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Massachusetts Inatitute of Technology
Materials Processing Center
Cambridge, Massachusetts 02139
Tel, (617) 253-3233

June 28, 1982

Dr, Louls Testardil, Manager
Materials Processing in Space Office
NASA Headquarters, EN-1

600 Independence Avenue

Washington, D.C. 20546

Dear Lou,

Enclosed is the Fiscal Year 1981 Annual Report of the Materials Pro-
cessing Center to the National Aeronautics and Space Administration for
Grant No. NSG-7645 which is entitled "The Materials Processing Research
Base of the Materials Processing Center." Three (3) copiles are enclosed
and two (2) copies have also been sent to the NASA Scientific and Techni-
cal Information Facility.

The Annual Report is presented in Lour (4) sections beginning with
a description of the Matevials Processing Center and summary of structure,
goals, and current activities. Section II reports on the initiation of
the Materials Processing Center/Industry Collegium, which now has more
than thirty (30) industry members. Section III reports on the specific
research activities within the thrust sreas of nucleation and rapid solidi-
fication, fluld flow in crystallization processes, and adaptive materials
processing which are supported by NASA Grant NSG~7645. Section IV outlines
the overall materials processing activities at Massachusetts Institute of
Technology, many of which benefit either directly or indirectly from the
NASA supported actlvities, and vice versa.

The Materials Processing Center continues to enjoy much success and
has a current total research volume in excess of $3 million per year.
Substantial progress has been made in broadening the scope of interaction
with industry with the formation of the above mentioned Collegium. This
Collegium not only provides a forum for direct interaction with industry,
but will also provide fellowships, seed funds for research projects, etc,
Qur success to date is directly attributable to the founding and continuing
support of NASA, for which we are very grateful. We look forward to con-
tinued collaboration with NASA,

Sincerely yours,

-

fm
/ ‘// Lca\/l
Merton C. Flemings

Professor Merton C, Flemings, Director

Room 8-407
b

encls.
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I. INTRODUCTION AND SUMMARY

THE MATERIALS PROCESSING CENTER

This is the second annual report of the Materials Processing
Center, describing activities during calendar year 1981,

Our activities grew greatly during this second full year of
the Center's existence. Total funding of the Center grew to
an annual rate of $3.5 Million, and we are particularly
pleased that of this total, approximately $800,000 is
funding by industry.

A generous gift from Toyota Motor Company to MIT established
the endowed Toyota Professorship of Materials Processing,
which has been awarded to the Center Director, Professor M.
C. Flemings., The Associate Director of the Center,
Professor H. K. Bowen, has been awarded the endowed Ford
Professorship of Engineering. 1In addition, Norton Company
has provided funds for three years to permit hiring an
Assistant Professor of Materials Processing, and a search
for this new faculty member is underway.

A major step of the Center has been to institute the
Materials Processing Center/Industry Collegium, which is
described in detail in a separate section of this report.
The central aim of this Collegium is to provide a mechanism
for improved interaction of MPC faculty, staff, and students
with industry. This Collegium is now underway and is
operating in close cooperation with MIT's Industrial Liaison
Program.

The central thrust of activities. of the Materials Processing
Center remains the transition or "action" stages of the
well-known "Materials Cycle" (see Fig. l). These comprise
extraction, processing into bulk materials, processing into
engineering materials, fabrication, recycling, and disposal.
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Figure 1+ Materials Processing steps, as transition stages in {hc
Materials Cycle. {Taken from the "Materlals Cycle” of
the Cosmat Report, Materials and Man's Needs )

We continue to view Materials Processing as the engineering
field that seeks to control structure, shape, and properties
of materials, and to do so in a cost effective way with
acceptable social costs., It lies at the heart of the
broader field of Materials Science and Engineering, linking
basic science to societal need and experience (see Fig. 2).
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Figure 2! Materials Processing as part of Materials Science ond Engineering
i

CURRENT CENTFR ACTIVITIE

47

The Materials Processing Center is organized to enable it to

conduct, or facilitate conduction of, threce specific types
of rescarch programs: (1) discipline oriented research
problems of the type ordinarily conducted by an individual
faculty or staff member, and his associates and students,
(2) technologically rwelated problems that are so broad in
scope that they require effective focused cooperation of a
team of faculty or svaff members, and (3) development of
processing "science" or a "materials processing base" that
cuts across traditional disciplinary and materials boun=-
daries,

The current annual operating budget for the Center is $3.5
million dollars, of which approximately 0 comprises
the central "nucleus" of a broad based grant from the
National Aeronautics and Space Administration., Table I

lists the programs of the Center., These cover a wide range
of activities that fall within four central thrust areas of

the Center -~ areas which the Center views as being at the

*



EER T A
E ] T v

%
R PG g et

heart of its research charter. These are:

e Process innovation and development of now materials
through processing,
Mathematical and experimental modeling of processes
° Computer aided processing.
Economic issues relating to materials processing.

The resecarch programs of the Centev, listed in Table I
involve 19 faculty members, 58 graduate students, 21 and
staff members. Industrial interaction is a keystone of the
Center and a number of programs within the Center involve
such interaction. Approximately $800,000 of the Center's
funding is provided by industry.

INDUSTRIAL ADVISORY BOARD AND THE CENTER INAUGURATION

Our Industrial Advisory Board, comprised of industrial
leaders in materials related industries, continues to be
essential in its role of advising the Center. The members
of this Board and their affiliates are listed in Table II.
"The Board held its second meeting on March 5, 198l and sub-
mitted a report of its conclusions and recommendations to
the Dean of Engineering. An annual meeting is planned.
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o

Advisory Boavd for

Materials Processing centex, M.I,T,

b, Turner Alfvey, Jv,¥
Research Sciontist
Dow Chomical Contral Research

Dr. Donald J, Blickwede

Vice President & Divector
ol Research

Bethlehem Steel Covporation

Dr, Kenneth J. Brondyke
Director

Alcoa Labovatorvies

Aluminum dompany of Ameyica

Dy, Havris M. Burte
Chiet of Metal & Ceramics Div,

Wright Patterson Alv Force Base

Dr. John R, Carvuthoevs
Laboratory Proiject Manager
Solid State Labovatovy
Hewlott Packard Labs

Lr,. Paul A, Fleury

Directory, Materials Research Lab.

Bell Loboratories

De. Rodney F. Danheman

Vice President, Corporate Research

& Development
Reynolds Metals Division

Mr. IFrank B, Herlihy

Viece President, Group Executive

- Hydraulices
Abex Corporation

*s
We regret the passing ol a highly

Board, Dr. Turner Allvey, Jv.

Mr. Winston R. Hindle, Jr.

vVice President, Covporate
Operations

Digital Eguipment Corporation

Mr, John R. Hutehins, IIX
Vice President & Directorn

of Reseavch & DNevelopment
rorning Glass Works

. Anthony D, Kurtz

Mresident

Kulite Semiconductor
Products Ing.

br., Horace N, Lander

Seniow Viece President,
Research & Development

AMAX Molybdenum Division

M. George Mayerw

birector, Metallurgy
& Materials
Science Division

Army Rescarch Office

Dr. Robert Mehrabian
Chiet, Metallurgy Division

- National Bureau of Standards

U.S. bepartment of Commerce

Mr. John H., Morison

Chairman of the Board

Hitchiner Manufacturing
Company, Inc.

valued member of our Advisory
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Chalrman
Tallix Incovporated

Mr, James P, Rechin
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Vice President, Bonded
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Norton Company
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Ot Live of Naval Research

Dr. Maurice B. Shank
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Me, Chavles M. Smith, Jn.

Chairman of the Board

SIPrCO Industries,
Incovporated

D, M.A, Steinberg

Divector of Technology
Applications

rockheed Alvecraft Corvporation
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Managey, Materials
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Mr. Thomas R. Wiltse
Genaral Manager, Central Foundry
General Motors Covporation

Dr. Edward S. Wright
Divector
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II. THE INDUSTRIAL COLLEGIUM

INTRODUCTION

The Materials Processing Center/Industry Collegium was
officially begun on November 1, 1981 after extensive
discussions with MPC Advisory Board Members, faculty and
staff of the Center, and the MIT Administration. The
central aim of this Collegium is to foster mutually
productive relationships between industry and Center
faculty, staff, and students. Response of industry has been
strongly positive and we have now ahead of us much to do to
make the Collegium as effective as it can be.

A full description of the Collegium and its plan of
operation has been prepared in the form of a brochure given
to those companies interested in fjoining. That brochure is
reprinted here in its entirety and comprises the -remainder
of this Chapter of the report.

IR P WS
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An Invitation to join ,
the Materials Processing Center/industry Collegium
at the Massachusetts Institute of Technology
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ienais | essing center/iIngustry Collegium 1s a partnership
ibhished 10 promote innovative research and development programs
nat exchange, and personnel exchange. I1s aim s {0 assist
v profit from MIT research in materials processing, and for Mi1
enefit i nproveda ingustnal interacthion
I special pubhcations, seminars, workshops, and persont
ange he Collegium provides a forum ftor taculty, statt, stugents
Mnal representative 1O exchange 1aeas, develop innovative researc!
iNA carry out cooperative i sSponsored research and development
jrams onented towards specihc qoa




The Materials Processing Center was established in the School of
Engineering at MIT in 1979, The Certer aims to work in concert with
industry and government on broad technological problems relating to
materials production and forming—including aspects of those problems
1 which relate to economic or socieia' costs and benefits. Some current
central activities of the materials processing center are the fellowing

e Electronic Materials Processing Research
¢ Welding and Joining
e Powder Processing/Rapid Saliditication
* Materials Systems
e Ceramic Processing and Engineering Research
e Electroprocessing
e Polymer Processing
e Mainematical and Physica Modeling
e Corrosion Research
e Mechanical Properties ang Metal Forming
e Composites and Non-Destr.ctive Evaluation
e Solidification Processing
e Computer Aided Processing
¢ Chem:ica! Metallurgy
The foregoing activities of *~e Center involve over 20 facully
members, 50 research staft, and .10 graduate students
An important part of the Natenals Processing Center is
Collegium by which companies i« your N stay abreast of new

technology in the Materials Process ng area, influence the course of
processing research at MIT, mee! ‘aculty involved in processing, and
foliow the professional developme *: of ungergraduate and graduate
students. Close contact between ngustrial representatives and students Is
expected to be a particularly fruit!. aspect of Center aclivities



The Center plays a special role in acting as host and intermediary
betweaii MIT researchers end members of your company. Short visits for
research discussions are readily arranged and the Center also
encourages and facilitates personnel exchanges of all types including
¢ Student cooperative work/study programs
e Faculty summer work periods in industry
¢ Visiting scientist appointments at MIT by industrial colleagues
on extended leave
e Shorter visits for special purposes by industrial colleagues
In addition, to keep members abreast of current research oppor-
tunities, the Materials Processing Center makes available periodically
abstracts of current materials processing research, and provides a
comprehensive annual summary of materials processing research at MiT.

Collegiurm members receive Opportunity Briefs not less than twice a year.
Each Oonortunity Brief outlines an area of ongoing research in Materials
Processing at MIT which has long or short range business potential

Following the publication of an Opportunity Brief, interested Col
legium members attend a Workshop where they meet directly with faculty
and students whose work has been summarized in the Brief. With partici
pation from industry, university, and government agencies, Workshops
allow for a fuller exploration of the research and its potential applications.
In addition, Workshops give members an opportunity to suggest directions
for future research and 10 lay the groundwork for future participation in
research programs. Some examples of planned Worksheps include

o Matearials Cost and Availability: 1980-2000

¢ Mathematical and Physical Modeling of Materials Processes
* High Energy Source Processing of Materials

¢ |nnovations in Welding ana Joining

e Rapid Solidification Processing

e Stralegies for Systems Management of Materials Resources
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ITI, MATERIALS PROCESSING RESEARCH BASE

Resecarxch activities conducted under the Materials Processing
Rescarch Base during this second year are in three arecas:
{A) nucleation and rapid solidification, (B) fluid flow in
crystallization processes, and (C) adaptive materials pro-
cessing, The individual programs are listed below, and
detailed rescarch summaries follow.

A, NUCLEATION AND RAPID SOLIDIFICATION

1, 8. M. Allen, "Processing of Sendust-Type Soft Ferro-
magnetic Alloys."

2, M. C, Flemings and J. Szekely, "Convection in Grain
Refining."

3. N. J, Grant, "The Structure and Properties of Rapidly
Solidified High Alloy Aluminum Materials.,"

4, F. J. McGarry, "Rapid Solidification of Polymers."

5. G. J. Yurek, "Development of Rapidly Solidified Oxida~-
tion Resistant Alloys."

6, J. S. Haggerty, "maser Materials Processing Facility."

B, FLUID FLOW IN CRYSTALLIZATION PROCESSES

1. R. A. Brown, "Fluid Flow in Crystal Growth: Analysis of
the Floating Zone Process."

2., D. Roylance, "Numerical Modeling and Optimization for
Polymer Melt Processing Operations.,"

3. D, R. Sadoway, "Studies of Materials Electroprocessing in
Molten Salts."

4. A. F. Witt, "Heat Flow Control and Segregation in Direc-
tional Solidification."

C. ADAPTIVE MATERIALS PROCESSING

l. T. W. Bagur, "Adaptive Control of Welding Processes."
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A. NUCLEATION AND RAPID SOLIDIFICATION

PROJECT Al: PROCESSING OF SENDUST-TYPE SOFT FERROMAGNETIC
ALLOYS

Principal Investigator: Prof. S. M, Allen
Personnel: Mr, E. P. Kvam

RESEARCH ABSTRACT

The specific processing techniques which will optimize the
magnetic properties of an Fe-Si-Al~Ni Sendust-type alloy are
under investigation. The alloy being studied has magnetic
properties comparable to Permalloys but with far less nickel
content and hence less cost. Our objective is to develop a
thorough understanding of the ways in which solidification
processing, deformation processing, and heat treatment can
be best utilized to produce material in suitable shapes,
with excellent magnetic characteristics.

RESEARCH SUMMARY

I, INTRODUCTION

The Sendust composition, Fe~9.6 w/o Si-5.4 w/o A&, has long
been recognized as an alloy with exceptional characteristics
as a soft ferromagnetic material. These are: High
permeability, low coercivity, high electrical resistance,
and reasonably good saturation magnetization. These
excellent properties result primarily from the fact that the
composition has near-zero magnetostriction as well as
near-zero magnetic anisotropy. Unfortunately, the material
is also very brittle and applications in the past have been
limited mainly to cast shapes and to forms made from
compressed powder.
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Two recent studies give promising results with respect to
processing-related improvements for these alloys. The
first is a report by Tsuya et al. ([IEEE Trans. on
Magnetics, 15, 1149 (1979)] of the usce of a melt-spipning
rapid-solidification techniqgue to produce Sendust alloy
ribbons of fine grain size. As cast, these ribbons were
ductile enough to be rolled to 25% of their original
thickness. After anncaling trecatments to optimize magnetic
properties, however, the material was embrittled. The
second study, by Yamamoto and Utsushikawa [Trans. Japan
Inst. Mctals, 19, 3261 (1978)], focussed on alloy
modification through 3 w/o additions of nickel to an Fe=-6
w/0 8i-4 w/o A% alloy. The resulting material was called
Super Sendust because many of its magnetic properties were
superior to those of the ternavy Sendust alloy. Although
the mechanical properties of the alloy were not studied,
there is rcason to expect that it will have better ductility
than Sendust. Nickel additions to soft ferromagnets are
generally belicved to contribute to both magenetic and
mechanical softness. BAlso, Super Sendust has approximately
one-~third less aluminum and silicon, each of which
embrittles iron.

IXT. RESEARCH IN PROGRESS

Senduet alloy buttons have been prepared by vacuum arc
melting. These ingots are then remelted and cast onto the
inside of a rapidly rotating drum to produce thin ribbons
approximately 2 mm wide. The microstructure of the as-cast
ribbons is being studied to determine grain size, grain
shape distribution through the ribbon, and crystal
structure. Ductility of the as~cast ribbon material is also
being characterized.

The magnetic behavior of the ribbon material is under
investigation. 1Initially, we are studying the influence of
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annealing treatments on coercivity. As cast, the ribbons
have a coercive force of approximately 2 Oersteds.
Annealing at 900°C, followed by slow cooling, reduces the
coercive force to approximately 0.7 Oersteds. Further
reductions in cocrcive force should be possible through
thermal treatments, and these are being pursued. At these
low coercivities, the surface condition of the ribbons may
also be important. As cast, the ribbons are rough on the
broad face away from the gquenching wheel. Deformation of
the as-cast ribbons by rolling will be tried as a method to
smooth the surfaces.

Phase transformations in Super Sendust are being studied via
transmission electron microscopy analysis of samples
annealed over a range of temperatures. An order-disorder
transition has been located at about 675°C. The high
temperature phase has the B2(CsCl) structure, while the low
temperature structure is DO_ (Fe_Si or Fe Al) which is
reported to be the desired gtrucgure for the best magnetic
properties in the ternary Sendust alloy. The primary
defects in these phases are antiphase boundaries (APBs). If
antiphase domains are fine enough, APBs may interfere with
magnetic domain wall motion. Our transmission electron
riicroscopy results enable us to estimate antiphase domain
coarsening kinetics at different temperatures, and this
information should prcove useful in optimizing annealing
schedules for r«ducing coercive force.

In summary, our aim is to use a rapid-solidification
processing technique to produce microcrystalline Super
Sendust alloy ribbons. Such material, as cast, has a useful
shape and because of its small grain size and homogeneity,
should have reasonably good ductility. Without additional
processing, however, it has relatively poor magnetic
properties. A combination of deformation processing and
thermal annealing treatments is being designed to optimize

magnetic properties.
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PROJECT A2: CONVECTION IN GRAIN REFINING

Co-Principal Investigators: Prof. M. C. Flemings
Prof, J. Szekely

Personnel: Dr. R, Abbaschian
Dr. C. W. Chang
Dr. M. Choudhary
Dr. N. El-Kaddah
Dr. J. McKelliget
Dr. Y. Shiohara
Dr. G. Oreper
Mr. G. M. Chu
Mr, D. MacIsaac

RESEARCH SUMMARY

The scientific aim of this program is to obtain a better
understanding of the relationship between fluid flow pheno-
mena, nucleation, and grain refinement in solidifying metals
both in the presence and in the absence of a gravitational
field. One ultimate technical aim is to determine ways to
achieve significant grain size reductions in hard~to-process
melts; another is to understand the effects of undercooling
on structure in solidification processes, including rapid
solidification processing; a third is to better understand
how to control this undercooling to improve structures of
solidified melts. The project has been divided into two suls-
tasks. The actual grain refining and supercooling experi-
ments are being carried out by Professor M, C. Flemings'
group, together with thermal modeling of the solidification
process, while the main thrust of the work of Profaessor J.
Szekely's group has been to study the heat and fluid flow
phenomena in the levitated metal droplets.
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The main accomplishments in the heat flow, £luid flow,

modelling area are:

l.

A computational capability has been developed to determine
the electromagnetic force field, the fluid flow field and
the temperature field in induction stirred systems,
including contained cylindrical melts and levitated
spherical melts.

Calculations were carried out for a variety of conditions,
including heat and fluid flow in a metal held in an
inductively stirred cylindrical crucible and levitation
melted specimens both on the ground and in a zero gravity
environment.

Calculations have shown that the fluid flow field is
markedly different for ground base and for zero gravity
conditions. The theoretical predictions for the velocity
fields and the temperature fields were found to be in
good agreement with experimental measurements reported in
the literature. Experimental measurements are being
conducted to study the velocity fields in a low melting
alloy system using hot wire anemometry. This is a
pioneering undertaking which shows considerable promise
in testing the model predictions.

The techniques developed for solving MHD type problems in
molten metal and glass systems and the results generated

are thought to have made an important contribution to
this overall field.

The more important and significant results of the undercooling

and structures research are:

l.

Nickel base alloy samples of approximately 1 g have been
successfully levitated in inert atmospheres and under-
cooled by amounts up to 270°C, and a wide range of grain
sizes and solidification structures obtained, depending
on amount of undercooling and cooling rate.

Two important innovative techniques have been developed
to obtain much larger amounts of undercooling in high
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temperature (iron, nickel, and cobalt base) alloys. In
one of these, the metal is melted and then "emulsified"
(stirred into fine droplets) in a molten oxide or salt.
In the seond, small pre-alloyed metal droplets are
interspersed at room temperature with finely crushed
oxide or salt., The admixture is then melted.

Extremely large undercoolings have been obtained in the
above two me<hods because of the fine particle size and
cleansing action of the slag. For example, in 316
stainless steel, undercoolings up to 480°C have been
obtained, This is approximately 300°C greater than any
undercooling that has been previously recorded for any
iron base alloy, and we do not think we have yet reached
the maximum numbexr. At the higher undercoolings,
metstable BCC steel is obtained in place of the equili-
brium FCC structure. These results are of fundamental
importance in understanding structures produced by
"Rapid Solidification Processing." They also point the
way directly to new engineering processes for producing
controlled solidification structures. The results have
special implications for space processing as discussed
below.

Emphasis of the experimental work at the present time is
on increasing the amounts of undercooling obtainable,
and therefore the types of structures obtainable through
(a) use of alternate emulsification media, (b) increas-
ing rate of heat extraction, and (c) process variations.
One factor that limits applicability of the process in
earth processing is the need, at 1 g, to have the slag
viscosity high enough to prevent settling and coalescence
of the metal particles.
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1. THE MATHEMATICAL AND PHYSICAL MODELLING OF FLUID FLOW IN
CONTAINED AND IN CONTAINERLESS MELTS

In containerless processing applications the metallic speci-
mens are positioned with the aild of an electromagnetic force
field. In ground based applications of this positioning

technique (viz levitation melting) the force field has to be _
very strong, while in space processing applications a much §
weaker force field should be sufficient.

In both these cases the applied force field will generate
an electromagnetically driven flow, the quantitative
assessment of which is thought to be crucial for both the
interpretation of measurements and for the rational design
of in-flight experiments.

This work has the following components:

(i) Calculation of the electromagnetic force field,

(ii) Computation of the fluid flow filelds resulting from
these electromagnetic force fields,

(1il) The verification of the calculations through experi-
mental measurements,

(iv) Interfacing of these results with the grain refining
studies.
(1) Calculation of the Electromagnetic Force Field

The calculation of the electromagnetic force field was per-
formed by using the concept of the mutual inductances. This
work was undertaken by the Space Science Center of the
General Electric Corporation, who delivered a flexible com~
puter program to us(l). This program or some modification

thereof was being utilized to compute the electromagnetic
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force field for spherical specimens processed in a con-
tainerless mode and for cylindrical melts held in crucibles,

(id) Computation of the Fluid Flow Field

A formulation has been developed to represent turbulent,
recirculating £low as driven by the combination of buoyancy
and electromagnetic forces in levitated specimens and also
in molten metals held in cylindrical containers. Theue
latter calculations were performed because extensive
measurements have become available concerning such systems,
against which the predictions may bhe tested.

The general vectorial form of the governing equations is
given as:

V'u = 0O (1)

equation of continuity

. (t)
AL R LR (2)

where V't is the turbulent stress tensor and F, is the body
force field, which in general will include both the buocyancy
and the electromagnetic forces.

The thermal energy balance equation takes the following form:
UyT = vkvT (3)
where k is the effective thermal conductivity.
e
The system of equations (1-3) was solved numerically, uti-

lizing the k - & model to represent the components of the
turbulent stress tensor.
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In essence three sets of calculations have been performed:

(a) The heat and fluid flow field was modelled in a levi-
tation melted specimen under ground based conditions.

(b) Calculations were carried out modelling heat flow and
fluid flow in an electromagnetically positioned metal
sphere under zero gravity conditions, and £finally,

(c) Calculations were carried out to represent the beha-
vior of a molten mercury pool which was agitated by a
current passed through induction coils surrounding
the melt.

Some calculated results are given in the following and some
additional computed results will be given subsequently in
conjunction with measured data,

Figs. 1 and 2 show the computed lift force, acting on a l g
levitated metal droplet, under ground based conditions, for
coil currents of 200A and 300A respectively(z's). Also shown by
the horizontal line is the weight of the Jevitated specimen.
It is seen that the lift force would not be adequate to
levitate for a coil current of 200A, but would be sufficient
for a coll current of 300A. This finding agrees with ex~
perimental measurements. Fig. 3 shows the computed velocity
field and the computed temperature field for a 1 g levitated
specimen, under ground based conditions. It is seen that
the linear fluid velocity is qvite high, of the order of 0.2
- 0.3 m/s and that the temperature in the sphere is not

completely uniform(4’5)-

These predicted linear melt velocities
were again found to be in good qualitative agreement with
observations. Figs. 4 and 5 show the computed velocity and

the temperature fields and the computed turbulence charac-
teristics for a levitation melted Beryllium sphere, under

zero gravity conditions. The input parameters for the

et e e o s
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modelling calculations correspond to those used experimen-
tally in the SPAR 1 runs, It ig noted that the fluid flow
field differs quite appreciably from that computed for the
ground based conditions, exhibiting four rather than two
circulating loops. The theoretically predicted temperature
appears to be in good agreement with that measured in the
experiments,

(iii) Verification of the Predictions, by a Comparison with
Experiments

In this regard, three sets of experimental measurements have
to be considered:
(a) Mass transfer in a levitation melted sphere,

(b) Experimental measurements in an induction stirred
vessel, and

(¢) Experimental measurements in a molten metal pool agi-
tated by the direct passage of a current between two
electrodes.

The former two refer to experiments conducted elsewhere,
while the latter group involves experimentation in our
laboratory.

Mass Transfer in a lLevitation Melted Sphere

Experimental measurements were conducted on the rate at
which a levitation melted iron sphere picks up carbon, when

contacted with a CO,/CO mixture. The overall rate of this
process depends on both the rate of mass transfer in the gas
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phase and on the fluid flow and circulation in the metal
sphere. Flg, 6 shows a comparison between the experimental
measurements and the theoretical predictions, It is seen
that the agreement is quite good, providing direct confir-
mation of the appropriateness of the mathematical model.

Fluid Flow in an Induction Stirred Vessel(77

These experiments wore conducted in the Engineering
Department at Cambridge University, by Dr. Hunt and Mr. D,
Moore, who kindly provided us with theilr data,

Fig. 7 shows a sketch of the experimental arrangement, which
indicates a vessel holding molten mercury, which is being
agitated by induction coils. Flyg. 8 shows the computed
radial body force field, while the corresponding axial com=-
ponent is shown in Fig. 9. The experimentally measured velo-
city fleld is shown in Fig. 10, while the corresponding
theoretically predicted values are given in Fig. 11, The
very good agreement is readily apparent. Fig. 12 shows a
more detailed comparison of the theoretically predicted
(broken lines) and the experimentally measured velocity
field, again giving very reasonable agreement considering
the fact that the theoretical predictions were based on
first principles, Finally, Fig. 13 shows a comparison bet-
ween the experimentally measured and the theoretically pre~
dicted values of the turbulence intensity, again giving very
good agreement.

,,,,,,

In order to provide a direct experimental verification of
the predicted electromagnetically driven flow fielés
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obtained in this laboratory under controlled conditions, an
apparatus has been constructed in which molten Woods Metal
is beilng agitated by the passage of a current between two
submerged eclectrodes, as sketched in Fig, 14, The resultant
velocity fileld will be measured by using a hot £ilm anemo=-
meter, the output of which will be analyzed by a microcom-
puter. The apparatus has been constructed and the
preliminary results are being obtained at present,

(iv) Interfacing the Modelling Work with the Grain
Refining Experiments.

The results of the mathematical modelling efforts do provide
a sound basis for helping with the interpretation of the
grain refining experiments, conducted by Professor Flemings'
group. Work has been initiated in this area, particularly
by modelling the solidification of supercooled melts.

The work done to date may thus be summarized by stating that
major advances have been made regarding the modelling of
turbulent electromagnetically driven recirculating £lows in
both spherical and cylindrical geometries. A capability has
been developed to predict the velocity fields in electro-
magnetically agitated melts, in both the spherical and the
cylindrical geometry.

The model has been verified by a direct comparison with
experimental measurements conducted in other laboratories,
for ground based conditicns and work is in progress to per-
form additional experiments in this laboratory with this
objective. Predictions have also been made regarding the
heat and f£luid flow in a zero gravity environment,
corresponding to one of the previous space experiments. The
predicted temperature fields were in good agreement with the
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Figure 1l: The computed lift force acting on a 1 g iron
droplet for a coil current of 200 A,
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0.30M/S

Figure 3: The computed temperature f£ield and the
computed velocity field for a levitated
iron droplet.
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Figure 4: The computed velocity field and temperature
field for a Beryllium sphere which is induction
heated under zero gravity conditions.
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Figure 5: The computed turbulent kinetic energy (r.h.s.)
and the computed ratio: effective viscosity/
molecular viscosity for a Beryllium sphere
under zero gravity conditions.
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curves for a lovitated iron droplet.



38

ORIGINAL PAGE ES
OF POOR QUALITY

STAINLESS STEEL
PROBE SUPPORT —— L
Hg VAPOUR ExTRACTlon-—Ws% SECONDARY PROBE SUPPORT
pd
[rmr—] N .
Ha0 IN ---mﬁl__ s —Hp 0 IN
PLASTIC SHIELD ——0__ [ TS~WATER GALLERY
COIL TERMINATIONS THIN WATER CURTAIN
_}p \\ /_
o 0
0 5 1l TURN INDUCTION COIL
(W]
. J )
30 cm g o) coIL HO ouT
o 2
D D
0
g 0
0
S MERCURY
- » T[] TANK BASE
COIL Hy0 IN | \ l
| I\
—15 cm  —— \PERFORATED ANNULAR BAFFLES
§ Hg OUT

——CURTAIN Hy0 OUT

Figure 7: Sketch of the experimental arrangements for measuring
the velocity fields in an induction stirred mercury
pool under ground based conditions.



39

0.30

O
o
S
1

o
o3
T

0.12 }

AXIAL DISTANCE (M)

006+

0 04 -08 42 -6 20
(JXB), (N/M3)X 10%

Figure 8: Comparison of the experimentally measured (discrete
data points) and the theoretically predicted radial
body force field for the mercury system.



40

OmGINAL PACGE IS
OF POOR QUALITY

-17.5 -
@]
o]
-12.5 . |
?
_7.54 ° |
N
9 o)
>< i
25 o AXIAL DISTANCE (M)
= 006 \ 0l2 /0i8\° 024 030 |
2 O i \ ' / 1\ 1 O’ )
:N 2.5-‘ (@) O
gﬂ o
= o
7.5 o
-
2.5 - \/
17.5 -

Figure 9: Comparison of the experimentally measured and the
theoretically predicted axial body force field
for the mercury systems.



41

15

Ry
iﬁ‘ﬁpbﬁ

O Leun

N Sy
Wt e &

N e e e o r

— — e s A e
e o e
O w0 O
9] Al 1QV

———— — 1 /'
10

~ l/ll\'c.\.‘

lll’l‘*‘lﬁ - \

~ N TN

A S SN A A A G

A

?

/

1

\

\

\

~

rcém

< —_— ———— B P N yd
~ o~ — > — I SN ~

. o e e PP Ty > >

O

- = A _— P W ey ey iy >

1S

O w0

I

40cm sec!

N §

Scale:

The experimentally measured velocity field in the

ground based mercury system.

Figure 10:



" 42

ORIGIAL PAGE IS
OF FOOR QUALITY

| 1

] -~

[ ¢

-9

s

d e N N N
[ /o=~~~ nnan

Lro-svanin

EEERREE

l\y\--/‘/////,I
A A

L S —— .

I/—*-—o~o\o~..\\\\ \

\‘\\\\\\\
T Y VO W U T O |

.agltllll

*

vl

\‘50——.—‘.—..’_ .‘“'///

R <

0.30

N

O TC).4O'M/S'
O

Figure 11l: The theoretically predicted velocity field in
the mercury system.



43

ORIGINAL PAGE 19
OF POOR QUALITY

measured
- —~-predicted

Figure 12: Comparison of the experimentally measured and
the theoretically predicted axial velocity
component at one practical vertical '‘position
within the mercury system.
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measurements. Work is currently in progress in order to
relate these findings to the grain refining experiments and
to the planning of an experimental program to be conducted
in a zero gravity environment,
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2, EXPERIMENTAL PROGRAM ON NUCLEATION AND STRUCTURE IN
UNDERCCGOLED MELTS

INTRODUCTION

The central focus of this work has been on undercooling and
structural refinements in droplets of molten metal levitated
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in an induction field and/or by dispersion in a fluid
carrier. Initial work, sgmmarized in the last annual report

and in a technical paper was on metal base alloys. More
recent work has been on nickel base and lower melting point
alloys levitated in molten carrier £fluids "7, Major

thrusts of current work are: (1) dispersion of molten alloy
droplets in a high temperature fluid following the proce-
dures developed by Perepezko and co-workers for lower
melting point alloys, (2) obtaining a similar dispersion by
room temperature mechanical mixing of particles of the metal
and solidified liquid carrier, and (3) solidification of
single relatively large droplets in a transparent fluid
carrier, enabling high-speed temperature measurement of the
recalescence and subsequent cooling behavior.

During the last year, it has become evident that work on
undercooling of metal has broad practical implications, both
for space and terrestrial processing, and particularly in
the important technological area of rapid solidification
processing.

As the solidification rate of a metal alloy is increased
progressively from those rates encountered in conventional
casting processees, the structure (dendrite arm spacing) is
first observed to become finer, then supersaturation of the
primary phase may be observed, metastable phases may be
encountered, and ultimately the alloy may sclidify as a
metallic "glass." 1In all of these instances, substantial
undercooling must exist in the liguid in front of the
growing solid front, and in many instances, much of the
undercooling may be developed in the liguid before any soli-
dification begins. For example, the relatively homogeneous
structures, sometimes termed "microcystalline," found in
atomized ultra~fine liquid droplets grobably result from
undercooling in the droplet before. The metastable BCC
phase in atomized Fe~Ni alloys, and stainless steels, '
certainly results from undercooling before nucleation.
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Thus, the question of melt undercooling before nucleation
and its influence on solidification behavior and solidifica-
tion structure is fundamentally important with direct prac-
tical implications. And, as has been pointed out by
Perepezko + this undercooling can be studied not only in
usual "rapid solidification processes" but also, and more
directly, in any of several processes designed to produce
significant undercoolings at relatively low cooling rates
or, more exactly, at relatively low rates of heat extraction
to the surroundings. Examples of such processes are under—
cooling of bulk samples and undercooling of dispersed
droplets, Of course, even though the rate of heat extrac-~
tion to the surroundings in these processes may be very
slow, solidification rate immediately after nucleation is
not. In the ¢ase of small dispersed droplets, the cooling
rate after recalescence may also be quite rapid because of
the temperature difference between the recalesced droplets
and the surrounding fluid.

3. EXPERIMENTAL AND ASSOCIATED ANALYTICAL WORK

Experimental work has been on a low melting alloy, Sn-25%
Pb, and on high temperature alloys, Ni-Sn and IN-100,.

Tin-25% Lead Alloy

The apparatus used for the low melting point alloy is shown

in Fig. 1; it is model%ed after the apparatus of Perepezko

14 . . .
and co-workers . Droplet dispersions are produced in

the apparatus by emulsifying a mixture of the liquid alloy
and an organic carrier fluid (Polyphenylether), at a high
speed (3800 rpm). The atmosphere in the furnace is argon.
'The temperature is kept at 25°C above the melting point
during shearing, which continues for 40 minutes, producing
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fine droplets dispersed in the oil. The emulsified samplews
are then transferred to sealed aluminum pans for analysis in
a differential thermal analyzer (DTA) or a differential
scanning calorimeter (DSC), The emulsified samples are
later ultrasonically cleaned for observation of cross-
sectional microstructures by scanning electron microscopy
(SEM).

Our current work comprises primarily study of metal struc-
tures ags a function of solidification variables (under-
cooling, cooling rate). Working with droplets in the size
range 2 to 30 microns, we can readily obtain undercoolings
up to about 85°C and find the measured undercooling is a
function of the cooling rate in the differential scanning
calorimeter, Fig., 2. Fig. 3 is a typical example of struc-
tures obtained. The dark areas are tin-rich and light areas
lead~rich.

Sn-25% Pb is a two-phase alloy at equilibrium - it would
have approximately 71 wt% tin~rich phase and 29 wt% lead-
rich phase after equilibrium solidification. Note in Fig. 3
that these phases are distributed differently in two
distinctly different two-phase regions. There is a small
circular Pb-rich region (hereafter termed V_) that is
clearly lead rich because of the large volume fraction of
the light colored phase. There is also a larger Sn-rich
region, V_, which has predominantly the darker tin rich
phase. The volume fraction of V_ decreases with increasing
cooling rate before nucleation (and therefore with
increasing undercooling, Figs. 4 - 6). Structure fineness
also increases with increasing undercooling; i.e., spacing
of B particles in the « matrix decreases, Fig. 4. Data in
these figures are for droplets in the size range of 10-15 um.

In this work we have not found, nor have we been searching
for, metastable phases such as those found by Perepezko and
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co~workers. Our central aim has been to study the effects
of undercooling and process variables on structure fineness,
solute redistribution and, where present, supersaturation.
Towards this end, we have begun preliminary study of the
heat flow during solidification of these droplets, and of
several models of solidification behavior, as discussed
below.

Heat Flow in Solidification of Undercooled Droplets

There have been three studies made to date of heat f%?y4’15)
behavior in solidification of undercooled droplets.

These studies have considered droplets that are undercooled
and solidify in a gaseous medium (i.e., atomized droplets).
All assume plane front solidification, and consider resist-
ance to heat f£low within the solid as well as at the
droplet~gas interface. However, the Biot numbers achievable
in practice in usual droplet atomization (Bi<<0.l) mean that
heat flow can be considered Newtonian for purposes of calcu-
lating overall solidification times. Even in Newtonian
cooling, significant thermal gradiants can occur on the
solid droplet and so calculations of G, thermal gradient;
G/R, thermal gradiant divided by growth r?te, etc., require
consideration of heat flow in the solid.

MH pg V dfg = [pg V £ C5 + (1-£.)p; VC

5 lar 4+ gaat (1)

P
In our preliminary work on heat flow analysis in droplets
emulsified in a liquid4 we are using the basic methodology
of Levi and Mehrabian , modified for the different
surrounding medium and are beginning to explore application
of these ideas to alloy (and dendritic) solidificatition.
Our basic model is one in which droplets are emulsified in
oil and cooled uniformly to their nucleation temperature,
TN. Upon nucleation, recalescence occurs creating a tem-
perature difference between the droplet exterior and its
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surroundings so that heat flow occurs both outwards to the
surroundings and inwards to the ligquid core. We assume the
liquid droplets are sufficlently far apart that their ther-
mal fields do not overlap. Our work to date has been using
a Newtonian model so the heat balance relating heat flow
from the droplet to fraction solidified is:

AHp VAE = [p VE Cs+ (1-f )p VA" 14T + cadt.
s s 5 8 p s L p v

where: AH is the latent heat of fusion
V is the volume of metal droplet
£y is fraction solid
pgr and pp are densities of solid and liquid
C,, and Cp are the specific heats of solid and liquid

g is the heat flux to the oil from a metal droplet
A is the surface area of a metal droplet

T is temperature and

t is time

Heat flow to the surrounding still liguid medium is given
not by the convective heat flow correlation used when scoli-
dification occurs in a flowing gas but by the unsteady state
form of the second law of heat conduction:

T

2T o, 230
ar © ¢

1
2 ar (¥ 3R (2)

X

where a is thermal diffusivity of the surrounhding medium and
r is radius. In the example to be given, the solid is
assumed to grow so the remaining liquid is spherical. 1In
addition to the usual boundary cond.*ions, the only other
needed expression is a relation of growth velocity to melt
undercooling. In addition to exploring kinetic coefficients
of the types proposed by Turnbull , and Cahn and co-

17,18) and employed by Levi and Mehrabian(4), we

workers,(
are examing the behavior of the growth front assuming the

solid 1s growing dendritically with a narrow-liquid-solid
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range, and a dendrite tip velocity versus undercooling of
the form

R = aAT"
where a and n are constants with n = 2, Relations of this
form have been obtained by many investigators, and specifi-

cally by Schaeffer and Glicksman, (19)

Combined Solidification and Heat Flow Model

To relate the preceding thermal equations to solidification
variables of an alloy requires some assumptions as to soli~-
dification behavior, and we are beginning to examine some
different possibilities. One example of these is illu~
strated in Fig. 7. Here, solidification is assumed to be
partitionless between Ty and T, so solid composition is C,.
The "T," temperature is calculated from the equal molar free
energies of the liquid and the solid using the regular solu-
tion approximation. The dependence of the temperature on
the molar free energy is calculated from the Gibbs~Helmholtz
relationship. Above T,, the solid composition at the inter-
face is the maximum thermodynamically possible solubility.
This composition is calculated from the intersection of the
molar free energy curve for the solid and the tangent line
to the molar free energy curve for the ligquid at the com-
position as described by cahn,(17)

Combining mathematical description of this solidification
model with the preceding heat flow analysis enables pre-
dicting details of heat flow behavior and some sample com-
puter calculations for Sn-16 at% Pb (Sn~25 wt% Pb) are given
in Fig. 8. The heat extraction during recalescence signi-
ficantly affects thermal behavior and maximum recalescence,
For example, a sample undercooled 60°C reaches a cooling
rate of 105°C/sec just after its maximum recalescence tem-
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perature, as it cools through the eutectic temperature of
183°C (at this time, it is still 0.5 liquid).

Solidification models such as this, to the extent they are
proven valid, will ultimately permit prediction of effects
of solidification variables on structure fineness, and will
also permit prediction of amounts, compositions, and distri-
butions of phases present, including any supersaturation.

We are concentrating our efforts in this direction. Clearly,
the problem is a complex one, and we intend to closely
couple any computational work we do in this regard with
experimental studies.

High Temperature Alloys

Our current experimental work on high temperature alloys is
aimed at developing methods for undercooling droplets of
iron and nickel base alloys. Three independent and related
techniques are being employed. These are (1) emulsification
of droplets in a high temperature liquid carrier (i.e., a
technique similar to the technique of “erepezko and cc-
workers used for lower melting point alloys), (2) dispersion
of fine droplets in a liquid carrier by intimate room tem-
perature premixing of finely divided particles of the metal
with particles of the solidified liquid carrier, and (3)
undercooling of a single large metal droplet in a
transparent slag to permit rapid temperature measurement of
the recalescence and subsequent solidification., Exploratory
work performed to date has been on Ni~Sn alloys and on the
superalloy IN-100, but the techniques being developed are
intended to be applicable to a hroad range of iron and
nickel base alloys.

Droplet Dispersal by Emulsification

The emulsification apparatus for high temperature alloys
which has been constructed is shown schematically in Fig. 9.
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Crucible and stirrer are made of aluminum oxide and all runs
are conducted under argon or nitrogen atmosphere. Rotation
speeds of up to 2000 rpm are used and droplet sizes in the
range of 2~10 um are readlly obtained by separation of the
smaller size droplets from the broader distribution produced
by emulsification. Slags of several glasses including Pyrex
and B O_ have been used with success, and experiments are
also planned with salts,

A high temperature differential thermal analysls (DTA) unit
has been acquired and installed and is being utilized to
study these materials. The unit is a Perkin-Elmer DTA~1700
System which can be used at temperatures up to 1550°C, Fig,
l0a shows a typical DTA curve obtained for droplet samples
of Ni~-34% Sn in the 2-10 um range, vhich were emulsified in
Pyrex. The curve shows undercooling of 2l9°C,

Fig. 10b shows an example of the structure obtained in the
undercooled Ni-34% Sn dispersed in Pyrex. The electron
micrograph is taken after DTA. Interphase spacing is the
order of one micron, which is far finer than that of simi-
larly undercooled bulk specimens.

Range of droplet diameters obtained after DTA is typically
2-~100 pm. Current work in this part of the program is on
obtaining more uniform and finer droplet dispersions through
varying processing parameters including the liquid carrier,
and on studying the undercoolings and structures obtained.

Droplet Dispersal by Powder Processing

Particles of IN-100, less than 20 um in diameter, prepared by
gas atomization have been mechanically dispered among fine
particles of a solidified carrier fluid for analysis in the
DTA. Heating of this powder mixture forms the metal droplet
dispersion in a liguid carrier. Fig. 11l shows a DIA curve
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for IN-100 droplets which indicates undercooling of 300°C,
swamination of the droplets after DTA shows that some have
combined to form larger droplets while others remained iso-
lated, Examples of the microstructures in Pig, llb show
that the larger droplets (20- 100 wm) are two-phase while
the smaller droplets <10um show no structure. This
variation in microstructure is perhaps related to the two
peaks on the DI'A conling curve which correspond to different
dearees of undercooling. Similar single phase super-
saturated microstructures have also been observed in under-
cooled gas atomized droplets, but usually only in much
smaller particles.(3"8)

Large Droplet Undercool ing

One limitation of working with the dispersed droplets
described in the previous sections, is that it is not
possible to measure the thermal bhehavior of individual
dreplets, That is, it is not possible to pin-point the
precise undercooling of any given droplet nor is it possible
to measure its thermal history during and after recale-
scence., Therefore, it is not experimentally possible to
verify calculated curves such as those of Figure 8.

We have therefore initiated a series of experiments on
undercooling of individual droplets of high melting point
alloys, in the size range of about 5 mm. The experimental
apparatus is shown in Fig. 1l2. As shown, a small droplet
is placed inside a Pyrex or quartz tube and surrounded by
crushed glass. The sample is then induction melted and the
surrounding glass is also melted. Vigorous stirring of the
droplet by the magnetic field in the presence of the glass
slag results, pre~-sumably, in absorption of nucleating
agents, leading to very large degrees of undercooling even
in the relatively large droplet. Most importantly, thermal
behavior of the droplet surface during recales-cence can be
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directly observed. (This experiment can be similarly done
by levitation melting without the surrounding glass.)

The apparatus used to measure the rapid recalescence and
subsequent cooling involves a sensing device, a data
acquisition and storage device, and a data manipulation
device. The sensing device is a Capintec Ratloscope III,
two~color pyrometer sensing head with a 135 mm close~up lens
kit to observe the small sample. This device provides two
sig~nals from silicon photodiodes filtered at different
wavelengths which can then be ratioed and calibrated at the
observed metal temperature.

The data acquisition and storage device is a Nicolet
Explorer III Digital Oscilloscope which converts the analog
output of the sensing head to digital bits of information
which can more easily be converted into temperature values.
The digital oscilloscope is interfaced to an HP-85 personal
computer for data manipulation and interpretation,

This measurement system records the thermal information
directly from the photodiode sensors into the digital
oscilloscope. In this manner, the thermal and time data are
not delayed or dampened by amplification systems, and thus
the fast recalescent profile can be properly recorded,
Factors which could limit the ability to obtain accurate
thermal data at the high speeds involved are: (1) the
response time of the silicon photodiode sensors (which is
the order of microseconds), and (2) the recording time for
the digital oscilloscope, which is capable of 0.5 microse-
cond per bit of information recording time. Initial experi-
ments indicate that these response delays are inconsequen-
tial compared to the recalescent rise time of an undercooled
sample (which, for samples of this size, is on the order of
milliseconds as will be seen below).
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In conducting thermal experiments, the metol sample is
ugually surrounded by a transparent viscous medium such as
crushed Pyrex glass., The sample is placed in an induction
melting coil within the viewing range of Capintec ROS~III
two-color sensing head. The induction melter consists of a
copper coil having two reversed turns which is coupled to a
400 KC, 10 KW high freguency generator, The sample is stop-
pered, evacuated and backfilled with argon to provide a
clean environment around the sample,

The sample is heated into the molten state and allowed to
cool and scolidify. After several thermal cycles, the sample
comes into intimate contact with the glass and achieves
better undercooling., A thermal cycle is then run, and the
two-color measurements of nucleation and recalescence are
digitized and stored within the Nicolet digital oscillo-
scope. Conversion of the two~color measurements to
temperature is being performed by a linear relationship of
the two~color ratio. In current experiments we are checking
the validity and reproducibility of this linear relationship
using thermal artifacts including the solidus temperature
and the B-B' solid-solid transformation (in the Ni-Sn alloy)
for calibration.

One experimental thermal profile obtained to date is shown

in Fig. 13. Recalescence time is approximately 30 millise~

conds for thece 5 mm diameter droplets. This curve is

representative of early data acquired with newly obtained

equipment and much experimental work is necessary to improve

quality, prove reliability and usefulness, and determine the

minimum size metal droplet on which the experiment can be

successfully carried out. The aim of this research is to

compare experimental curves such as Fig. 13 with calculated

profiles such as those presented in Fig. 8, or with calcu- o
lated profiles based on other solidification models such as ﬁ
a pure metal model comparable to that of Levi and

Mehrabian. (4)
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Eleciric motor
(c.a, 3800rpm)

Stroboscope \

~

Thermocouple§

Argon gas Inlet
Pyrex glass cover

— Pyrex glass crucible
|_ Heating elemeri.

—— Oil:metal mixture

—— Shearing blade
{— Insulation

Figure 1l: Schematic diagram of the experimental setup for

emulsifying droplets of molten low melting
point metal in oil.
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Figure 2: Effect of cooling rate in the differential
scanning calorimeter on undercooling of
£n-25 wt% Pb droplets. (Data for 10~15um
diameter droplets.)
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Figure 3: The cross sectional microstructure of a droplet
of Sn-25 wt% Pb solidified with a DSC .:ooling
rate of 10°C/min, and with 80°C of undercooling.
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One possible solidification path for an alloy of
composition C,. Solidification is partitionless
from T, to T,. Between To and Tr the solid that
forms is of the maximum cowrposition therxmo-
dynamically possible. Thereafter the solid
forming is of the composition of the equilibrium
solidus.
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Figure 8: Calculated temperature profile for a Sn-25 wt% Pb

(Sn-16 at% Pb) alloy nucleated at three different
temperatures, Tp.
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