On the other
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hand, the partitioning of Cr is also insignificant up to about 50 um
from the chill, but beyond that, dendrites in this region are depleted
in Cr, which is typical of fcc solidification(17.18], Solute-rich cor-s are
observed in the fcc dendrites in the microstructure, as shown i
Figure 8(b), but corresponding solute enrichment is not clearly
identified in the profiles shown. Within the region of the primary bcc
solidification, dendrites are enriched in Cr and depleted in Ni: the
concentration of Ni is increased in interdendritic regions. The profiles
in this region are typical of conventional primary bcc solidification
(FA mode)[18.19],

3.4 Structures of Samples Quenched in the Liquid In-Ga Chill Bath

Figure 10 shows microstructures of alloys A and B which were
quenched into the In-Ga liquid bath from the undercooled liquid
state. The cooling rate, i.e., the rate of heat extraction, is much higher
than that attained in chill casting processes. Figure 10(a), which is for
alloy A with an initial undercooling of 27 K, reveals a fully fcc
structure consisting of very fine cells. No trace of ferrite growth can
be identified at the surface, and even the cellular structure of fcc is
unclear up to 30 um from the surface; this region probably results
from either planar growth or partitionless growth. Figure 10(b),
which is of alloy B with an initial undercooling of 28 K, shows a fully
fcc region about 100 pm from the surface. Similar to Figure 10(a), no
trace of ferrite growth is visible at the surface. The growth
morphology of fcc is fine cellular, but this becomes unclear in the
vicinity of the surface. Coarse bcc dendrites were found to originate
between fcc cells and then grow inward. It is interesting to note that
the coarse bce dendrites have well-developed branches in contrast to
fine fcc cells at their roots.

When the initial melt undercooling was larger (i.e.,
approximately 100 K) prior to quenching into an In-Ga liquid bath, a
region of bcc dendrites and a region of fcc dendrites were both found
in one specimen. This was observed in both alloy A and alloy B, as
shown in Figures 11(a) and 11(b), respectively. Each region is clearly
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defined; the dark region is for bcc dendrites and the bright region for
fcc dendrites. High magnification micrographs of each region is
shown in Figures 11(c) and 11(d). Bcc dendrites have very well-
developed fine branches (Figure 11(c)), and they do not seem to be
either thickened or ripened significantly. In contrast, fcc dendrites
look cellular-dendritic where side branches are limited or coarsened
already (Figure 11(d)). These structural features are observed in
both alloy A and alloy B. It is interesting to note that both macro-
and microscopically similar structures were obtained in the two
alloys which have different equilibrium primary phases. The
evolution processes of the structures are not clear; it is possible that
both phases form concurrently or one forms epitaxially on the other
phase. Micrographs of the boundary between the two regions are
shown in Figure 12. Fcc dendrites are aligned in a certain direction,
and macroscopically bcc dendrites also seem to be aligned, displaying
columnar patterns (Figure 12(a)). The boundary, on the other hand,
seems to be rough, and does not show any particular relationship
between the two phases.

4. Discussion

Table 2 summarizes the phase selection behavior of alloy A and
alloy B. The equilibrium primary phases of alloy A and alloy B are fcc
and bcc, respectively. In gas-cooled solidification, the primary phase
of alloy A was bcc for initial undercoolings greater than 20 K, while
the primary phase of alloy B was always bcc regardless of
undercooling. On the other hand, chill casting of alloy A from the
undercooled liquid produced an fcc structure, and chill casting of
alloy B produced a predominantly fcc structure near the chill and bcc
in the rest of the sample.

The dominance of fcc solidification in chill casting is obvious in
both alloys, which is in contrast to the dominant bcc solidification in
the case of gas-cooled solidification. Alloys cast against solid chills
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contained small amourts of tiny bce dendrites at the chill. This
indicates that bcc exists concurrently with fcc at the nucleation stage
and during the early stages of growth. Then, after growth
competition, fcc dominates the growth behavior.

The heat extractive capacity of the chill material appears to
play a role in phase selection. There is no indication from these
results that the crystal structure of the chill material affects epitaxial
selection. Preferential fcc solidification was consistently observed in
both alloy A and B at the chill regardiess of the crystal structure of
the solid chill material. The thickness of the metastable fcc region in
chill cast alloy B was greater for the copper chill than for stainless
steel or alumina chills, and the amount of retained tiny bce dendrites
was less at the copper chill. Bcc dendrites were observed in samples
cast against the fcc stainless steel chill as well as against the bcc
stainless steel chill. No trace of bcec growth was observed at the
surface of samples cast in the In-Ga liquid chill, but bce nuclei or
small bcc dendrites may have been present in sections not observed.
The results obtained herein are fully consistent with the conclusion
that it is the heat extraction capacity of the chill materials that
determines the structural difference observed.

The rate of heat extraction from the growth front by the chill
decreases with time after the melt impacts upon the chill
substrate.[20:21] Therefore, the influence of high heat extraction rate
is most significant for the nucleation and the initial stages of growth.
This is the unique feature of chill casting in determining the phase
selection as compared with gas-cooled solidification. The nucleation
of bce and fcc can be made more nearly simultaneous due to rapid
cooling in chill casting, even though the nucleation of bcc is preferred
from the undercooled melts of both alloys. High heat extraction rates
probably change the contributions of thermal and kinetic effects on
the growth, and as a result, may enable fcc to grow selectively. The
mechanism of phase selection during chill casting is to be discussed
further in a different chapter.
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When fcc grows selectively from the chill, the growth
morphology is sometimes unclear. For example, a region up to 20 um
from the chill interface seems featureless, as shown in Figure 5.
Another example is shown in Figure 13, where a sample of alloy A
was cast onto a copper chill from the slightly undercooled liquid state
(AT = 7 K). The structure seems featureless up to a few tens of
microns from the chill, then changes to fine cells as it goes inward,
and finally changes to dendrites with bcc in the interdendritic
regions. These changes are apparently caused by the decreasing rate
of heat extraction from the growth front as the increasing distance
from the chill. On the other hand, even directly at the chill,
"featureless" regions of bcc have not been observed. Bec is observed
to have well-developed dendrites with branches even at the chill, as
shown in Figure 4(a).

Another typical contrast between fcc and bcc can be seen in
Figure 10(b). While fcc has a cellular morphology, bcc has a dendrite
morphology in the same region. The tendency is consistent in Figure
11(c) and Figure 11(d). Bcc dendrites exhibit well-developed side
branches, while fcc dendrites are cellular-dendritic. These clear
morphology differences were not observed even when both phases
coexisted during gas-cooled solidification.

5. Conclusions

Phase selection in the chill casting of two Fe-Cr-Ni alloys was
investigated: one is primary fcc (alloy A: Fe-17.5Cr-12.2Ni ) and the
other is primary bcc (alloy B: Fe-18.5Cr-11.3Ni). Undercooled melt
samples were cast onto different chills such as copper, stainless
steels, and ceramics, or into a liquid metal chill, and the phase
selection results were compared with those obtained during gas-
cooled solidification of the same alloys. The conclusions obtained in
the present study are:
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(1) In chill casting, the dominant phase to solidify is fcc throughout
the sample in alloy A, and metastable fcc near the chill in alloy B.
The phase selection is in contrast to the preferential bce solidification
observed in gas-cooled solidification of both alloys.

(2) Preferential fcc solidification is found in all chilled samples. In
alloy B, the region of metastable fcc growth tends to be greatest in
samples cast in the liquid metal and against the copper chill, and
least at the ceramic chills. Small dispersed bcc dendrites are
observed in samples cast against all of the solid chills, suggesting
nearly concurrent nucleation of bce and fcc. The length and amount
of these bcc dendrites are least at the copper chill and largest at the
ceramic chills. No retained bcc dendrites were observed in samples
quenched into In-Ga liquid, but they may exist in small quantities.
Preferential fcc solidification and its priority are not affected by the
crystal structure of the chill material, but by the heat extraction rate
produced by the chill. Based on these results it is concluded that both
fcc and bec nuclei exist on chill casting in quenched samples but that
fcc growth is favored over bcce by heat extraction of the chill
material.

(3) Growth morphology of fcc is likely to be fine cellular or
sometimes featureless in the vicinity of the chill, while bcc tends to
exhibit a well-developed dendritic morphology. Solute partitioning is
insignificant for both Cr and Ni near the chill surface.
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Table 1: The number of samples cast against each chill and the
undercoolings (AT) attained in those samples. Note that AT is
the undercooling prior to casting which is the sum of the
measured undercooling during levitation and the estimated
undercooling during falling onto the chill. The sample must
have been additionally undercooled after reaching the chill

prior to nucleation.
Alloy Chill # of Samples Undercoolings (AT)
made prior to casting (K)
Alloy A Copper 8 7,30,46,50,71, 74, 94, 102
Ferritic S.S. 2 39, 50
Austenitic S.S. 2 62, 65
Alumina 2 064,74
Zirconia 1 66
In-Ga bath 5 0,27,50, 105,110
Alloy B Copper 8 3,50,50,73,75,78, 81, 106
Ferritic S.S. 3 37,49,53
Austenitic S.S. 1 40
Alumina 3 41,58,64
Zirconia 4 67,71,87,89
In-Ga bath 3 28,98, 100
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Table 2 - Preferred Growth Structure of Two Fe-Cr-
Ni Alloys

Alloy A Alioy B
Fe-17.5Cr-12.2Ni Fe-18.5Cr-11.3Ni

Equilibrium fcc bce
Eree bce (AT220K) -
Levitation | mixed
(AT<20K)
Chill foc fcc

Casting (near chill)
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Figure 1 - Pseudo-binary phase diagram of the Fe-Cr-Ni alloy system
at 70 wt pct Fe calculated using Thermo Calc(10l, The locations
of the two alloy compositions, A and B, used in the present
study are indicated in the figure.



147

Quartz Tube
Power Suppiy

450kHz 10kW Levitation Coil

Two-color Digital Computer
Pyrometer  Oscilloscope

05g¢g
Specimen
- - - -

Ar+H2, He
-
-
vacuum
Chill Block =} Liquid Metal
(Cu, Al203, Quenching Bath
etc.

Figure 2 - Schematic diagram of apparatus for levitation melting.
Undercooled melt samples were either solidified while
levitated (gas-cooled solidification), or cast on a chill block
made of various materials, or quenched into the liquid In-Ga
bath.
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Figure 3 - Solidification structures of alloy A (Fe-17.5Cr-12.2Ni): (a)
developed by gas-cooled solidification with an initial
undercooling of 51 K, (b) chill cast onto a copper substrate (A'T=
71 K), (¢) chill cast onto a ferritic stainless steel substrate (AT=
39 K), and (d) chill cast onto an alumina substrate (AT= 64 K).
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Figure 4 - Bcc dendrites observed at the chill surface in the cast
structure of alloy A: (a) cast onto an alumina substrate (AT= 64
K), and (b) cast onto a copper substrate (AT= 71 K).
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Figure 5 - Microstructure of alloy A cast onto copper chill (AT= 71K).

The sporadic thin layer of bcc dendrites is followed by a
region which seems non-dendritic in 20 um from the chill.
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Figure 6 - Solidification structures of alloy B (Fe-18.5Cr-11.3Ni): (a)
developed by gas-cooled solidification with an initial
undercooling of 60 K, (b) chill cast onto a copper substrate (AT=
78K), (¢) chill cast onto a ferritic stainless steel substrate (AT=
49 K), and (d) chill cast onto an alumina substrate (AT= 64 K).
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Figure 7 - Distributions of Cr and Ni in a solidification structure of
alloy A cast onto copper chill (AT= 71 K).
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Figure 8 - Solute-rich cores seen in fcc dendrites in the form of
crosses: (a) alloy A cast onto a copper chill (AT=71K), and (b)

alloy B cast onto a copper chill (AT= 78 K).
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Figure 9 - Distributions of Cr and Ni in the solidification structure of
alloy B cast onto a copper chill (AT= 78 K).
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Figure 10 - Microstructure of specimens quenched into an In-Ga
liquid bath from the undercooled liquid state: (a) alloy A (AT=

27 K), showing a fully fcc, fine cellular structure, and (b) alloy
B (AT= 28 K), showing a fully fcc zone (bright) for about 100 um

from the surface, and an adjacent region of coarse bcc
dendrites (dark).
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Figure 11 - Structures of samples quenched into an In-Ga chill bath
from the undercooled liquid state: (a) alloy A, AT= 105 K, (b)
alloy B, AT= 98 K, (¢) a typical structure of the region of bcc
dendrites (alloy A, AT= 105 K), and (d) a typical structure of
the region of fcc dendrites (alloy A, AT= 105 K).
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Figure 13 - Structure of an alloy A sample which cast onto a copper
chill from the slightly undercooled liquid state (AT =7K).
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Chapter V - Rapid Dendrite Growth during Chill
Casting

Abstract

A dendrite growth model is derived for solidification during
chill casting, based on existing models of dendrite growth and
stability. The model involves the combined effects of the undercooled
melt and the chill as effective heat sinks. The situation considered is
commonly encountered in rapid solidification processes. The
significance of the proposed dendrite model and the stability of
dendrite growth in such situations are discussed.
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1. Introduction

The important features of chill casting are the presence of high
heat extraction rate by the chill and the presence of substantial
undercooling in the liquid. This situation is common in solidification
processes including strip casting, melt spinning, splat cooling, spray
coating and so on. In these processes, very high heat transfer
coefficients between the melt and the chill substrate, often more
than 10® W m-2K- 1, were estimated.[1-3] Therefore, high rates of heat
extraction from the melt can be achieved by the chill. On the other
hand, temperature measurements of melts at chill surfaces have
indicated that the melt can be substantially undercooled prior to
solidification, often more than 200 K.[I Numerical analyses assuming
planar growth have also demonstrated the existence of undercooling
ahead of the advancing solidification front during chill casting.[5-7]
Therefore, both chill substrate and undercooled melt can be effective
sinks for the latent heat when crystallization occurs from a chill.

The dendrite is the most common morphology of solidification
in the above rapid solidification processes. However, dendrite growth
resulting from chill casting has not previously been modeled
adequately. Dendrite growth models have been developed in two
categories thus far. The LKT (Lipton-Kurz-Trivedi) modell8l and the
BCT (Boettinger-Coriell-Trivedi) modelld are both for free dendrite
growth into the undercooled melt. They assume a negative
temperature gradient in the liquid and no gradient in the solid. Thus,
all the latent heat released at the interface is assumed to be removed
by the undercooled melt, and adiabatic conditions are maintained
overall. On the other hand, the KGT (Kurz-Giovanola-Trivedi)
modell10! is for constrained growth, and assumes a positive
temperature gradient in both the liquid and the solid. Thus, all the
latent heat is assumed to be extracted by the solid, but the exact heat
balance is not taken into account because of the constrained
temperature gradient assumption. The thermal field in chill casting
does not match any of the existing models, but is a hybrid of the
above two categories. The dendrite tip will grow into the undercooled
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melt, and heat evolution at the dendrite tip occurs both into the
undercooled melt and through the growing solid towards the chill.
Consequently, the temperature gradient is negative in the liquid and
positive in the solid. A dendrite model which considers the combined
effects of both temperature gradients needs to be developed based
on the existing models.

In this chapter, a dendrite growth model for chill casting is
derived using an approach analogous to that of the existing models(8-
11, Thermal balance and the stability of growth morphology are
modeled taking into account the combined effects of the negative
temperature gradient in the liquid and positive gradient in the solid.
The effect of the external heat extraction rate and the stability of
dendrite growth in the chill casting situation are discussed.

2. Model: Dendrite Growth with Heat Extraction

2.1 Dendrite Tip Undercooling in the Presence of Heat Extraction

A dendrite growth model for chill casting was developed based
on the LKT® and BCT(9! models. Heat extraction from a growing
dendrite tip through the solid has been incorporated. Therefore,
terms related to thermal diffusion and the stability criterion were
modified. Assumptions relevant to the present model are:

an isolated dendrite growing into an undercooled melt
steady-state growth with a constant velocity, V

dendrite tip has the shape of a paraboloid of revolution
isothermal solid/liquid interface

diffusion controlled heat transfer in the liquid

heat extraction from the tip along the growth direction into
the solid with a constant rate of J (per unit area and unit
time)
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Other assumptions related to mass transport and various
undercooling effects are identical to those of the above models.
Schematics of the dendrite tip and corresponding temperature
distribution are shown in Figure 1 (symbols in the figure are
explained below).

The governing equation for the temperature field in the liquid
is written as the following for a coordinate system moving at the
velocity of V:

2. v,0T _
V‘T'(;["')g—o (1)

where T is the absolute temperature, V is a tip velocity, and oy is the
thermal diffusivity in the liquid. When the variables A and r are
defined as A=z+r,and r = 4/x2+y2+22, then Eq. (1) can be rewritten
asl12.13]

QEI,L(L,L_V ydL - o (2)
a2 A 2aL’ gy

Note that A=p represents the surface of the paraboloid of revolution,

(x2+y2) (3)

The boundary condition at the solid/liquid interface is given by

JoT
-k |—
Lankzp

AHV-# + It (4)

where kK is the thermal conductivity of the liquid, AHs is the latent
heat of fusion per unit volume, V is a vector for the growth velocity
(ie., |V |= V) directed to the positive z-axis, J is a vector for the heat
extraction (i.e., ITI =J) directed to the negative z-axis, and & is a unit
vector normal to the solid/liquid surface and directed into the liquid.
The second term of the right-hand side (RHS) in Eq. (4) is the heat
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extraction effect in chill casting. Using the variable A, Eq. (4) is
rewritten asl12.14]

9T\ . _1 (VAH,-J 5
(a—;j)kp 2kL( £-J) (S)

Egs. (2) and (5) yield

AH; Vp

Vp VE,¢ Vp, J
CpL 2ar P

_ P
Tp Tw_ ZGL ZGLI ZkL

exp(

Ve e Ve,
exp( E, (2011_’ (6)

ZaL’

where T, is the dendrite surface temperature, T, is the melt
temperature, Cp. is the specific heat of the liquid per unit volume,
and E;(u) is the exponential integral function defined by

E(u) =j &du (7)
u

Letting R and T, be the dendrite tip radius (=p) and tip temperature
(=T,), respectively, and using the thermal Péclet number P
(=VR/2ay) and the Ivantsov function, I,(P)= P exp(P) E;1(P),[13] Eq. (6)
is finally written in the form of a thermal undercooling at the tip:

Tip - T = g (AH - {0 1P (8)

The solution (Eq. (8)) is intuitively understandable as compared
with the existing expression of the thermal undercooling(8.9:111, That
is, in the presence of external heat extraction, the heat (AHf) which is
generated at the tip and expected to diffuse into the undercooled
melt is reduced by the heat extraction, J/V.

2.2 Stability of Dendritic Growth

The transport analysis can only specify a product of V and R;
therefore, a stability criterion is necessary as the second equation to
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determine unique values for V and R. The stability criterion of
Mullins and Sekerkall5] was extended to high thermal-Péclet-number
regimes by Trivedi and Kurz[16l. They introduced thermal stability
parameters: §; and &s for the liquid and solid, respectively, in
addition to the solutal stability parameter &c from Mullins and
Sekerka. According to their result with a relationship, R=A[28], the

marginal stability criterion is[16]

where

-Tw? - [k G &L + ksGsEs ] + m G.E. =0 (9)

' = Gibbs-Thomson parameter (= y/ASs)

y = solid/liquid interfacial energy

AS¢ = entropy of fusion

w = wave number (= 2x/A)

A = wavelength

k. = weighted conductivity of the liquid (= ki / (kg +ks))
ks = weighted conductivity of the solid (= ks/(kj +ks))
GL = temperature gradient in the liquid

Gs = temperature gradient in the solid

Gc = concentration gradient in the liquid

my, = slope of the liquidus line

The liquid and solid have different thermophysical properties,
and even two possible solid phases differ in thermophysical
properties. Therefore, full expression of thermal stability parameters
EL and &s is employed in the present study; they are written as

(1+k)(-144[1+—L
o*P?

EL= (10)
K(14af 14—y s (B+, [pP+—1_)
o*P} o*P}
(1+x) (B+, B +—Lo)
gs= oh (11)

k(1l+ 1+—1 )+ (-B + ﬁ2+ 1 )
o*P? o*P?
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where « is the ratio of thermal conductivity of the liquid to that of
the solid (= k./ks) and g is the ratio of the thermal diffusivity in the
liquid to that in the solid (= ay/ag). o* is the stability constant (=
1/4x2 ~ 0.025)18:17], The solutal stability parameter, &, is given as

Ec=1+ 2k (12)
1-2k-a/ 14+—1
o*P?

where K is the partition ratio at the solid/liquid interface, Pc is the
solutal Péclet number (=VR/2D), and D is the solutal diffusivity in the
liquid.

From the above thermal analysis, G; and Gs are defined as
follows:

2P,

GL=-

(AH;- &) (13)
Gs=kJ—S (14)

The definition of the concentration gradient, G, is identical to that in
the earlier workI(8.11], That is,

_ =2CoP.(1-k)
" R (1-(1-K)Iv(P.)

(15)

[

where Cj is the nominal solute concentration.

Substituting Gy, Gs, and G¢ into Eq. (9) yields a quadratic
equation:

AVZ-BV+C=0 (16-1)

where the coefficients A, B, and C are:
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A= 16-2
4-0*(1L2Pt2 ( )
_ _KAH( my Co(k-1) )
B kL(l"'K)%L * D(l-(l-k)lv(Pc)ﬁ)%’c (16-3)
- xJ )
c= ki (14x) (EL+8s) (16-4)

By solving the quadratic equation, the velocity V is obtained. Then
the tip radius R is determined, and the contribution of each
undercooling and the total undercooling, AT a1, are also determined,

where
ATiotal = ATy + AT + AT, + ATy (17)

Terms in the RHS: AT,, AT, AT;, and ATy, are the thermal
undercooling, solutal undercooling, curvature undercooling, and
kinetic undercooling, respectively. The thermal undercooling is given
in Eq. (8). Definitions of the other undercoolings are:

_ ___m'/my
ATe =miCo (1- p— ki) (18)
=20
AT, = 2 (19)
ATk = ! (20)
wn

where m'y is a liquidus slope taking into account the deviation from
the equilibrium due to high growth rate, and defined by9!

ke-k(1-In(k/k))
) (21)

m'L = mp(1+

In the above equation, k. is the equilibrium partition ratio, and k is a
partition ratio which is dependent on the velocity of the solid/liquid
interface. The latter, k, is formulated by Aziz(18] as
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_ke+(2V/D)
k= VD) (22)

where aj is a characteristic length on the order of the interatomic

distance in the liquid.[1819] In the expression of kinetic undercooling
in Eq. (20), u is the kinetic coefficient and given by

2 R (23)

where Vs is the speed of sound in the liquid[9:20], and Rgis the
universal gas constant.

2.3 Calculation using the Model

Calculations were carried out for Fe-18.5Cr-11.3Ni alloy and
different heat extraction rates. Although bcc is the equilibrium
primary phase in the Fe-18.5Cr-11.3Ni alloy, the calculations were
conducted for both bcc and fcc in order to examine the effect of
solidifying phase. Numerical data used for the calculations are listed
in Table 1. Thermodynamic data were obtained using Thermo Calci21]
version J with SGTE database. Although some parameters inherently
involve uncertainties about their values,[22] effects of these
parameters are not described in this chapter; parameters affecting
heat extraction effects, such as heat extraction rate and thermal
conductivity (and therefore, thermal diffusivity), are mainly
examined in the present analysis. Various heat extraction rates, such
as 106 to 1011 (W m-2), were applied to the calculations, because a
wide range of heat transfer coefficients at the chill/metal interface
were reported.[i-7]
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3. Resulits

3.1 Growth Morphology

The stability of dendritic growth is the most important issue in
modeling the growth behavior. A sufficiently high positive
temperature gradient in the solid which is caused by heat extraction
toward the chill prevents stable growth of dendrites. This is implied

by Eq. (9).

Figure 2 shows the tip velocity of a bce dendrite calculated as a
function of melt temperature for two heat extraction conditions: one
is for no heat extraction (J=0) and the other for a heat extraction rate
J of 109 W mr 2. When no heat is extracted through the solid, which is
the case assumed by the BCT modell9), the tip velocity can be
determined for almost the entire relevant temperature range: from
the liquidus down to the absolute stability limit for thermal
diffusion. The lower limit may be achieved at extremely low melt
temperatures. On the other hand, when J=109 W m-2, the dendrite tip
velocities are determined at melt temperatures below approximately
1670 K; dendritic growth is not feasible above the temperature. In
other words, in the presence of heat extraction thorough the solid,
plane-front growth is preferential when the melt temperature is
relatively high (T to 1670 K), and the growth morphology changes to
dendritic when the melt temperature is below the critical
temperature. Plane front growth in this situation is discussed further
in the next chapter.

Since Eq. (16) for determining the tip velocity is quadratic, two
velocities are simultaneously obtained for a given condition, as
shown by the solid and dashed lines in the figure; the solid line is
used. Compared with the case of J=0, the presence of heat extraction
increases tip velocities (up to 50 % in this case) at temperatures near
the plane-front/dendrite transition, while it does not affect the
velocities at low melt temperatures (or high melt undercoolings).
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Figure 3 shows the tip radius of a bce dendrite calculated as a
function of melt undercooling for various heat extraction conditions.
As mentioned above, dendritic growth at small undercoolings
becomes infeasible as the heat extraction rate increases. For example,
when J=10%2 W m-2, the tip radius is determined for undercoolings
more than approximately 60 K, and planar growth is expected for
undercoolings smaller than this. At the transition, the tip radius
tends to increase sharply. It is obvious from the figure that the
undercooling necessary for the transition from planar to dendritic
growth increases as the heat extraction rate increases.

Figure 4 summarizes the effect of heat extraction rate on the
transition temperature between planar and dendritic growth, where
the solid line is for the fcc phase and the dashed line for the bcc
phase. When the heat extraction rate is small, i.e., from J=0to 107W
m- 2, dendritic growth is always suitable for both phases. When the
heat extraction rate is between 108 and 109 W m-2, the stability of
dendrites is abruptly lost, and the transition temperature decreases
by 30 to 50 K. In this regime, bcc is more resistant to the transition
from dendrite to plane front than fcc at a given melt temperature.
Then, as the heat extraction rate further increases to more than 109
W m-2, the transition temperature decreases drastically. In this
regime, fcc dendrites are slightly more stable than bec ones against
an increase in the heat extraction rate at a given temperature.

The relationship between dendrite velocity and heat extraction
rate giving the dendritic/planar morphological transition is plotted in
Figure 5. The coordinates used in the figures can be reduced to G
(temperature gradient) versus V (growth rate) which is often used
for illustrating the morphological stability of solidification
productsl23.24. Figure 5(a) is determined by the present model, and
Figure 5(b) by the KGT modell10l for comparison. The difference
between the two models is that the present model for chill casting
considers the thermal balance between heat generation and thermal
diffusion so as to allow thermal undercooling in the liquid; on the
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other hand, the KGT model only assumes a given positive
temperature gradient without considering the above mentioned
thermal balance. While Figure 5(b) defines the region of dendritic
solidification in the portion which has relatively low heat extraction
rate and growth velocity, Figure 5(a) shows the region expanding to
higher heat extraction rates and growth velocities. In Figure S5(a), fcc
dendrites change to plane-front at relatively lower heat extraction
rates than bcc dendrites at a given velocity in the low-velocity
regime; the difference is significant at growth velocities of 0.1 to 1
m/s. On the contrary, bce dendrites change to plane front at slightly
lower heat extraction rates than fcc in the high-velocity regime. In
the case of constrained growth in Figure 5(b), the absolute stability
limit is caused by solute diffusion for both fcc and bec at velocities of
0.1 to 1 m/s; the transition of fcc dendritic to plane front morphology
occurs at a lower velocity than for bcc. Beyond the stability limit,
only planar growth is stable.

3.2 Effect of Heat Extraction Rate on Dendritic Growth

Figure 6 shows the effect of heat extraction rate on the tip
velocity of fcc and bcc dendrites at various melt temperatures: 1650
K (AT= 77 K), 1600 K (AT= 127 K), and 1500 K (AT= 227 K). it is clear
that dendrites growing into relatively higher-temperature melts (e.g.,
1650 K) undergo the transition to plane front at relatively lower heat
extraction rates than those growing into lower temperature melts.
Heat extraction rate does not exert a significant influence on the tip
velocity until it approaches the critical rate causing the
morphological change. Near the transition to planar growth, dendrites
grow at higher velocities with increasing heat extraction; this is more
obvious at 1650 K than at 1500 K. Tip velocities of bcc are higher
than those of fcc at all three of the melt temperatures; the relative
difference in velocity between the two phases becomes smaller as
the melt temperature decreases.

The effect of heat extraction rate on the tip radius of fcc and
bce dendrites at the given melt temperatures is shown in Figure 7.
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The tip radius noticeably increases only near the transition from the
dendrite to plane front at all three of the melt temperatures. Fcc
dendrites have larger tip radii than bcc ones when growth occurs
into relatively high temperature melts, but the difference becomes
smaller as the melt temperature decreases.

Figure 8 shows the effect of heat extraction rate on the tip
temperature of fcc and bec dendrites at the given melt temperatures.
The tip temperature decreases with increasing heat extraction rate
near the morphological transition. In general, fcc dendrites have
higher tip temperature than bcc dendrites, and the difference
becomes larger as the melt temperature decreases; the difference
seems to be independent of heat extraction rate.

Figure 9 depicts the relationship between the tip velocity of a
bcc dendrite and the thermal Péclet number for various heat
extraction conditions. When heat extraction through the solid is not
present, i.e., J=0, tip velocity and thermal Péclet number show a one-
to-one correspondence; as tip velocity increases, thermal Péciet
increases monotonously, and vice-versa. This is the case at positive
heat extraction rates up to 108 W m-2, In fact, effects of heat
extraction are not observed at these heat extraction rates in Figures
6 to 9. When heat extraction rate is 109 W m-2 or more, the
correspondence between tip velocity and thermal Péclet is no longer
one-to-one. Thermal Péclet number demonstrates a minimam at a
certain tip velocity in this regime. Both the minimum Péclet number
and corresponding tip velocity increase as the heat extraction rate
increases. Similar results were obtained for fcc dendrites, but a given
tip velocity corresponds to a slightly higher Péclet value in the case
of fcc because the tip radius of fcc is likely to be larger than that of
bcec.

3.3 Effect of Thermal Conductivity

In the above calculations, thermal conductivity of the liquid,
fcc-solid, and bcc-solid: ki, Kfee, and Kpec, respectively, are assumed
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to be the same for simplicity. This may be true for some systems(16l,
but the difference between these values of thermal conductivity may
be large in other systems. The liquid usually has a much lower
conductivity than the solid.[5:6] Figure 10 compares the effect of
thermal conductivity of the liquid on tip velocity. Two different
values of ki, 10 and 35 W m- 1K1 were tried while k¢ and kpcc were
unchanged. Thermal diffusivity in the liquid, ay, is correspondingly
changed. It is apparent that a decrease in the liquid thermal
conductivity reduces the tip velocity of both fcc and bee dendrites;
the effect is more pronounced for fcc.

4. Discussion

4.1 Stability of Dendrite Growth

The results of the model indicate that the stability of dendrite
growth is reduced by the presence of a high external heat extraction
rate. As the heat extraction rate increases, planar growth becomes
more stable and higher undercooling is needed for dendritic growth
to be feasible. Figure 4 illustrates this tendency.

From Eq. (9), it is obvious that a planar interface is stable (or
dendritic growth becomes unstable) when

- (ki GEL + ksGsEs ) + m'1G.E <0 (24)

The transition from dendritic to planar growth in Figure 4 is caused
by two mechanisms. One applies in small undercooling regime, and
the other in the large undercooling regime. When the melt
undercooling is small, the temperature gradient in the liquid, Gy, is
not important since the thermal Péclet number is small. Therefore,
the criterion for the transition (Eq. (24)) is determined by the
competition of the temperature gradient in the solid, Gs, and the
gradient caused by the liquid concentration gradient, m;Gc. Gs is
given by dividing the heat flux through the solid, ], by the solid
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thermal conductivity ks. At a certain value of Gs, the condition given
in Eq. (24) holds, and planar growth then becomes stable at any
temperature between the liquidus and the solidus since my Gy is
approximately constant in this undercooling range. This results in the
abrupt change in transition temperature at small undercoolings in
Figure 4. Because my Gc for the bce phase is larger than that for the
fcc phase, the transition from dendritic to planar growth in bce
occurs at higher heat extraction rate than that in fcc.

When the melt undercooling becomes large, the concentration
gradient G¢ becomes insignificant due to the solute trapping effect
defined by Eq. (22). Then the criterion of stability is determined by
G (<0) and Gs (>0). As the heat extraction rate is increased, G|
approaches zero while Gs increases, and eventually planar growth
becomes stable at a certain heat extraction rate. Since the latent heat
of bcc is smaller than that of fcc, G goes toward zero at a relatively
lower heat extraction rate when bcc solidifies, and therefore, the
transition from dendritic to planar growth occurs in bec at a
relatively lower heat extraction rate than in fcc.

The effect of growth velocity on the transition shown in Figure
S can be similarly interpreted. At the plateau observed at growth
velocitdes of 0.1 to 1 m/s, the morphological transition is independent
of the velocity. When the growth velocity is less than 0.1 m/ s, the
effect of velocity and the heat extraction rate on the morphological
transition in Figure 5(a) is almost identical to that in Figure 5(b).
These indicate that the transition is mainly controlled by Gg and
my Gc, and Gy, is not apparently involved up to a velocity of 1 m/s. Bcc
dendrites are stable up to higher heat extraction rates than fcc
dendrites at a given growth velocity up to 1 m/s in Figure 5 (a).

When the growth velocity is more than 1 m/s, higher heat
extraction rates are necessary for the morphological transition to
occur. At the same time, G| increases with increasing thermal Péclet
number, while G¢ approaches zero by the solute trapping effect. The
effect of growth velocity on the transition in this regime can be
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estimated from kG + ksGs = 0 assuming G¢=0 in Eq. (24). Combining
Egs. (13) and (14), one can obtain at the transition:

V=20 (25)
AH;

This indicates that tip velocity and heat extraction rate which define
the morphological transition, have a linear relationship. In fact, the
transition lines at velocities greater than approximately 1 m/s shown
in Figure 5(a) exhibit the same relationship. It is obvious from the
above equation that bcc changes from dendritic to plane front at
relatively smaller heat extraction rates than does fcc at a given
growth velocity, since the latent heat of bcc is smaller.

In summary, stability of growth morphology in chill casting is
discussed in terms of heat extraction rate through the solid, melt
undercooling, and growth velocity. It is shown that the morphological
transition in chill casting behaves similarly to that in constrained
growth as predicted by the KGT model when the growth velocity is
less than 0.1 m/s. As the melt undercooling increases, increasing
growth velocity causes an abrupt increase in the stability of a plane
front interface; then, the transition is determined mainly by
competition between the thermal gradient in the solid and that in the
liquid. It should be noted that the latter case, i.e., the stability under
high heat extraction rate and growth velocity fields, is characteristic
of chill casting situations. Another finding to be noted is that, because
of the difference in thermodynamic properties, fcc is more likely to
be planar than bcc at small to medium undercoolings while bcc is
more likely to be planar at large undercoolings.

4.2 Effect of Heat Extraction Rate on Dendritic Growth

Although heat extraction through the solid apparently affects
growth morphology, it does not modify the tip velocity, tip radius,
and tip temperature of dendrites significantly until the rate of heat
extraction comes close to a certain level. The tendency is depicted in
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Figures 6 to 8. The effect of heat extraction rate on these quantities
only becories noticeable when the ratio of the heat extraction rate to
the growth rate, i.e., J/V, becomes comparable in magnitude to the
latent heat, as suggested by Eq. (8). For instance, since the latent heat
(AHf) is around 109 J m-3, heat extraction rate needs to be also
around 102 W m-2 to be influential to the properties of a dendrite
growing at 1 m/s. When J/V and AHy are comparable, the morphology
transition is likely to occur, as suggested by Eq. (25). Therefore, the
effect of heat extraction on the properties of a dendrite may be
exerted within only a small range of heat extraction rate; the
tendency observed in Figures 6 to 8 is quite understandable. Among
these results, it should be noted that the tip temperature tends to
decrease as the heat extraction rate increases, especially at low melt
temperatures (or high undercoolings). This indicates that thermal
undercooling decreases but kinetic undercooling increases with
increasing heat extraction rate.

Regarding the thermal Péclet number, the following
relationship is obtained from Egs. (16), assuming x = =& =&g =1 for

simplicity:
Py 2 A / —dal_yy (26)
o* o 2AH¢

where solutal undercooling (AT) is neglected since it is very small at
high growth rates due to solute trapping(18]. The above equation
indicates that the minimum Péclet number for dendritic growth
increases in proportion to ¥J in chill casting. For example, P, needs to
be equal to or greater than approximately 0.1 when J=109 W m-2,
which is very large compared to conventional casting practices. In
other words, dendritic solidification in a substrate-quenching process
can only proceed at high growth velocity and thermal Péclet number.
On the other hand, it is obvious that free dendrite growth (i.e., J=0) is
always feasible at any thermal Péclet number.
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4.3 On the Growth Model Incorporating Heat Extraction Fffects

As emphasized already, the thermal field in chill casting results
from a large heat extraction by the chill and a substantial
undercooling in the liquid ahead of the chill. Figures 11(a) to (c)
compare the thermal field at a dendrite tip in three different growth
situations. The dendritic growth considered in the present model has
thermal characteristics which are hybrids of those in free growth and
the constrained growth. In fact, Egs. (8) and (16) in this model are
identical to those predicted by the LKT and BCT models[8% when the
heat extraction rate J is equal to zero. On the other hand, Egs. (16)
can be reduced to the KGT modell10] if the thermal effect is neglected.
In other words, the present model for chill casting can encompass
those existing dendrite models as limiting cases.

The dendrite model for chill casting also demonstrates
correlation between free dendrite growth (LKT and BCT) and plane
front growth limited by interface kinetics[24] as a function of heat
extraction rate. Temperature fields for free growth, the current
study, and the plane front case are shown in Figure 11(a), 11(c) and
11(d), respectively. As the heat extraction rate increases, heat
diffusing into the liquid is reduced, and thermal undercooling (AT;)
therefore decreases. However, the kinetic undercooling (AT)
increases for a given melt undercooling. In the extreme case, a plane
front interface with full kinetic undercooling is favored over a
dendritic one at sufficiently high heat extraction rates.

5. Conclusions

(1) A dendrite model is proposed for chill casting situations. The
model combines the effects of heat extraction through the solid with
the BCT modell of free growth into an undercooled melt. The
corresponding stability criterion is also modified.
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(2)  As the heat extraction rate increases, dendritic growth becomes
infeasible and changes to planar growth. When the melt undercooling
is small, the morphological transition occurs at relatively lower heat
extraction rate and is governed by the competition between the
thermal gradient in the solid caused by heat extraction and that
caused by solute concentration gradient. This behavior is similar to
that in the KGT modell10l, When the melt undercooling is large,
dendritic growth is stable up to high heat extraction rates, and the
morphological transition is governed by the competition between the
thermal gradient in the solid and that in the liquid.

(3) When the melt undercooling is small, an fcc dendrite changes to
plane front at a relatively lower heat extraction rate than a bcc
dendrite because fcc maintains smaller solutal undercooling than bec
during its growth. When the melt undercooling is large, on the other
hand, a bcc dendrite changes to plane front at relatively lower heat
extraction rate than an fcc dendrite because bcc possesses relatively
smaller thermal undercooling effect.

(4) The effect of heat extraction on the properties of a dendrite
becomes noticeable only when the heat extraction rate approaches
the value causing the morphological transition. Within this narrow
range, increased heat extraction increases both tip velocity and tip
radius, and decreases the tip temperature.

(5)  Dendritic solidification during the substrate-quenching process
is shown to proceed at high growth velocity and high thermal Péclet
number when large amounts of heat are extracted through the solid
by the substrate.

(6) Decreased thermal conductivity of the liquid reduces the tip
velocity of both fcc and bec dendrites.

(7)  The proposed dendrite model for chill casting is a hybrid of the
models for free dendrite growth and constrained growth; therefore, it
includes the existing models as its extreme cases. It also gives a
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physical correlation between free dendrite growth and plane front
growth limited by interface kinetics.
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Table 1: Parameter values for Fe-18.5Cr-11.3Ni used for the dendrite tip model.

parameter value ref.
Fe-18.5Cr-11.3Ni
T liquidus temperature (K) (fco) 1722.40
(bee) 1727.61
AHf  enthalpy of fusion (J mol-1) (fce) 11209.61
(bee) 8943.64
ASf  entropy of fusion (J mol-1K-1) (fcc) 6.4678
(bee) 5.6388
ko partition ratio of Cr (lig/fce) 0.8578
Kra partition ratio of Ni (lig/bcc) 0.7710
m siope of liquidus (K wt%-1) (fce) -4.3439
(bee) -6.4793
Cp.  specific heat of ligiud (J mol-1K-1) 43.789
\Y molar volume (m3 mol-1) (liq) 7.71 x10-6
(fec) 7.71 x106
(bce) 7.71 X106
Dcr  diffusivity of Crin liquid (m?2 s-1)
Do diffusion constant (m2 s-1) 2.67 x107 [25]
Q activation energy (J mol-!) 6.69x104 [25]
Dni  diffusivity of Ni in liquid (m?2 s-1)
Do diffusion constant (m?2 s-1) 4.92x10-7 [25]
Q activation energy (J mol-!) 6.77x104 [25]
kp thermal conductivity of liquid (W m-1K-1) 35 [26]
Kre  thermal conductivity of fcc (W m-1K-1) 35
Kbee  thermal conductivity of bec (W m-1K-1) 35
Vs sound velocity in liquid (m s-1) 2000 [9]
ao interatomic distance in liquid (m) 1x109 [27]
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Ztip

Figure 1 - Schematic of the thermal field around a dendrite tip
growing into an undercooled melt during chill casting
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Figure 2 - Effect of melt temperature on the tip velocity of a bcc
dendrite for two heat extraction conditions: no heat extraction
(J=0) and a heat extraction rate J of 109 W m-2.
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extraction rate J is varied from O to 3x1010 W m-2.
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Figure 11 - Schematics of the thermal field around a dendrite tip and
the solid/liquid interface for different growth situations.
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Chapter VI - Preferential Fcc Solidification in Fe-Cr-Ni
Alloys during Chill Casting

Abstract

The mechanism of preferential fcc solidification which was
observed in the chill casting of the undercooled Fe-Cr-Ni alloy melts
is discussed from standpoints of nucleation and growth. It is
suggested that rapid cooling of the melt at the chill can cause
nucleation of bcc and fcc which is nearly simultaneous. An
explanation for selective fcc growth from the coexisting two phases is
proposed.
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1. Introduction

In Chapter IV, fcc solidification was found to be dominant in
the chill casting of undercooled Fe-Cr-Ni alloy melts. Primary fcc
solidification was observed throughout a chill-cast Fe-17.5Cr-12.2Ni
sample, and metastable fcc solidification was dominant in the vicinity
of the chill substrate in Fe-18.5Cr-11.3Ni alloy. These results are in
contrast to the fact that both alloys solidified as primary bcc when
gas-cooled using a levitation technique. Small bcc dendrites were
found to be retained at the chill/metal interface, which suggests that
bcc and fcc nucleated nearly concurrently, and that fcc grows
preferentially out of the coexistence of the both phases. The amount
of retained small bcc dendrites increased as the heat extractive
capacity of the chill decreased. The fcc often seemed featureless up
to several tens of microns from the chill/metal interface, and in fact,
distributions of solutes were nearly uniform in that region. The
difference of morphology between fcc and bcc in the vicinity of the
chill/metal interface was observed in many sampies.

Despite extensive work on chill casting and substrate
quenching of many kinds of alloys, the solidification behavior during
these processes has not been analyzed thoroughly. The features of
these solidification conditions are:

e the melt is undercooled especially in the vicinity of the
chill/metal interface

e alarge amount of heat is extracted from the solidification front
by the chill, especially during the initial stages

Dendritic growth under these conditions was modeled in the previous
chapter. Since a specific crystallographic relationship between the
chill and the cast metal was not clearly observed in the experiment,
the above thermal features are assumed to determine the
solidification products.
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Regarding the preferential fcc growth found in chill casting, the
mechanism is still poorly understood. Recently, Mizukami et al.ll]
stated that fcc is preferred over bcc because the tip temperature of
an fcc dendrite is higher than that of a bcc dendrite in the highly
undercooled condition. This statement is based on results from the
modeling of free dendrite growth; it does not reflect the chill casting
condition. It is still unclear why fcc growth is favored in chill casting.
Moreover, there is also the matter of the nucleation event prior to
growth to be considered. In undercooled melts of Fe-Cr-Ni alloys,
nucleation of bcc is preferred, as indicated by experiments using gas-
cooled solidification. This being the case, the primary issues to be
addressed in interpreting the chill casting results are: (1) why does
fcc nucleate at all?, and (2) why does it grow preferentially to bcc?

This chapter discusses these issues, i.e., the mechanism of the
process which cause preferential fcc solidification. Both nucieation
and growth stages are examined using nucleation theory and the
proposed dendrite model for chill casting, respectively. In addition,
models of plane-front growth are also employed to the latter
discussion.

2. Models

2.1 Nucleation Temperatures during Continuous Cooling

In chill casting, the melt is rapidly supercooled after it impacts
upon the chill.[2] The cooling rate is probably on the order of 106 K/s
or more.[2-6] Nucleation is assumed to occur heterogeneously at the
chill/metal interface. Thus, the nucleation temperature of fcc and bcc
can be calculated as a function of cooling rate as follows, if a contact
angle is assumed.

Following classical nucleation theoryl7-9], surface nucleation rate,
Is, is given by
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ke _AG*
Is—nexp[ o) (1)

where Ks is the kinetic parameter for heterogeneous nucleation (=
1x1029 N m-4)[7.9], v is the viscosity of the liquid, and AG* is the
critical free energy of formation of a nucleus. 1 is estimated by[26,27]

n=1043exp 2341 (N s m-2) (2)
Tr'Trg

where T; is a reduced temperature (=T/Ty), T is the liquidus
temperature, and Tyg is the reduced glass transition temperature
(=0.25)BI, In the case of planar catalytic sites and incoherent nuclei,
the critical free energy AG* is given by

3
AG* = 16n BSL 16 3)
AG?

where ys, is the interfacial energy between the solid and the liquid
and AGy is the free energy of formation of the solid from the liquid
(per unit volume). f(6) is a catalytic potency factor which is a
function of the wetting angle 6 between the nucleus and the
substrate, and is given as f(8)=(2-3cos8+cos36)/4. In the present
study, calculations were made assuming contact angles of 30°, 45°,
and 60°.

AGy can be estimated from the latent heat of fusion, AHs:

AG, = 480D (4)

VTL
where V is the molar volume of the solid phase. The interfacial
energy between solid and liquid, ys,1, is estimated by the following

equation[101;
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asi. AHf (5)

YSiL= (Nv2)1/3

where as/ is a dimensionless interfacial energy parameter ( Afce/liq =
0.86, abee/lig = 0.71)[11.121and N is Avogadro's number.

When a value of 6 is assumed, the nucleation rate Is becomes a
function of temperature alone; therefore, nucleation temperature Ty
can be obtained by integrating the nucleation rate with respect to
temperaturell:

L
IS _
f dT/dt ara T =1 (6)
T

N6)

where S is the metal/substrate surface area, and is assumed to be 2.5
x 10-5 m2. dT/dt is the cooling rate of the specimen.

2.2 Dendritic Growth during Chill Casting

The dendrite model for chill casting has already been described
in the previous chapter. The model assumes that heat evolved at the
solidification front is transferred into both the undercooled melt and
the solid. Figure 1 shows a schematic of the thermal field around a
dendrite tip during chill casting.

2.3 Planar Growth during Chill Casting

As mentioned in the previous chapter, planar growth becomes
more likely in chill casting as the heat extraction rate increases.
Dendrite growth models can be reduced to the model of planar
growth by allowing the tip radius to go to infinity (R—«). Plane front
is assumed to advance into the undercooled meit with thermal
undercooling. A schematic of the thermal field is shown in Figure 2.
The total undercooling, ATyotal, iS given by
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AT ol = ATy + AT + ATk (7)

where ATy, AT, and ATy, are the thermal undercooling, solutal
undercooling, and kinetic undercooling, respectively. AT, is defined as

AT =g—(AH;- ) (8)
p

where C; is the specific heat of the liquid, J is the heat extraction
rate through the solid, and V is the growth velocity. Note that AT can
be not only positive but negative or zero depending on the
magnitudes of J and V. AT¢is given by

ATe=myCo ( 1- TUML) (9)

where my is the slope of the equilibrium liquidus, Cy is the nominal
solute concentration, and m'y is the slope of the liquidus taking into
account the deviation from equilibrium due to the high growth rate.
It is determined byl13]

ke-k(1-In(k/k))
1-k,

) (10)

m'Lsz( 1+

where ke and k are the equilibrium and non-equilibrium partition
rato at the solid/liquid interface, respectively. These are linked
byl14

ke +(aV/D)
k= VD, (11)

where D is the solute diffusivity in the liquid and ag is a
characteristic length on the order of the interatomic distance in the
liquid.[1+15] Finally, the kinetic undercooling ATy is determined
byl10.13]

AT, =Y (12)
v
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The kinetic coefficient u is defined as

n=AHVs (13)
R, T2

where Vs is the speed of sound in the liquid, and Ry is the universal
gas constant.

The stability of plane-front growth is given by the thermal
gradientin the liquid (G ), thermal gradient in the solid (Gs), and the
temperature gradient induced by the concentration gradient (m'; Gc):

GL=- Y AT, (14)
a
_J
Gs= L (15)
and
_-(1-k) VG
Ce=——p5— (16)

Plane-front growth is stable whenl16]
- (kiGL +ksGs) + m' G, <0 (17)

where k;_and ks are the weighted conductivities of the liquid and the
solid, respectively.

2.4 Numerical Calculations

The above models were implemented numerically. Two alloy
compositions which were used in the chill casting experiments, Fe-
17.5Cr-12.2Ni and Fe-18.5Cr-11.3Ni were employed. Thermodynamic
data necessary for the calculation were obtained using Thermo-
Calcll7]. The thermodynamic data and thermophysical data used are
listed in Table 1.
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3. Results and Discussion

3.1 Nucleation in Chill Casting

Figure 3 shows calculated nucleation temperatures for fcc and
bcc in Fe-17.5Cr-12.2Ni during continuous cooling. In the calculation,
the contact angle between the solid nucleus and the substrate was
assumed to be the same for bcc and fec, and angles of 30°, 45° and
60° were used. In the figure, the intersection of one of the calculated
curves with a given cooling curve is defined as the nucleation
temperature of the phase of interest for that cooling rate and wetting
angle. The results indicate that bcc nucleation always takes place
earlier than fcc nucleation during continuous cooling even at cooling
rates as high as 10 K/s. The nucleation temperature of bce can be up
to a hundred degrees higher than that of fcc, depending on the
contact angle. However, the difference seems to be unchanged by
cooling rate. Results were similar for Fe-18.5Cr-11.3Ni.

The occurrence of the nucleation of bee and fee can be made
more nearly simultaneous by increasing cooling rate. Therefore,
coexistence of fcc nucleation with bee nucleation may be possible in
the rapid quenching situation. In general, when a melt reaches its
nucleation temperature, the subsequent temperature increase
(recalescence) is determined by the competition between external
heat extraction and internal heat evolution by crystallization. If the
external heat extraction rate is sufficiently high, the melt can be
further supercooled (or hyper-cooled) in spite of the solid (bcc)
formation. Suppose the cooling rate of the melt in gas-cooled
solidification is 102 K/s and that in chill casting at the chill surface is
106 K/s13:5.6]; it will take only 10-4 s to traverse the 100 K difference
in nucleation temperature in chill casting, while it would take 1 s in
the gas-cooled solidification process. In other words, at a sufficiently
rapid cooling rate, the melt can reach the fcc nucleation temperature
from the bcc nucleation temperature within a time interval
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sufficiently short that the heat evolution by bcc crystallization
remains small. This is schematically illustrated in Figure 4.

In additon, the possibility of fcc nucleation may be enhanced
by the presence of bcc nuclei. It was shown in a previous chapter
that a higher fraction of bcc in the liquid is amenable to subsequent
fcc nucleation in an undercooled condition. This situation can be
attained at the very beginning of solidification by the dense but thin
layer of bcc at the chill interface in the presence of a steep
temperature gradient. This was not confirmed in experiments of chill
casting, however.

In summary, calculations and experiment suggest that bcc
nucleation is favored over fcc in the two alloys studied, at both slow
and rapid cooling rates. On the other hand, fcc nucleates nearly
concurrently in the case of a rapid cooling rate, either from the rapid
supercooling of the melt to the somewhat lower nucleation
temperature of fcc, or through catalytic nucleation at the previously
nucleated bcc, or a combination of both.

3.2 Possible Situations of Preferential Fcc Growth

Figure 5 shows the effect of heat extraction rate on the growth
velocity of fcc and bec dendrites in Fe-18.5Cr-11.3Ni at various melt
temperatures (1650 K, 1600 K, and 1500 K). The results were
calculated via the dendrite model for chill casting proposed in the
previous chapter. It is apparent that the growth velocity of bcc
dendrites is always higher than that of fcc dendrites at the melt
temperatures examined. The difference in growth velocity becomes
smaller as the heat extraction rate increases, and fcc would grow
faster than bcc at melt temperatures lower than 1500 K. An
important piece of information from the figure is that increasing heat
extraction rate does not affect the ranking of growth velocities. In
other words, as long as fcc and bec grow with dendritic morphology,
the advantage of bcc growth would be unchanged at small to medium
undercooling levels regardless of heat extraction rate.



Since Fe-Cr-Ni alloys have narrow freezing temperature ranges,
solute diffusion has an effect on the dendritic growth only at very
small undercoolings, and growth into an undercooled melt is
essentially controlled by thermal diffusion at small to medium
undercocolings. The latent heat generated by fcc growth is
approximately 20 % larger than that by bcc growth. Therefore, as
long as the growth is thermally controlled, the growth of fcc may be
slower than that of bcc. However, when the melt undercooling is
sufficiently large, the kinetic effect becomes significant, and the
growth velocity of fcc can become greater than that of bec. As
mentioned in the previous chapter, the effect of heat extraction
becomes noticeable only when the ratio J/V is comparable to AHs.
However, dendritic growth becomes unstable when the ratio reaches
2AH;. Therefore, the effect of heat extraction rate on growth velocity
of dendrites is exerted only over a small range of heat extraction
rates.

The above calculation of dendrite growth does not support the
experimentally observed preferential growth of fcc from the
coexistence of bcc and fcc nuclei. As shown in the previous chapter,
the ranking of the tip temperature of fcc and bcc dendrites in Fe-
18.5Cr-11.3Ni alloy is changed with increasing undercooling, but is
not changed with increasing heat extraction. Therefore, tip
temperature does not appear to explain the effect of chill casting on
the preferential fcc growth alone despite the prediction by Mizukani
et allll. The effects of parameters of the kinetic effect and solute-
trapping effect were also investigated; kinetic coefficient u was
changed approximately from 0.05 to 3.0 m s-1K- 1, and interatomic
distance ag in Aziz's formula for solute trapping was changed from
10-10 to 10-8 m. However, the results are not strongly suggestive of
the preferential fcc solidification during chill casting. On the other
hand, experimental results are clear and reproducible, as shown in a
previous chapter. Therefore, the actual situation may be more
complex than growth competition between isolated dendrites of fcc
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and bcc in normally expected chill casting conditions. Factors which
may lead to preferential fcc growth are anticipated as follows:

* high heat extraction rate and high melt undercooling
¢ different growth morphology between fcc and bcc

* selective heat extraction through one phase either
geometrically or due to conductivity difference

¢ an interaction between fcc and bcce dendrites

¢ strong fluid flow

* behavior controlled by non-steady state process

3.3 High Heat Extraction Rate and High Melt Undercooling

Tip velocities of fcc and bcc dendrites are calculated for Fe-
17.5Cr-12.2Ni and Fe-18.5Cr-11.3Ni assuming a high heat extraction
rate, 3 x 1010 W m-2, and the results are shown in Figures 6 and 7,
respectively. In both cases, dendritic growth of fcc and bcc is stable
only at high undercoolings or low melt temperatures: up to
approximately 1480 K for fcc and up to approximately 1410 K for
bce. The maximum temperature for dendritic growth for fcc is higher

‘than that for bcc by approximately 70 K. Above the maximum
temperature for dendritic growth, plane-front growth becomes
stable. When the melt is undercooled sufficiently, an fcc dendrite has
a higher velocity than bcc dendrites. In other words, whenever the
growth morphology is dendritic, fcc growth is faster, which is
consistent with observations of preferential fcc solidification.

In light of this result, the issue to be addressed is the
attainability of the required heat extraction rate and undercooling. If
heat transfer at the metal/chill interface is limiting, a heat extraction
rate of 3 x 1019 W m-2 corresponds to a heat transfer coefficient
greater than 2 x 107 W m-2K- 1. Miihlbach et al.[5] evaluated the heat
transfer coefficient at a metal/substrate interface through the
measurement of temperature during the melt spinning of steel on a
CrAl-steel rotating wheel, and reported 108 W m-2 for ideal
metal/substrate contact. The heat transfer coefficient can initially be



203

very high after the melt impacts the wheel, but then decreases with
time. Zhang and Atrens(18] also reported similar high heat transfer
coefficients. Therefore, it is possible to attain very high heat
extraction rates during nucleation and initial stages of growth even
when using a solid chill. If the heat extraction rate is sufficiently
high, then the melt is supercooled at a very high cooling rate, and a
large undercooling can be also achieved. Mizukami et al.2l measured
melt undercoolings of more than 200 K in the chill casting of stainless
steel. In the present study, the likelihood of required heat extraction
rate is increased when the melt is cast into an In-Ga liquid chill bath.
In fact, very fine cellular fcc was observed to grow from the
chill/metal surface in both Fe-17.5Cr-12.2Ni and Fe-18.5Cr-11.3Ni
when these alloys were quenched into the In-Ga bath from the
undercooled liquid state. On the other hand, bcc growth was not
observed within approximately 100 um from the surface, although
bce nuclei were expected to coexist with fcc nuclei at the surface.
This implies that only fcc grew with cell/dendrite morphology from
the coexisting fcc and bcc nuclei.

3.4 Growth Competition between Different Growth Morphologies

The dendrite model proposed for chill casting suggests that
instability of dendritic growth occurs in fcc at lower heat extraction
rates than in bcc when the melt undercooling is small. Figure 8 shows
the calculated tip velocities of fcc and bec dendrites for Fe-18.5Cr-
11.3Ni at the heat extraction rate of 3 x 108 W m-2. The heat
extraction rate corresponds to the heat transfer coefficient of 2 x 105
W mr2K-1, which is closer to values reported for chill casting
processes(+6.191, For undercoolings up to approximately 50 K, fcc
dendritic growth is infeasible, and therefore, bcc dendrites and/or fcc
plane-front can grow into the undercooled melt. Although the
undercooling level is small as compared to levels normally
anticipated 2], the situation seems to be close to actual observations.
That is, in microstructures of chill castings, small but well developed
bcc dendrites were retained at the chill surface, while fcc appeared
to be planar. Assuming the velocity of planar growth of fcc is higher
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than that of bcc, the growth behavior may be as shown in Figure 9.
Planar fcc and dendritic bee coexist after nucleation and grow into
the undercooled melt (Figure 9(a)). Then, since planar fcc grows
faster, fcc eventually encompasses bee dendrites and bec can no
longer grow. This also retards the ripening and coarsening of bcc
dendrites due to the absence of the liquid, and branches of bcc
dendrites are retained in the fcc matrix (Figure 9(b)). As the
solidification front of planar fcc moves away from the chill, heat
extraction rate decreases, and the plane-front interface of the fcc
changes to dendritic one (Figure 9(c)). This sequence can explain the
structure observed in Figures 3 to 5 in Chapter VI.

Then, the issue to be discussed is whether the planar growth of
fcc can be faster than the dendritic growth. Figure 10 compares the
tp velocity of dendrites and the growth velocity of planar fcc, where
the melt temperatures of primary interest is about 1670 K to 1720 K
at which the dendritic growth of fcc is infeasible. When the heat
extraction rate is 3 x 108 W m-2 for both phases, the growth velocity
of a bce dendrite is higher than that of fcc piane-front except for
very small undercooling levels. This is expected as long as the
solidification is thermally controlled and the same amount of heat is
extracted from each phase. Planar fcc can grow faster than dendritic
bce only when more amount of heat is selectively extracted from fcc
than that from bcc, as also shown in Figure 10. As heat extraction
through fcc increases, the growth velocity of planar fcc increases and
a temperature range for preferential fcc growth expands. Note that,
as heat extraction rate increases, planar fcc becomes more stable
while dendritic fcc less. Therefore, the effect of selective heat
extraction through fcc is beneficial only to the competition between
planar fcc and dendritic bec. Selective increase in heat extraction
through fcc might be achieved either geometrically and/or due to
conductivity difference. For example, locally better contact between
the chill and the alloy melt is likely to enhance the nucleation of fcc
and its planar growth, while locally insufficient contact results in low
heat extraction rate leading to the preferential nucleation of bcc and
its dendritic growth. In the previous chapters, it was shown that a
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bce dendrite tends to possess well-developed branches. The mixture
of dendrite branches and interdendritic liquid reduces the apparent
thermal conductivity of the mushy zone due to the low conductivity
of the liquid, and therefore, the heat extraction rate from bcc is
decreased.

3.5 Interaction between Fcc and Bcee

Although a dendrite tip model assumes an isolated dendrite, in
reality growing dendrites may affect each other. In particular, when
more than one phase coexists and grows, the thermal and solute
fields in the liquid are likely to be distorted by the different
characteristics of the dissimilar phases; the thermal field is more
likely to be affected in the case of rapid solidification because of the
longer diffusion distance.

Figure 11 shows the tip temperature of fcc and bcc dendrites
calculated at a given temperature and as a function of heat extraction
rate. It is obvious that the tip temperature of fcc is higher than that
of bcc, and the difference becomes greater as the melt temperature
decreases (i.e., the melt undercooling increases). The difference
between the tip temperatures is almost constant regardless of heat
extraction rate. Suppose fcc dendrites and bcc dendrites densely
coexist; since fcc dendrites have higher interface temperatures than
bce dendrites, bee dendrites may be heated by fcc dendrites so as to
eliminate the temperature difference, which leads to a decrease in
the growth velocity of bcc dendrites. Figure 12 shows the effect of
dendrite tip temperature on the growth rate of fcc and bcc dendrites
in Fe-18.5Cr-11.3Ni alloy. The calculation assumes a heat extraction
rate of 1 x 109 W m- 2. If both phases have the same tip temperature,
an fcc dendrite always grows faster than a bec dendrite. In other
words, the dendrite tip of bcc is more sensitive to fluctuations of the
thermal field than that of fcc. In this case, the effect of chill casting is
only to provide a competition between the two phases by the rapid
cooling of the liquid through the nucleation temperatures. The
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possibility of interaction between the two phases can also be applied
to the competition between planar fcc and dendritic bcc.

3.6 Effect of Fluid Flow in the Melt

Significant fluid flow is expected to exist within the quenched
drop when the melt impacts on the chill. This flow increases the
effective thermal conductivity (and therefore, thermal diffusivity) of
the liquid. As shown in Figure 10 of Chapter V, a higher conductivity
of the liquid increases the growth velocity of fcc more effectively
than that of bcc. On the other hand, the strong fluid flow may affect
even the temperature field near the solid/liquid interface, and may
decrease the difference of interface temperature between growing
dendrites of bcc and fcc. Then, as seen in Flgure 12, the growth of fcc
may be favored.

4. Conclusions

The mechanism of preferential fcc solidification observed in the
chill casting of Fe-Cr-Ni alloys is discussed. Models of nucleation,
dendrite growth in the chill casting situation, and planar growth are
applied to the discussion.

Calculations of nucleation temperature suggests that the
nucleation of bcc is always favored from the undercooled melt
regardless of the cooling rate. However, almost concurrent bcc and
fce nucleation can be achieved by rapid cooling of the melt at the
chill. The formation of fcc nuclei is either from the rapid supercooling
to the somewhat lower nucleation temperature of fcc, or through
catalytic nucleation on previously nucleated bcc.

Several possibilities are suggested for the selective growth of
fcc from the coexistence of fcc and bee nuclei during chill casting. One
is the case of high heat extraction rate and high undercooling. This
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brings about higher growth rate for fcc dendrites than bcc dendrites,
and may explain the structure of the sample quenched into an In-Ga
chill bath. The second possibility is the growth competition between
dendritic bce and planar fcc, which is predicted by the proposed
dendrite model for chill casting. This explains the structure observed
in experiments very well. Selective heat extraction through fcc may
assist the fcc in dominating the dendritic growth of bcc. The
interaction between fcc and bcc dendrites is another possibility. The
distorton of the thermal field in the liquid may heat bcc dendrites,
causing dominant fcc growth. Strong fluid flow in the liquid also
favors the growth of fcc, increasing the effective thermal
conductivity of the liquid or agitating thermal field in the liquid.
These factors may work individually or interactively; the
phenomenon needs further experimental and theoretical
investigation.
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Table 1: Parameter values for Fe-17.5Cr-12.2Ni and Fe-18.5Cr-11.3Ni used for the
calculations involving the dendrite tip model.

parameter ref.
Fe-17.5Cr-12.2Ni Fe-18.5Cr-11.3Ni
TL liquidus temperature (K) (fco) 1726.16 1722.40
(bee) 1721.88 1727.61
AHf enthalpy of fusion (J mol-!) (fcc) 11332.44 11209.61
(bee) 8947.16 8943.64
ASt  entropy of fusion (J mol-1K-1) (fcc) 6.5552 6.4678
(beo) 5.6766 5.6388
K  partition ratio of Cr (lig/fcc) 0.8630 0.8578
kna partition ratio of Ni (lig/bec) 0.7692 0.7710
my,  slope of liquidus (K wt%-!) (fcc) -4.1248 -4.3439
(bee) -6.6132 -6.4793
Cp.  specific heat of ligiud (J mol-1K-1) 43.747 43.789
v molar volume (m3 mol-1)  (liq) 7.71 x10%
(fce) 7.71 x10-6
{bce) 7.71 x106
D¢ diffusivity of Crin liquid (m2 s-1)
Do diffusion constant (m2 s-1) 2.67 x107 [20]
Q activation energy (J mol-1) 6.69x104 [20]
Dxi  diffusivity of Ni in liquid (m2 s-1)
Do diffusion constant (m2 s-1) 4.92x10-7 [20}
Q activation energy (J mol-1) 6.77x10% [20]
kL thermal conductivity of liquid (J m-1K-Is-1) 35 [21]
kie  thermal conductivity of fcc (J m-1K-1s-1) 35
Kbee  thermal conductivity of bee (J m-1K-1s-1) 35
Qyigfec ratio of thermal diffusivity in liquid to in fcc (-) 1.4
Qyighec Tatio of thermal diffusivity in liquid to in bec (-) 1.0
Vo sound velocity in liquid (m s-1) 2000 [13]
ag interatomic distance in liquid (m) 1x10° [22
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Figure 1 - Schematic of the thermal field around a dendrite tip
growing into an undercooled melt during chill casting
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Figure 2 - Schematics of the thermal field around the solid/liquid
interface during planar growth with the presence of
thermal undercooling.
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Figure 3 - Calculated nucleation temperatures of fcc and bec during
continuous cooling. Contact angles between fcc and the
substrate (0¢.,sup) and between bcc and the substrate (Bbee/sub)
were assumed to be equal, and calculations were made
assuming contact angles of 30°, 45°, and 60°. The intersection of
one of these calculated curves with a given cooling curve gives
the nucleation temperature of the phase of interest for that
partcular situation.
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Figure 4 - Schematics of cooling curves ata high cooling rate and a
low cooling rate. If the cooling rate is sufficienty high, the
melt could be supercooled to the fcc nucleation temperature a
very short time after the bcc nucleation temperature is
reached.
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Figure 5 - The effect of heat extraction rate on tip velocities of fcc

and bce dendrites for Fe-18.5Cr-11.3Ni at various melt
temperature: 1650 K, 1600 K, and 1500 K.
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Figure 6 - The effect of melt temperature on tip velocities of fcc and
bcc dendrites calculated for Fe-17.5Cr-12.2Ni at a heat
extraction rate of 3 x 1010W m-2.
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Figure 9 - Schematic illustration of the growth of planar fcc
preferentially to dendritic bcc.
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Chapter VIl - Bce-to-Fee Transformation after Rapid
Solidification in Fe-Cr-Ni Alloys

Abstract

The bcc-to-fee transformation after rapid solidification was
investigated using a levitation melting and undercooling technique.
Three different Fe-Cr-Ni alloy compositions close to the eutectic
composition were examined. Massive transformation from bcc to fcc
was found to occur in every composition when the initial
undercooling is large. The metallographic features of massive fcc are
presented, and the effect of rapid solidification on the transformation
behavior is discussed.
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1. Introduction

Primary bcc solidification of Fe-Cr-Ni alloys is often followed
by the solid-state bcc-to-fee transformation during subsequent
cooling. When the alloy composition is sufficiently close to the
eutectic composition, the transformation proceeds within dendrites
even before solidification is completed. The primary bcc dendrites
shrink, and at typical casting and welding cooling rates, the
remaining bcc is retained at dendrite cores with skeletal or
vermicular morphologiesi!.2l. When the composition is not very close
to the eutectic composition, solidification tends to be fully bee, and
the transformation is likely to occur after the completion of
solidification. As a result, the transformation results in
Widmanstdtten fcc developing from bec grain boundaries(ll,

In the above cases, the bcc-to-fee transformation is diffusional
through the solid, and therefore, occurs via solute redistribution
between bcc and fcc. Fec is depleted in Cr and enriched in Ni, while
bcc is depleted in Ni and enriched in Cr. Unless the alloy of interest
contains a large amount of high-diffusivity solutes such as nitrogen,
the partitioning of Cr and Ni between the two phases is distinct, and
so phase identification from the soiute profiles is possible.

At very high cooling rates, on the other hand, massive
transformation from bcc to fcc can occur. Singh et al.3] investigated
the effect of cooling rate on the bcc-to-fce transformation behavior
from the fully bcc state in Fe-20Cr-10Ni. In their work, massive
products started to replace the Widmanstitten products at a cooling
rate of 100 K/s, and fully massive fcc was obtained at cooling rates of
7 x 103 K/s to 1.5 x 104 K/s. Elmer et al.4l reported a massive
transformation occurring in a Fe-26.4Cr-14.3Ni weld made by a high-
speed electron beam. After solidifying as single phase bcc, the alloy
transformed to massive fcc which was aligned perpendicular to the
solidification direction and exhibited jagged appearance. Among four
different primary bcc alloys investigated, only one alloy showed the



224

massive fcc despite the fact that these alloy compositions were very
close to one another.

The massive transformation is defined as a composition-
invariant plane-front transformation which occurs via short-range
diffusion. However, there is still some controversy concerning the
onset temperature of the transformation(s-8] and the mechanisms of
nucleation and growth including the orientation-relationship
between the parent and product phasesl7.9-12], Therefore, the
massive phase is identified mainly through solute profiles and the
microstructure. Although various morphologies of massive phases
and their grain boundary configurations have been reported(13],
structures formed by massive transformation still have appearances
distinct from those formed by diffusional transformation[34l,
Transformation temperature may also be an indication of the
transformation type; it must be below the To temperature for the
massive transformation, where the Ty is a temperature at which the
free energy of fcc phase having the nominal composition is the same
as that of bcc phase having the nominal composition.

This chapter describes the massive bcc-to-fcc transformation
which was found to take place during gas-coocled solidification of Fe-
Cr-Ni alloys. To the author's knowledge, research on the massive
transformation of Fe-Cr-Ni alloys is very limited so far, and in
particular, massive transformation from "as-solidified" bcc to fcc on
post-solidification cooling has not been examined thoroughly#l. Three
Fe-Cr-Ni alloys were used; two alloys solidified as primary bcc
regardless of undercooling level, and one alloy solidified as primary
metastable bcc at undercoolings greater than about 20 K. Samples
were melted and undercooled by a levitation technique, and
solidified in flowing gas (gas-cooled solidification). Transformation of
as-solidified bcc is discussed in terms of initial undercoolings and
alloy compositions. The above disputed issue, nucleation and growth
of the massive phase, will not be discussed in detail in the present
study. The purpose is rather to investigate the effects of solidification
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conditions and behavior on the subsequent occurrence of the massive
bce-to-fce transformation in Fe-Cr-Ni alloys.

2. Experimental

Three Fe-Cr-Ni alloys were used for the present study: Fe-
17.5Cr-12.2Ni (alloy A), Fe-18.5Cr-11.3Ni (alloy B), and Fe-19.7Cr-
10.3Ni (alloy E). The locations of the three alloy compositions are
indicated on the pseudo-binary phase diagram of the Fe-Cr-Ni
system at 70 wt pct Fe shown in Figure 1. Alloy A solidifies as
primary fcc on equilibrium solidification, but was observed to
solidify as primary metastable bcc at melt undercoolings greater
than 20 K. The alloys B and E are primary bcc on equilibrium
solidification, which was unchanged for any undercooling level used
in the present study. The purity of the alloys used was more than
99.96 wt pct as indicated by the chemical analyses listed in Table 1.
The preparation of the starting materials was the same as described
in the previous chapter.

An alloy specimen of mass 0.5 g (10.05g) was electro-
magnetically levitated and induction-melted in an atmosphere of
argon and 4% hydrogen. After being superheated by approximately
100 K, the melt was then cooled by flowing high-purity helium; the
melt was undercooled and finally solidified while being levitated in
the flowing gas (gas-cooled solidification). Some samples were
quenched into a Ga-25 pct In liquid bath immediately after the
recalescence in order to "quench in" microstructural features. The
thermal history of a levitated specimen was measured using high-
speed pyrometry. Two different data sampling rates, 200 Hz and 200
kHz, were used to measure the whole thermal history and rapid
recalescence event concurrently. The accuracy of the measured
temperature difference (AT) from a fixed reference temperature (e.g.,
the liquidus temperature) was within +7%. The cooling rate of
specimens during gas-cooled solidification is about 100 to 150 K/s
for both the fully liquid state and the fully solid state.
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Microstructures were observed by optical microscopy. Samples
(approximately 5 mm dia.) were cut into halves, and the cross-
section was examined. Electrolytic etching was used to reveal the
microstructure; the electrolyte was an aqueous solution of 10 vol pct
sulfuric acid, and the etching was conducted at 4 V for 5 to 10 s.
Concentration distributions of Cr and Ni in the microstructures were
measured using computer-aided microprobe analysis (CMA). Two
dimensional scanning was conducted by 1 um steps over the area of
interest on the as-polished cross-section of a sample. Operating
conditions of the CMA were: an acceleration voltage of 15 kV, a beam
current of 1 pA, a beam size of 1 um, and a beam irradiation time of
20 ms per point. X-ray diffraction (XRD) analysis was employed to
identify phases in the microstructures. Measurements were carried
out on the as-polished cross section of a sample. The irradiation area
was about 2 x 10-5 m2. Operating conditions for XRD were: an
acceleraiion voltage of 60 kV and a current of 300 mA for the X-ray
source (Rigaku, RU-300) using a copper target, a divergence slit of 1°
and a receiving slit of 0.3° for the diffractometer, and a diffraction
angle, 26, varying from 30° to 100°. Phase identification in a small
area was also attempted by using a micro-diffractometer (Rigaku,
RAD-rA); the measured area is approximately 200 um dia. (3 x 10-8
m?) in this system. Operating conditions of the X-ray source (Rigaku,
RU-200) were an acceleration voltage of 50 kV and a current of 160
mA using a copper target. Diffraction was with 26 scanning from 85°
to 40°.

3. Results

3.1 Structure of Fe-18.5Cr-11.3Ni Alloy (Alloy B) after Gas-Cooled
Solidification

Figures 2(a) and 2(b) show microstructures of Fe-18.5Cr-11.3Ni
(alloy B) which were solidified as primary bcc, with initial
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undercoolings of 14 K and 150 K, respectively. In Figure 2(a),
primary bcc dendrites (dark) are clearly identified in the fcc matrix:
the lacy structure within each dendrite is a mixture of bec and fcc
resulting from the bcc-to-fcc transformation. This final
microstructure is quite similar to the conventional stainless steel cast
structure of primary bcc solidification (FA mode). When the initial
undercooling is 150 K, the final microstructure contains coarse grains
near the specimen surface, as shown in Figure 2(b). Substructures
are not observed within these grains, but there is twinning which
indicates that these grains are fcc. Some grain boundaries are fairly
straight and parallel, while others are irregular. Lacy structures
which are the mixtures of fcc and bcc are seen along some grain
boundaries. These coarse-grained regions extend approximately 500
um from the surface in the sample shown, and the thickness
increases as the initial undercooling increases. The rest of the
specimen, i.e., the core region, consists of well-aligned blocky fcc as
well as lacy structures of an fcc-bee mixture, as shown in Figure 3(a).
Grain-boundary allotriomorphs and the formation of fcc platelets
from them are also observed, as shown in Figure 3(b).

Figure 4 compares the X-ray diffraction results corresponding
to the two structures shown above. Figure 4(a) is for the sample with
an initial undercooling of 14 K. Intensity ratios of diffraction peaks
are nearly in accordance with results expected for a powder
diffraction for both fcc and bec. Figure 4(b) is for the sample with an
initial undercooling of 150 K. Relatively stronger (200) and (311)
peaks of fcc were obtained. This indicates that the structure contains
fcc with a preferred orientation. A relatively stronger fcc (111) peak
was also obtained through diffraction from a sample which was
solidified with similar initial undercooling.

Thermal histories of these samples are shown in Figure 5. The
temperature decreases slowly after a rapid recalescence until the
sample is completely solidified. The time which the sample spends in
the semi-solid state depends on the initial undercooling; it becomes
shorter as the initial undercooling becomes larger. After this period,
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the sample is fully solid, and then the cooling rate increases to 100 to
150 K/s. In Figure 5, when the initial undercooling is 14 K, a
temperature rise is observed while the sample is semi-solid (as
indicated with an arrow). The fluctuations in the temperature
measurements are due to sample vibrations. The temperature rise is
probably caused by the bcc-to-fee transformation as discussed in a
previous chapter; the transformation starts in the semi-solid
condition. When the initial undercooling is 150 K, the temperature
rise corresponding to the bce-to-fec transformation is found after the
completion of solidification, i.e., in the solid state (as indicated with
an arrow). The onset temperature of the transformation is
approximately 35 K below the liquidus temperature in the former
case and approximately 90 K below the liquidus in the latter case. In
summary, the bce-to-fee transformation proceeds in the semi-solid
condition when the initial undercooling is small, while it occurs in the
solid state when the undercooling is large.

Transformation temperatures of the samples tested were
determined from cooling curves; the onset of the exothermic reaction
or the change of the slope of a cooling curve was defined as the onset
of the transformation, examples of which have been shown in Figure
5. The results for Fe-18.5Cr-11.3Ni (alloy B) are plotted versus initial
undercooling in Figure 6. The liquidus and solidus temperatures, the
To temperature between fcc and bec, and the fec solvus temperature
were calculated for the nominal composition using Thermo Calcl(18],
and are shown in the figure. For undercoolings up to approximately
60 K, the ransformation temperature is around 1700 K, and for
higher undercoolings, it is around 1650 K; overall the transformation
temperature tends to decrease as the initial undercooling increases.
All of the data points lie below the T temperature.

3.2 Structure of Fe-19.7Cr-10.3Ni Alloy (Alloy E) after Gas-Cooled
Solidification

Figures 7(a) and 7(b) show microstructures of another primary
bcc alloy, Fe-19.7Cr-10.3Ni (alloy E), which were solidified with
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inidal undercoolings of 22 K and 128 K, respectively. When the initial
undercooling was 22 K, most of the resulting structure is typical
Widmanstitten fcc with grain-boundary allotriomorphs, as shown in
Figure 7(a). Blocky fcc is also observed at both inter- and
intragranular regions near the specimen surface, usually connected
to fcc platelets. Figure 7(b) is of a sample with an initial undercooling
of 128 K. The structure consists of blocky fcc grains which have an
angular appearance. These grains seem to be aligned. The grain size
is largest near the surface and becomes smaller towards the inside.
Twinning was observed within some grains. Grain boundaries are
rather straight and often contain the lacy structure signifying an fcc-
bcc mixture. Islands of the lacy structure are also seen inside grains
as if they were entrapped during the grain growth. The angular grain
structures continue 1000 to 1500 um from the surface, and then the
structure changes to the lacy mixture of fcc and bec in the core
region of the sample.

When the initial undercooling was between 22 K and 128 K, the
structure always consisted of a mixture of Widmanstitten fcc and
blocky fcc. The size and amount of blocky fcc increased gradually
with increasing initial undercooling. Structures similar to that shown
in Figure 7(b) were found in several samples with different initial
undercoolings more than 120 K.

Figures 8(a) and 8(b) show X-ray diffraction results from the
structures shown in Figures 7(a) and 7(b), respectively. The
comparison of these two diffraction results indicates relatively
stronger fcc (200) and (311) peaks for the sample with the larger
initial undercooling; this tendency is the same as in the case of alloy
B. Also, some samples which were undercooled similariy showed a
strong fcc (111) peak instead of the (200) and (311) peaks. The
major structural difference between the two samples is the presence
of coarse angular grains spreading from the surface toward the
inside in the 128 K undercooled sample. Those grains are probably
textured fcc causing the above difference. Micro X-ray diffraction
results supported this, as shown in Figure 9; (a) was taken from a
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lacy structure (i.e., a mixture of bcc and fcc), and (b) was taken from
a single coarse grain in the 128 K undercooled sample of alloy E. The
result indicates that those grains seen in Figure 7(b) are fce, and
probably aligned in a preferred orientation. It is noted that the
scanning in the micro diffractometer was conducted from high angle
to low angle, and the sensitivity of the diffraction detector increases
at higher angles.

Distribution of Cr and Ni in the 128 K undercooled sample of
alloy E is shown in Figure 10. Concentrations of Cr and Ni are uniform
and approximately equal to nominal concentrations within each fcc
grain near the surface. Inside the sample, fcc grains become smaller,
and gradually enriched in Ni. Intergranular regions are slightly
depleted in Cr and significantly depleted in Ni, which is probably the
result of residual, intergranular lacy bcc. The partitioning of Ni
between intra- and intergranular regions becomes distinct at the
inside of the sample.

Figure 11 shows the thermal histories of the above samples
with different initial undercoolings. Unlike alloy B, a temperature
rise is not observed while the sample is in the semi-solid condition
even when the initial undercooling is small. When the initial
undercooling is 22 K, the onset of the bce-to-fee transformation is not
clear; it may be defined as being at the place where the slope of the
cooling curve changes (as indicated with an arrow). In contrast, when
the initial undercooling is 128 K, the temperature change from the
transformation is clearly defined. It can be concluded that the bce-
to-fcc transformation gradually proceeds over a relatively wide
range of temperature in the solid state when the initial undercooling
is small, whereas it occurs abruptly in the solid state when the initial
undercooling is large.

Bcc-to-fee transformation temperatures of this alloy are
summarized in Figure 12 as a function of initial undercooling. In the
figure, the temperatures of the liquidus, solidus, To between bcc and
fce, and fcc solvus are included. The transformation temperatures are
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all between the Tp and fcc solvus temperatures, and decrease slighty
with increasing initial undercooling.

Figures 13(a) and 13(b) show microstructures of samples
quenched into an In-Ga liquid bath immediately after the
recalescence from two different undercooled states: 25 K and 125 K,
respectively. When the initial undercooling is 25 K, dendrites seem to
be equiaxed and randomly dispersed in the liquid. It should be noted
that the interdendritic regions were liquid prior to the quench. On
the other hand, when the initial undercooling is 125 K, the fraction
solid is high, and dendrites seem to be aligned in a certain direction.
Coalescence of dendrites is already found to be proceeding near the
surface at this point.

3.3 Structure of Fe-17.5Cr-12.2Ni Alloy (Alloy A) after Gas-Cooled
Solidification

Figures 14(a) and 14(b) show microstructures of Fe-17.5Cr-
12.2Ni alloy (alloy A) after gas-cooled solidification with initial
undercoolings of 51 K and 155 K, respectively. The alloy is a primary
fcc alloy upon equilibrium solidification. However, when the melt is
undercooled by more than 20 K prior to solidification, it solidifies as
primary metastable bcc, which was already described in a previous
chapter. When the initial undercooling is 51 K, primary bcc is
retained with a skeletal or lacy morphology in the final
microstructure, as shown in Figure 14(a). Those morphologies of
retained bcc are the remnants of the transformation from primary
bcce to fee, and they are therefore located at dendrite cores. When the
initial undercooling is 155 K, the structure near the specimen surface
becomes single phase as shown in Figure 14(b). It consists of coarse
grains; the size of the grains is smaller in the vicinity of the surface
than inside. Neither substructure nor retained bcc is observed within
the grains, except for twinning. This single phase region extends up
to approximately 1500 um (out of 2500 um sample radius), and then
the structure changes to the mixture of fcc and retained bcce such as
seen in Figure 14(a).
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Figure 15 shows the X-ray diffraction results for the 155 K
undercooled structure. A very strong fcc (200) peak was obtained,
and the single phase region was assumed to be highly textured fcc.
Solute distributions are completely uniform in the single phas?
region, and no concentration changes are clearly detected even at
grain boundaries.

The thermal history of the 155 K undercooled sample is shown
in Figure 16. A strong, rapid, exothermic reaction is seen
approximately at the end of solidification; the temperature rise is
more than 30 K. This is caused by the transformation from bcc to
single phase fcc.

4. Discussion

The structures shown in Figures 2(b), 7(b), and 14(b) are
obtained with relatively large undercoolings, and are quite different
from those obtained with conventional solidification practices. They
have common features as follows:

- coarse fcc grains occasionally with twinning inside
- uniform Cr and Ni distributions within each grain
- texture-like X-ray diffraction

- abrupt exothermic reaction after the solidification

In all cases, alloys solidify as primary bcc, and the bcc undergoes the
bcc-to-fce transformation. Since the above-mentioned coarse grains
of fcc with uniform composition profiles could not have been
obtained in a diffusional bce-to-fce transformation process, it may be
concluded that they are massive fcc. The reasoning behind this
conclusion becomes obvious when the bee-to-fee transformation
process in those situation is considered, and compared with that in
the cases of small undercoolings.
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Regarding the alloy B, the structure in Figure 2(a) is typical of
conventional cast structures produced by primary bcc solidification
mode (FA mode)!1.2], Since the alloy composition is close to the
eutectic composition (Figure 1), primary bcc dendrites are subject to
the bce-to-fee transformation even during the solidification. The
thermal history in Figure 5 indicates this. As a result of typical
diffusion controlled transformation, prior bcc dendrites changetoa
mixture of fcc and lacy bec while keeping the same overall
morphology. On the other hand, when the initial undercooling is
large, solidification is likely to be fully bcc, which may be facilitated
by the decreasing partitioning with a high rate of solidification. Then,
the bcc-to-fce transformation proceeds in the fully solid state, as the
thermal history in Figure S indicates, and the resulting structure is
either Widmanstatten fcc or massive fcc. In fact, the former structure
was dominant in some samples with intermediate undercoolings, and
massive-like fcc was found to increase at relatively larger
undercoolings. Therefore, as the initial undercooling increases, the
bee-to-fce transformation gradually changes from a diffusional
transformation to a massive one.

The solidification of alloy E is fully bcc regardless of initial
undercooling levels. When the initial undercooling 1is small, this fully
bee solidification mode results in the development of a typical
Widmanstitten fcc structure. The corresponding cooling curve
indicates that the bcc-to-fcc transformation does not proceed
abruptly but gradually. On the other hand, when the massive
transformation becomes dominant in samples with a large initial
undercooling, a clear temperature change can be noted in the
corresponding thermal history. In the microstructure shown in
Figure 7(b), the edges of the angular grains of massive fcc clearly
reveal a planar interface, and the alignment of those grains
corresponds well to the XRD result of preferred orientation shown in
Figures 7(b) and 8. Intraguranular dark spots in Figure 7(b), which
are a lacy mixture of fcc and bcc, seem as if they were entrapped by
the impingement of plane fronts. It should be noted that some blocky
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fcc was also obtained in the 22 K undercooled specimen. This
suggests that massive bcc-to-fcc transformation is feasible in this
alloy composition even when the initial undercooling is small. The
change in microstructure also indicates that the transition from a
diffusional transformation to a massive one occurs gradually with
increasing initial undercooling.

The solidification of alloy A from an undercooled melt occurs
with metastable bcc, and therefore, a strong thermodynamic driving
force for the bcc-to-fcc transformation always exists. When the initial
undercooling is small, the transformation even starts before the
solidification is complete, and the resultant structure (Figure 14(a)) is
basically identical to that in Figure 2(a). When the initial
undercooling is large, the sample solidifies as fully bcc, and therefore,
the solid-state transformation can proceed massively to produce a
uniform fcc phase, as shown in Figure 11(b). Solute profiles are
completely uniform throughout the fcc single-phase region, and even
grain boundaries are not clear in the solute profiles. The exothermic
reaction is more significant and abrupt in this alloy than those in the
other two alloys. The grain size of massive fcc is also the largest in
this alloy. These observations agree with the fact that this alloy has
the largest driving force for the bce-to-fcc transformation among the
three alloys investigated, and therefore the largest interface velocity.

It is clear that initial undercooling significantly affects the
subsequent bcc-to-fee transformation. When the initial undercooling
is relatively small, samples are likely to undergo the diffusional
transformation, either in the semi-solid condition or in the solid
state, producing a Widmanstitten structure whereas, as the initial
undercooling increases, the massive transformation becomes
dominant. One of the important factors which changes with the initial
undercooling and affects the subsequent transformation behavior is
solute redistribution during solidification and the resultant solute
profiles. In order for the massive transformation to occur, a high
degree of solute-uniformity in the parent phase is necessary.[1417]
Solute microsegregation during solidification and following
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homogenization prior to transformation may still be critical to
determining the homogeneity (or heterogeneity) prior to
transformation.

When the initial undercooling is small, partition ratios of the
solutes are equal or close to the equilibrium values. For bcc
solidification, the interdendritic region is enriched in Ni, and fcc
becomes more favored as the solidification proceeds. Therefore, the
excthermic reaction seen in Figure 5 and structures seen in Figures
2(a) and 14(a) are the result from the fcc formation from the
interdendritic liquid and primary bcc solid. As the initial
undercooling increases, the growth velocity increases and the
partition ratios of solutes increase towards unity.[15.18] This reduces
the microsegregation of solutes, and also enables solidification to be
fully bce without reaching the eutectic valley at the terminai stage.
The bcc-to-fce transformation occurs after the completion of
solidification. Even in the solid state, chemical heterogeneity can
facilitate the formation of the transformation product at higher
temperature, while, if the homogeneity is high enough over a
relatively wide region, the transformation can be retarded and is
likely to be massive. In the latter case, initial undercooling needs to
be large enough to bring about partition ratios close to unity. Figures
6 and 12 summarize the effect of initial undercooling on the
transformation temperature, and show the tendency that
transformation temperature decreases with increasing undercooling.
Regarding the structure, when the initial undercooling is
intermediate, i.e., roughly 80 to 120 K, Widmanstitten fcc or the
mixture of blocky fcc and lacy bee is dominant in the final structure,
and massive fcc is obtained dominantly at higher initial undercooling.

Although transformation temperatures seem to be always
below the T temperature in Figures 6 and 12, this is not always true
in practice. Because of the chemical heterogeneity produced by
solidification, this critical temperature could vary locally. Therefore,
diffusional transformation is locally facilitated in solute (Ni) enriched
regions, and massive transformation in other regions, even if the
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overall undercooling is large. A typical example may be seen in
Figure 3, where the lacy bcc is the product of diffusional
transformation while the blocky fcc is from the massive-like
transformation. It is interesting to note that the structure appears to
reflect the alignment of dendrites; lacy bcc probably corresponds to
solute-enriched interdendritic region while blocky fcc to solute-
depleted dendrite core region. As the homogeneity in the as-
solidified condition increases, the comparison between the
transformation temperature and the T, temperature for the overall
composition may be reasonable.

Alignment of the original solidification structure may affect the
subsequent transformation behavior. As seen in Figure 13, when the
initial undercooling is smalil, the dendrites seem to be randomly
oriented, but when the initial undercooling is large, the dendrites are
aligned along a certain direction. These trends correspond to the final
microstructures shown in Figure 7 and also to the X-ray diffraction
results shown in Figure 8. In other words, aligned dendrites at the
larger undercooling can facilitate the massive- like bce-to-fec
transformation.

5. Conclusions

The bcc-to-fece transformation after gas-cooled solidification
was investigated using three different alloys which solidify as
primary bcc. Conclusions obtained are:

(1) The bec-to-fec transformation of Fe-18.5Cr-11.3Ni (alloy B) is
typical diffusional transformation leading to a lacy morphology of
retained bcc when the initial undercooling is small. When the
initial undercooling is large, the transformation occurs in the solid
state, and becomes massive. The resultant structure consists of
coarse fcc grains with a small amount of twinning inside and a
preferred orientation.
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(2) The bcc-to-fce ransformation of Fe-19.7Cr-10.3Ni proceeds in the
solid state regardless of the initial undercooling. When the initial
undercooling is small, Widmanstitten fcc is formed as the result of
the transformation, while massive fcc becomes dominant when
the initial undercooling is increased. The massive fcc has an
angular morphology which is aligned in a certain direction with
planar interfaces. The concentrations of Cr and Ni within each
grain are uniform and approximately equal to the nominal
concentrations.

(3) Fe-17.5Cr-12.2Ni solidifies as metastable bcc and undergoes a
massive transformation to fcc when the initial undercooling is
large. The grain size of massive fcc is the largest among the three
alloys investigated. Massive fcc exhibits high uniformity of solute
concentrations, and X-ray diffraction indicates microstructural
texture.

(4) The occurrence of the massive transformation is clearly identified
in the cooling curves of every alloy by an abrupt exothermic
reaction.

(5) Itis suggested that, as the initial undercooling increases, chemical
homogeneity is increased even in the as solidified condition, and
the massive transformation can occur provided the
thermodynamic criterion is satisfied.
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Table 1 - Chemical compositions of Fe-Cr-Ni alloys used in the
present study (in wt%).

Alloy A Alloy B Alloy E

Cr 17.54 18.51 19.70
Ni 12.17 11.34 10.31
C 0.004 0.003 0.003
Si <0.01 <0.01 <0.01
Mn <001 <0.01 <0.01

P <0.001 <0.001 <0.001
S <0.001 <0.001 <0.001
N 0.001 0.001 0.001
O 0.009 0.008 0.010

Fe+Cr+Ni >99.96 >99.96 >99.,96
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Figure 1 - Calculated pseudo-binary phase diagram of the Fe-Cr-Ni

system at 70 wt pct Fe with the extension of liquidus lines and
the locations of the alloy compositions: alloys A, B and E.
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Figure 2 - Structure of Fe-18.5Cr-11.3Ni (alloy B) after gas-cooled
solidification with an initial undercooling of (a) 14 K and (b)
150 K.
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Figure 3 - Structures observed at the core region of the sample of Fe-
18.5Cr-11.3Ni (alloy B) after gas-cooled solidification with an
undercooling of 150 K: (a) aligned fcc blocks along lacy bcc, and
(b) grain boundary allotriomorphs and platelets of fcc.
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Figure 4 - X-rayv diffraction results obtained from samples of Fe-

18.5Cr-11.3Ni (alloy B) solicified with an initial undercooling of

(a) 14 K and (b) 150 K. which correspond to the structures
shown in Figures 2(a) and 2(b), respectively.
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Figure 5 - Thermal histories of samples solidified with an initial
undercooling of 14 Kand 150 K, which correspond to the
structures shown in Figures 2(a) and 2(b), respectively.
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(alloy B). The transformation temperature was determined by
the onset of the exothermic reaction or the change of the slope
of the cooling curve.
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Figure 7 - Structure of Fe-19.7Cr-10.3Ni (alloy E) after gas-cooled
solidification with an initial undercooling of (a) 22 K and (b)
128 K.
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Figure 8 - X-ray diffraction results obtained from samples of Fe-
19.7Cr-10.3Ni (alloy E) solidified with an initial undercooling of
(a) 22 Kand (b) 128 K, which correspond to the structures
shown in Figures 7(a) and 7(b), respectively.
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Figure 9 - Micro X-ray diffraction results obtained from (a) lacy bcc

mixed with fcc and (b) a single coarse grain in the sample of
Fe-19.7Cr-10.3Ni (alloy E) with an initial undercooling of 128 K.
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Figure 10 - Concentration profiles of Cr and Ni in the sample of
Fe-19.7Cr-10.3Ni (alloy E) with an initial undercooling of 128 K. :
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Figure 11 - Thermal histories of samples solidified with an initial
undercooling of 22 K and 128 K, which correspond to the
structures shown in Figures 7(a) and 7(b), respectively.
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Figure 14 - Structure of Fe-17.5Cr-12.2Ni (alloy A) after gas-cooled
solidification with an initial undercooling of (a) 51 K and (b)
155 K.
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Figure 15 - X-ray diffraction obtained from samples of Fe-17.5Cr-
12.2Ni (alloy A) solidified with an initial undercooling of 155 K,
which corresponds to the structure shown in Figure 14(b).



255

1800

N
\ Fe-17.5Cr-12.2Ni
\ AT = 155K
\
k: +
1700 4 =
3 \ Mo
; P e, b
5 # A
© . Y A%
a 3 =y
£ 5 v
e \i.L 0
1600 \ ™\
3. A
Y )
. v
¥
i
15004 1 2 3 4 5 6
Time (s)
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Chapter VIII - Suggestions for Future Work

1. Modeling of Solute Redistribution during Rapid Solidification of
Multi-component Alloys

The partition ratio of solute at the solid/liquid interface
approaches unity with increasing growth velocity(!.2], a phenomenon
which is called solute trapping. The solute-rich core shown in Chapter
II can probably be attributed to this effect. That is, as the melt
undercooling becomes larger, the growth velocity of a dendrite tip
increases and the composition approaches the nominal composition;
therefore the dendrite core is enriched in solute. However, in the
primary fcc solidification of Fe-Cr-Ni alloys, the partition ratio of Ni is
inherently close to unity, and so a Ni-rich core would not be
expected. Nevertheless, it is obviously present as shown in Figure 14
in Chapter II.

Various formulae have been proposed to predict the velocity-
dependence of the partition ratio[3-7], but they have generally been
developed assuming a binary alloy with retrograde liquidus and
solidus lines. Therefore, the application of these formulae for solute
trapping may not be appropriate in some multi-component alloy
systems. The presence of the Ni-rich core in fcc solidification may
suggest this. For example, from Aziz's modell5l:

_ke+(2V/D)
k= VD) (1)

where Kk is the velocity-dependent partition ratio of a solute at the
solid/liquid interface, k. is the equilibrium partition ratio, ag is a
characteristic length on the order of the interatomic distance in the
liquid, and D is the diffusivity of the solute in the liquid. Although
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this relation is sometimes employed in discussing multi-component
solidification, it was defined for a binary alloy.

The author believes that there is interaction between the
partition ratios of solutes during the rapid solidification of multi-
component alloys. In the fcc solidification of Fe-Cr-Ni alloy, the
stability of fcc is decreased when the partition ratio of Cr approaches
unity while that of Ni is fixed at unity. Therefore, the partition ratios
of solutes in a multi-component alloy need to be linked in order to
maintain a certain thermodynamic criterion even at high growth
rates. Since solute trapping in multi-component alloy systems has not
been well investigated, future theoretical and experimental
investigation of this issue may be worthwhile.

2. Modeling of Overall Microsegregation during Rapid Solidification

In the interest of verifying the above theory, the modeling of
microsegregation during rapid solidification would be of great
importance. Such a model would have relevance to analyses of
solute-rich core structures and massive bcc-to-fcc transformation. A
successful model would predict solute enrichment at the cores of
dendrites during fcc solidification and would determine the degree of
homogeneity of the structure after bcc solidification which is
necessary for the massive transformation. However, only a few
models have been attempted(8-10,17] and some of them(8:17] are
complicated numerical analyses.

The author proposes to divide rapid dendritic solidification into
two regimes to simplify the phenomena: non-equilibrium and quasi-
equilibrium. The former regime would encompass the region of the
dendrite near the tip, where the interfacial growth velocity is
relatively high and the curvature of the interface is also significant.
In this regime, modeling a dendrite as a paraboloid of revolution and
knowing the tip velocity from a dendrite tip modell11-13] one can
geometrically determine the growth velocity of the interface as a
function of position, and then determine a non-equilibrium partition
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ratio.[101 Some correction due to curvature may be added.[14 Beyond
this regime, growth of a cell/dendrite is characterized as lateral
thickening where the curvature of the interface is insignificant. Since
the temperature of this region is at or near the maximum
recalescence temperature, homogenization by solid-state diffusion
(so-called back diffusion) needs to be taken into account. This
situation is basically identical to that modeled by Brody and
Flemingsl15l. Non-equilibrium effects in the first regime are required
to account for the formation of solute-rich cores, while solid-state
diffusion in the second regime is necessary to cause the
homogenization required for massive transformation. The latter
process may also explain the fact that solute-rich cores are not
observed after bcc solidification but after fcc solidification.

3. Experiments with Needle-induced Nucleation

In chill casting experiments, it has been concluded that the
selection of the fcc phase is caused by strong heat extraction by the
chill substrate. Since this heat extraction effect is very large, the
effect of the crystal structure of the chill substrate is unclear, if any.
In gas-cooled solidification, on the other hand, the selection of
solidifying phase is determined by nucleation. Therefore, it has not
been determined which phase, bcc or fcc, can grow faster if nuclei of
both phases are present and there is not any significant effect of heat
extraction.

The use of a needle instead of a planar chill substrate can
reduce the heat extraction effect and still induce nucleation. That s, a
needle made of the material of interest is touched to or pierces an
undercooled melt to become a heterogeneous nucleation site. Similar
experiments were attempted by Herlach et al.[16] Successful
experiments would bring about the controlled nucleation of a desired
phase from the undercooled melt, which subsequently would make it
possible to study the growth of the desired phase. They could also
verify the nucleation behavior discussed in the present study.
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