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ABSTRACT

This document describes a theoretical research program on the undercooling
and solidification of materials under variable external field conditions
parformed by The Boeing Aerospace Company for the Mational Aerconautics
and Space Administration. Work was performed under the direction of

. Mary Helen Johnston of Marshall Space F]1ght Center, the Contract1ng’
0ff1cer s Representat1ve, '

A catalog of theories and models of nucleation of su1id phases in the
melt is provided in the document, as is discussion of the relation of
undercooling to intermolecular potentials, the dependence of growth rate
_ on undercooling, the influence of undercooling on liquid-solid interface
stability and solid structure, the direct effects of external fields

on melts, the relation of solid physical properties to structure and

the role of nucleants in solidifica‘ion. Results of theoretical anmalysis
of several experiments related to the Space Processing Applications

- Program are given in the document, and recommendations for future

experiments and further theoretical development along with procédures
for correlation of theory and exper1ment are sp°c1f1ed for 5011d1T1cat10n
in space research. '
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PART 1 - SUMMARY
1.1 STUBY OBJECTIVES

It is commonly accepted in science and engineering that a phenomenon
is not really understood until a mathematical theovry of the phenomenon
is developed from which quantitative predictions can be made which
agree with experimental studies of the phenomenon. Thus the over-all
purpose of the study "Undercooling of Materials During Solidification
in Space" is to theoretically determine how undercbbiing, gravity and
nucieants affect the solidification of materials from the melt and
“influence the properties of the resultant solid. Specific objectives
which complement this purpose include:

1. Gain an understanding of the theoretical relationship between
undercooling and both homogeneous anrd heterogenecus nucleation.

2. Determine thé influence of external fields (particularly gravity) -
~on the nucteation process. '

3. Gain anxunderstanding of how solidification history affects the
physical properties of a material.

. Theoretically analyze some solidification experiments performed
at MSFC and as part of the Space Processing Applications Rocket
(SPAR) -program. :

5. Specify materials to be used in the comparison of theory to
" experiments in one-g and zero-g.

The twelve-month research program described by this report constitutes
a major step toward achieving these ambitious objectives.

e
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1.2 APPROACH

The basic approach to this study was to obtain khow?édge of the theary
of nucieation from the melt (nucleation of solid or Tiquid phases in a
vapor phase was not considered), and adapt the theory to Space Pro-
cessing program needs and exper1ments in wh1ch the acceleration

due to gravity, g, is a var1ab1& In cases wnere Space Processing
experimenta1 situations did not correspond to ex1st1ng theory, or1g1na1
theoretical relationships were deveToped to carry out the required
analyses.

The above approach was organiZéd around four tasks:

1. ‘ivaiuétion of Nucleation Theories o

2. Influence of Undercooling and Nuc1eat10n on Properties of Solids
3. Investigation of Field Effects on Undercooling and Nuc1edtzon

4., Corré1atidﬂ bf>fhe0retica1 dndiﬁﬁﬁe;iﬁentéj Ré;u?téb .

The theories and models identified in Task 1 were used in Tasks 2, 3
and 4 to explore previously unanalyzed experimental vresults, and to
begin development of a theoretical model to predict solid mater1a1
properties from the melt properiies and the solidification environment.
Environmental variables considered include gravity 1eve1, nucleants

- (impurities, particles of high temperature phases and.container
surfaces) and temparature {undercoocling). | |

‘Theories and wodels of nucleation from the melt were obtained from the
Titerature, and included both classical and modern homoreneous nuc1eat1on
theories, heterogeneous nucleation theories and models and energetic
aspects of nucleation in two-component melts. Most of classical nucleation
theory is based on the work of David Turnbull. His experimental and
“theoretical results forin the basis for much of this study (see References).
These theories were used to derive equations which show how undercooling

ez
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1.2 (Continued)

influences Tiquid-solid interface stability., growth rate, nucTeation
_rate and structure of material solidified from the melt. An approach
to relating solid physical properties to structure was developed for
use in the comprehensive model for solid pravderty prediction. Other
-_theoretica? research included: an explanation of why some pure
materials sustain higher undercoo]ing (before homogeneous nucieation
initiates) and others; how nuclei segregate in a melt under the
influence of acceleration Tields; the direct effects of external fields
on solidification; and some mathematical analysis of experiments
parformed at MSFC, in SPAR flights, and experiments performed by
Kattamis, et.al., which are app]1cab]e to Space Process1ng goals.

1.3 RESULTS OF THE STUDY

Nuc]eat1on Theor

A catalog of theor"es of nuc]eat1on Trom the melt has been created

(see Section 2.1), containing the theories of classical and modern_
homogeneous nucleation, hetercgenéous nucleation and nucleation

in two-component melts. For both homogeneous and heterogenecous
nucleation, models are g1ven which descr1be the format1on of nuclei

of different shapes. The most common case, heterognnaous nucleation,
is most easily described in terms of a spherical cap shaped nucleus
and the angle the tangent- to this cap nucleus makes with the nucleant
surface, called the wetting angle, 6. This ang?e is related to the

~ interfacial energies between nucleus and melt, nucleus and nucleant
and nucleant and me1t Other paraneters related to these same inter-
_fac1a1 energ1es are der1ved for different nucleus shapes, but since the
exact shape of ‘a nucleus is seldom known, @ provides a convenient
parameter for characterizing this aspect of nucleation. Nucleants
cons1dered 1nc1uded particles of high temperature phases suspended 1n N
: the melt as we?l as other 1mpu;7u1es which mxght be present, and

.'me1t conua1ne1 surfaces A major question in nucleation theory, which
remains -unanswered- as yet, s the exact mechanism by which a particular

1-3



D256-10202

1.3 (Continued)

nucleant causes a nucieus to form. Research reported in the 1itera-
ture centers on disregistry between the Tattice Structuré of the'
nucleant and that of the nucleus, but there is no agreement amcng
authors as to what the mechanism involved is or how to describe it
’theoretica11y.

Maximum Undercooling

- The question of why two difierent pure materials, with no nucleants

present, will homogensously nucieate at different undercoolings has

been resolved by showing that the maximum undercooling a pure melt can
attain is proportional to the ratio 03/2/5C vhere ¢ is the ligquid-

solid interfacial ensrgy and SC is the entropy'af fusion for the

material {see Section 2.2.1)ﬁ S, is related to the intermolecular potentials
of both the 1iquid and solid phases by statistical mechanics. ¢ can be
related to Tiquid or solid phase intermolecular potentials by several
semi-empirical theories, most of which invoTve structural models of

the Tiquid-solid interface. Thus the maximum undercooling attainable

in a pure melt is a (complicated) function of the intermolecuiar

potentials of the material, and hence is a unique characteristic of

that material. '

Environmeatal Effects on Huclei

'Experiments by Dr. Johnston at MSFC have shown a pronounced solute segre-
gation effect in lead-tin eutectic material as a function of the environmental

~ variables gravity level (acceieration) and undercooling (temperature).
A]though'an-fncréése fn”Segregatﬁon with gravity level was expected, a segre-
gatfon increase with ihcreasing undercooling was not. To analyze this situation,
it was assumed that nuclei settle in the melt due to gravity, and segregate
further due to an unexplained undercooling effact which may or miy not be |
coupled to the gravity effect. The gravity effect was analyzed by solving
thé equaticn'of motion for a nucleus moving in the melt and substituting -

1-4
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1.3 {Continued)

the result into Fick's law for concentration distribution in the melt
(see Section 2.2.4). The resulting differential equation can be solved,
yielding a transcendental egquation for solute concentration as a function
of position in the welt, gravity and underceoling. This equation is in
good agreement with experimental (one-g) concentration distribution

data reported in the Titerature. It also shows qualitative agreement
with the MSFC experiment for concentration versus gravity Tevel, if
allowance is made for the unexplained undercooling effect. There is

- no agreemant between theory and experiment for concentration as a
Tfunction of undercocling, the experimental data being approximateTy
Tinear and the theoretical equation being strongly exponential.

Several theoretical hypothESes for this undercooling effect were

tested, but none showed agreement with the observed experimental data.
 Further research is needed to identify the mechanism of this aﬁpma}pus
undercooting effect. A paper detailing the above work was'presented at
the Winter Meeting of the American Physical Society, held at California
Institute of Technology (Bull.Am.Phys.Soc., 20, 1511, 1975).

Solidification Model Development

As part of the over-all goa1 of this study to ascertain how solidification
-environment affects resu]tanu solid proparties, an attempt was mace to
develop a mathematical model ‘which would pred1ct grain size .and dendrxte
volume, morphoiogy and spacing as a function o nucleant wetling angle,
o, and the undercooling, AT (see Section 2.2.7). This model, in its
present form, solves & simultaneous equations; those for nucleus volume,
dendrite growth volume, dendrite growth rate, number of nuclei created,
" nucleation rate, nucleus cr1t1ca1 rad1us max imun so]ute diffusion time
and maximum heat TTux time. A Wang 700A computer program was written
“for cu1cu1at1ons with this. set of equations. The model has been compared
io eyper1menta1 studies by Kattamis and Flemings on 1ron~n1ck91 alloy,
and shows rough agreement vith the.exper1mental data over 1imited ranges
of andercooling.. But for the most pért, the theory does not yet reflect

1-5
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1.3 {Continued)

the experimental findings, largely because of simplifying assumptions
which Tead te rather unrealistic equations. A great deal of additional
time and effort will be required to derive rigorous expressions for such '
paramaters as total soTidification t1me dendrite growth voTume and
solute diffusion time. HModel development thus far does, however, provide
a firm basis for further research, and alsc provides grounds for the

hope that the solidification model can be refined to give reasonab1y

accurate predictions of grain size and dendrite volume and morphology
data. | | - o o

Comprehensive Property Prediction Model

Work with the solidification model has lead to the concept of the
comprehensive property prediction model (CPPM) (see Section 2.4.1),
which is to be composed of several elements (comprehensive refers to
~its multi-model comp051t1on), each of which mode}s a different part
of the solidification process, Output of the CPPM would be solid
material properties catculated from input consisting of melt property
(constant) data and external environmental variables, such as gravity
level, nucleant wetting angle and cooling rates (which lead in the heat
transfer model to underc0011ng va1ues) ~ Once the solid properties have
been output they can be compared to mater1a1 property requirements
specified by the potent1d1 user of the material. If calculated values
“are toa far from the required values of material properties, nevr .
melt properties (signifying different melt components or solute
concenurat1ons) along with altered envirunmenta? variab1e ranges, if
needed, can be input aga1n, and this iteration ‘repeated until a match
between calculated solid properties and user requirements is obtained.
Tn-addition to its usefulness as a molecular-Tevel materials design-
tool, the CPPM could be used by the Spacé Processing Applications
~ (SPA) program as a guide for the definition and design of SPA ,
“experiments and as an aid in. seTecL1ng the most promising nater1a1
combinations (fxom among the 100 million or s0 two- -to-five component

16
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1.3 (Continued)

alloys possible in microgravity) for Tlight experiments. Therefore,
development of a CPPM should receive emphasis within the SPA Program.

Relation of Physical Properties to Structure

One element of a potential CPPM which received attention during this
study was the theoretical relationship between material structure

and physical properties (see Section 2.2.6). Most solid physical
properties derive from the periodic nature of the crystal lattice and
its symmetry with respect to spatial operations and the electron and
phonon energy spectra characteristic of the material. However, a few
physical properties are influenced by non-periodic structures in the
salid, such as grain boundaries, impurities or other sites of electron
and phonon scattering. In particular, three physica1 properties of solids,"
the thermal conductivity, the electrical conductivity and the thermo-
electric power have been found to depend on the phonon mean free path

in the solid. The phonon mean free path is itself related approximately
to grain size in the solid. The dependence of these properties on
~grain size is usually masked by the fact that therma] conductivity is
proportional to heat capacity as well as phonon mean free path, and

heat camacity varies much more vapidly with temperature than mean free
path varies with grain size. Thus thermal conductivity, electrical con-
ductivity and thermoe1ec»r1c power are influenced by grain size 1n the
solid, though to a Tesser extent than by temperature. '

- SPAR Experiments

Two SPAR experiments to investigate the solidification of the metal--
model material, ammonium chloride solution. (NH Cl1-H 0) vere Tlown
during the vtudy period (see Section 2.3.1). Cerua1n aSPECLS of tnesa
experiments were analyzed theoret1ca11y the undercoo]1ng of the
Ffirst sample cerraspond1ng to measured growth rates, and the failure
of the second sample to solidify, even with substantial undercooling.

 ORIGINAT: PAGE IS
OF POOR QUALITY *
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1.3 (Continued)

Very Few of the melt property parameters for hH4C1 H20 are known, S0

to do calculations for this material, nominal metal values (since it is
a metal-model) were assumed for entropy of fusion, Sc;Aand'diffusion
coefficient, and the liquid-solid interfacial energy, ¢, was estimated
with a reTaL1onsh1p between ¢ and S due to Turnbull. These properties
were then used to compute values of growth rate versus undercooling |
for the Flight 1 experiment and nucleant wetting angle versus undercooling
for the F1ight 2 experiment. From these values it was learned that the
first sampie did indeed undercool by an amount between 1°K and 4°K, and
that superheau1ng of the melt prior to launch of the second samp]e
dissolved or "“denucleated" all nuc]eanus character1zed by wetting ang]es
up to 62°. nuc1eaL1on of the Flight 2 experiment had already been
advanced as. the reason for its failure to solidify. The theoretical
analysis provided a quantitative description of the denucleation.

"_F]tht'Experimént'Materia1s Selection

One task of this study was to select two material systems for micro-
gravfty experimentation for the nurpose of comparison of theory and
experiment. A major problem in comparing theory to experiment is the
unavailability of established values for the 1iquid state properties
of materials - especially alloys. There is virtually no data on the
melt propertxes of multi- compouent materials, and very little data on

melts of e1enants. Even Lhough there is no good method of ca]cuiau1ng
| aiioy melt properties even when the elemental component property
values are known, it is felt that theory-experiment comparison could
best'be carried'ou% with materials systems for whose cbmpdnent elemants

tha pertinent melt properties are known. In addition to the ava11ab111ty
of melt property data, the Tollowing cr1ter1a 1nF1uenced the selection
of material systems for flight experimentation:

3 'Abundance ofvﬁreVTdu5§y'ﬁubli§hed grdund based research on ﬁhe
material systen wh1ch may prove peru1nent to Space Processing
obJect1ves. ; : '

21-8
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1.3 (Continued) .

0 The practical (economic) importance of gaining more knowledge about
the material system,

- 0 The extent to which the material system properties improve the ability
' to-study‘a‘particu1ar phenomendn, and

8 The genera1 s1mp11c1gy of the material system w1th respect to
expariment des1gn and theoretical ana1yses

Based on these criteria, the material systems selected are iron-
nickel and Tead-tin. The melt properties for these elements are g1ven
in Table VII.

1.4  CONCLUSIONS AND RECOMMENDATIONS

The major conclusions of this study are as Tollows:

1. Classical heterogeneous nuc1eat1on theory s at present the
51mp1est method for performing ca]cu]at1ons of solidification phenomena

The validity of some assumptions in the theory have yet to be established,
and 1ts accuracy is impaired by a Tack of values for the melt properties
which comprise the input to the theory. But these problems also exist
in the modern theories of nuc]eat10n, wh1ch are concepLua11y and
computat1ona11y more comp11cated o

2. GraVthtiona1 settling (segregatlon) of dense phase nuc191 in a
melt is described by the equat1on '

[B-iC + BZ ] 1 2 (..[.:___)V'/Bz- - eng

B.C +B C

~1Te - T2 : R

where C is sclute concentration, g is acceleration due to gravity end
.z 1s axial-position in the me?t,xvy,is a parameter whiqh_depends on
" undercooling. The other factors are combinations of melt properties

which are constant for a given material.

1-9
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1.4 (Continued)

3. The segregation of lead and tin dendrites observed in Pb-Sn eutectic
material experiments in the MSFC centrifuge, can be only parily explained
by the settling theory discussed above. The 1inear dependence of |
concentration on undercooling, at fixed z, is as yet unexplained.

4. The maximum undercooling attainable in pure melts is determined
by the intermolecular potent1a1q in the liquid and solid phases of the
material, ' ' '

5. The amount o7 undercooling achieved in the December 1975 SPAR f1ight
experiment with ammonium chloride solution was predicted by theory to be
between 1°K and 4°K. Classical theory also predicts that the May 1976 SPAR
ammonium chloride flight experiment was denucleated to the extent that

all nucleants characterized by ueut1ng angles of up to 62° were d15501ved
into the melt.

6. There is strong theoretical and experimental evidence that growth
rate of a solid into its melt is a function of the undercooling squared.

7. Physical propert1es of solids can be related to grain size Lhrough
phonon scatuerwtg theory, but mathematically, the dependence of these
properties on grain size 1is weak compared to their dependence on
temperature. v | ' -

8. It should be poss1bTe to develop a solidification model which would
predict grain size and dendrite morpho10gy as a function of undercoo11ng'"
and nucleant characteristics. The major obstacle appears to be the

lack of melt property and nucleant character1s tic data :fer-input to

the model. It may also be poss1ble to develop a comprehansive material
propevty pred]ctlon model which would ,ac1]1tate the design of materials

" to meet specific, predeterm1ned r:qu:remcnts by ca]culat1ng the material
composition and solidification environment (gravity level, temperatura
profile, container type or absence) needed to produce the desired
material. . | |
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(Continued)

Two material systems which are well suited to the comparison of

theoretical predictions to experimental reality and to the objectives
of the Space Process1ng program are the systems iron-nickel and lead-

tin.

Based on these conclusions, it is recommended that there be further
study of:

a.

b.

Computational methods and their aécdracy within nucleation theories,

The relation of undercooling to solid structure., including the solute
segregation effects observed at MSFC,

The relation of solid structure to all properties of the solid,

The relation of Tiquid, solid and nucleant structure to the
nucieant parameters (8, Ac) and to undercooling.

Additional recommendations are:

That éxperimenta] measurements be made in microgravity of undercooling,
nucleation rate, growth rate, grain size and morpho]ogy in the Ph-Sn
and Fe-Ni systems, '

That a program‘be initiated for the measUrement'and/of calculation

- of 1iquid state (melt) properties of engineering materials, such as
" the Fe-Ni allay system, ‘

That development of a comprehénsiVe material pfoberty predittion
model be undertaken. Such a model would be used as a guide for

‘Spaceé Processing experiment_definition and design, as a guide for

selection of materials for Space Processing experiments which
show promlsu of connerc1a1 va1ue and as a mo]ecu1ar level
materials design tool.

1411
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PART 2 - DETAILS OF STUDY RESULTS

2.1 THEORIES AND IMODELS OF RUCLEATION

- The solidification process is possibly the Teast well understood
phenomena of those which are common to everyday 1ife. This is demonstrated
by the plethora of theories and models which have been developed to
attempt a quantitative description of the process, and by the failure
of most of these models to explain any large body of experimental
observation., These models as a group do, however, provide signiticant
insight into solidification phenomena, and a specific model properly
applied over a Timited range can yield quantitative predictions which
agree gquite well with the experimental data it seeks to explain. Also,
the theories and models about to be discussed are the best available
_mathematical tools for making predictions about nucleation. This

study is concerned with solidification from the melt, so theories

of nucleation of a condensed phase from vapor will not be considered
explicitly. although much of the mathematical formalism is common %o
both nucleation events. The basic goal of most nucleation theories

is to calculate a nucléation rate of the form

I=Te © e © | S m
where
i; TS a fréquency term (nuclei/time/volume)

aGD-is an activation enevgy term for diffusion across a liquid-solid

interface
4G% is the free energy required for formation of a critical nucleus.

The different models are required to calculate the terms I;, aGD'and
AG* for different physical situations. ' '

OF Pogg Qﬁl&%és 2-1
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2.1.1 Homogeneous Mucleation ~ Classical Theory

Classical nucleation theory has been derived from absolute rate theory

by Becker and Doring [1],Becker [2],Turnbul] and Fisher [3],Turnbull [4],
Hollomon and Turnbull [5]‘amohg others [6]. Homogeneous nucleation refers
to the spontaneous formation of selid nuclei in the melt of a pure
material. A spherically shaped nucleus will be assumed to demonstrate
the classical approach. '

The free energy of formation for a spherical nucleus is

4G = - %-ﬂr3 AG + 4wf20 | ' - (2)
v .

where bGV = SC AT 1is the bulk free energy with SC being the entropy of

solidification and AT the undercooling (Tm - T). o is the surface energy

at the nucleus-melt interface. HMaximizing AG with respect to nucleus

radius, r, yields the expression for the critical radius

26

v{n?‘-‘ = = R (3)
B, | __
Substitution of (3) in (2) gives the critical free energy
WG = AG('F*) = 5 o . _ . (4)
BSC AT . '

If there is-reason to assume nuclei of different shape, the procedure
remains the same, but models of different nuclei shape yield:

. e al - , _ 3
L o 20 .. . 4g & g .
Cylinder: r® = —=— , h* = =5 , AG* = 87
‘ AGV ‘ ‘AGV " (AGV)?-"
e : 4o o be . b . ... 6. GO
Parallelepiped: a* =‘XG§" b* = Eﬁgg c* ;.3623 aGH = 32 2B g
3 ‘ v v (AGV)

2-2
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2.1.1 (Continued)

Several attempts have been made to determine I and AG,. Some of the
more useful results are: ' '

LT (=2

0 Turnbull and Fisher[3]: 1] = o_y1/2 3 (5a)

Ok

where n* is the number of atoms in the surface of a critical
nucleus,

C is the number of atoms per volume in the melt,
h is Planck's constant,

and a is a parameter dependent.on nucleus shape.

AGD

8 Free volume modelf7]: I;e KT . EE%? o : : (5b)

o

where Yo is the radius of an atom of the subject material.

In practical calculations of nucleation rate, however, T is so sensitive
to exp(- AG*/KT), that the rema1n1ng terms may be approx1mated by a
constant I I exp( AG /LT) It has also been shown [4] that for
several mater1a1 systews, I- may be taken to be

Io'= 1033 = ¢75:985

with very little error in the F1na1 va]ue of 1 [6] So this is .

the value used for Io in th1s document.

2.112 - HomoQéneous Nucleation - Modern Theory

e Wodern homngonaous nuc?eat1on thaory attempts to calculate the free

enargy changes associated with nucleus Formation (wnatever the mode of
formation) from statistical me;han1cs;A_Th1s_a1ways_1nvq}ves the
computation of a partition function, Q, since the free energy of a
material system in a condensed state is derived from the partition

ey s
ARICTN AL, TAGE 1B
O gaos AT
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2.1.2 (Continued)
function hy
= F = kT fn , L (6)

where F is the Helmholtz free enerqy.

Replacement Partition Function

An important portion of modern nucleation theory deals with the calculation
- of a “"replacement” partition function, qrep;
The partition function for a pucleus containing n molecules in a melt
containing C(n) nuclei per unit volume is [8] '

1 S
Cn) aq, oAln)

qrep

Q‘f—m‘ o -

where A = h (Zmnka) 3/2 is the transiational partition function,

)3/2 % is the rotational partition function, I

q, = h73(2KTI
2

being the momant of inertia, g nmyr
Tiquid-solid interfacial energy, A(n) is the surface area of
the nucleus, and u is the chemical potential of the bulk solid.

, of the nuc]eus, o is the

The rep]acement partition funct1on arises from the following cons1dera,10n.
~ Mhen a nucleus forms from a melt, the atoms in the nucleus give up degrees
of freedom which are replaced by six translational and rotational degrees
of freedom For the nucleus as an entity in the melt, with the relative
positions of the atoms in the nucleus remaining fixed. That is, qrép
_:y1e]cs correbtxon terms for the thermodynamic functions which are
_necessary to extend the va11d1ty of these macroscop1c functions to non-
mdcroscop1c systems such as nuclei. Hence the name "rep]acemnnt
partition function. Another way to view this process is that as the =

atoms arrange themselves in the ordered structure of the nuL1eus, the

2-4
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2.1.2 {Continued)

entropy of the system 13 10wared g1v1ng rise to an 1ncrease in free
enerqy . calcuiated from

Brep = KT 2R Qg - | o (8)

Crystal Subdivision

‘One approach follovwed in modern nucleation theory is to calculate the
change in free energy of a nucleus due to a change in surface area Trom
partition functions for the system before and after the change. Part of
this approach considers extension of a crystal surface, while another
part considers the energy change when a crystal is subdivided. In the
latter part, the free energy per crystallite (which divided 1tse1f

from the parent crystal of n atoms) is

3x 6 6
= o _I - -—
86y= exh KT u(qy g,)-kT + & (65#n5) 1_21 (fvey) (9)

[S%)
7

where there are m nuc1e1 containing x moiecules for a total of n = mx
molecules in the solid, and where

£

_ exAx _ = increase in potential eneragy of a nucleus with surface area
Ax’
90, = trans1ationa1 and rotational partition functiens,
p o .th Ah
Fonts = free energies of the 1" and j~ oscillation modes,
1777 - 7
- : o O P e & '] . th ,'t_h_. .
B = zero point free enhergies of the 1~ and j~ :modes.

The i subscr1pts refer to the bulk, undivided crystRT, uh11e the J
subscripts refer to inte wrnal vibrations of each crysLa111Le In terms
of the classical surface free energy, o = e - Ts_, this is:

- ORIGINATL; PAGE IS - S
~ OF POOR QUALITY -2
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2.1.2 (Continued)

4G, = o A, - KT Lalqy q) - KT+ KT Lo K | | (10)
where

. 3%-6 1 3n-6
kT n Kx B (EX“UN)AX y j21 (¢j+ﬁj) m 121 (fi+ai) ' (j1)

Evaluation of kT £n K; is a central problem in modern nucleation theory.
~This has not vet been done rigorously, but some prescriptions have been
given for approximate evaluation. [9]

40

'8 Frenkel Prescription:. k7 &n Ky = - §§—-— 2

Note: the subscript = refers to a flat surface.

) Kuhrt Prescription: kT ﬂn,K; = - Z“IIm

Note: “Iiw = crystaT chemical potential.
' Ts

totion: t = - o=
8  Lothe-Pound Prescrjptjon. kT £n Kx x‘(cx am).Ax + 2_N

2.1.3 Heterogeneous Nucleation Theory and lodels

Heterogeneous nucleation refers to the formation of a nucleus bf some shape
on « foreign substrate, whether this substrate is a container surface,
“the surface of a contaminant particie or the surface of a particle of

a high temperature phase of the melt material itself. Equation (1)

holds for hetercgenecus nucleation as well as Tor homogensous nucleation

if theJappropriate expressions1f0r I AGD and gG? are_used; Equation (2)
is generalized as follows

AG = ~n(ﬁ1—u

Jren o

. Wwhere n = number of mo]es in a nuc]eus

Kpshe T chem1ca1 potenb1a1 of 11qu1c and qo]1d respecb1ve1y
g = 1nterfac1a1 energy
A = area of liguid-selid 1nterface (any shape)

276
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2.1.3 (Continued)

’ The difference in potential, Ho~Hga is called the driving force for
solidification, and the volume potential is defined by

pu, = —Eo= =G =S AT o (13)

where v is molar velume. The derivation of the classical examb]e of a -
spherical cap nucleus will be given, then the results of critical
parameters for other geometries will be quoted.

Spharical Cap Nucleus

LU
G]’LE.; Q

Figure 1 shows a schematic of a
spherical cap nucleus, n, on some
kind of substrate, s. The cap's

1:

radius is r, and the interfacial  , g NUCLEUS'
energies between liquid and sub- S A S sn .

' o : _ R rr s ey ey orrerrer il
strate, £s, liquid and nucleus, - ‘FﬁgH\' : ﬁgﬂ
nf, and nucleus and substrate, sn, _ ‘ ~ 2
are as shown. ({Actually, interfacial . . SUBSTRATE
energy, o, is a scalar quantity, '._(IHPURITYI

and the vectors shown are of
interfacial tensions, which are
vector quantities; but in most
cases the magn{tude of an inter-

FIGURE 1 SPHERICAL CAP NUCLEUS

facial tension is numar1ca11y equa] to the 1nterrac1a1 enetgy parb1cu1ar1y '
if there is 1ittle or no temperatuve dependence of these quantities).
“In this case, equation (12) becomes :

A= T nV m’\' + n P ( sn” S_E.)‘AZ o CRIGTHAL PhEES (M)
) S . . R 1

g PO0R Qﬁm

. .'2“7_. .
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2.1.3 (Continued)

If R is the radius of the cap nucleus-substrate interface, then frdm
Figure 1

Az = wRZ = wrasinze = rrz (Tntosza)
since R = I cos (%-— g) = T s1n 0. Standard mensurat1on formu1ae may
be used to find the surface area and volume of the nucleus

‘A] = 2¢r (r-r cos 9) = 2nr (1—cos e)

v ﬂ-r (2+cos @)} (1—c05-a)2

=1 {r-r cos e) [3r—(r~r cos 8)] =

(S8]

or

v 4

3 -
v 0 T {8)

where f(e) = 1-(2 + cos e) (1 - cos 8)2. Thus equation (14) becomes

AG = - é* f(e)n by, EHPZ(]-COS 9)°n£+“rz(]"°°529)(GSn“Usg) . (15)

‘.'..\)

" ‘This equation can be simplified by noting from Figure 1 that

Osn_" Ogs = - Oy cqs.a S | - _ .(16)

Thus, after performing the algebraic wanipulation, one obtains
3

AG = _'gﬂr f(O)nAuv + 4ﬁrzangf(a).'j LT e (17)

Maximizing 4G with respect to r in the standard fashion

246,

ar

) . | 2 | o |
" .— 4‘” f(ﬂ) .[.zon.gw _. ‘r* nLn,V].. U | . (18) |



D256-10202

2.1.3 {Centinued)

Thus the critical (sphere) radius per mole of the nucleus is
26 20 B '
r* - ng = NL 7 (-Ig)

Auv SCAT

‘which is the same as for the homogeneous case. Substituting (19) in (17),
one obtains for the critical Tree energy

i AT , | -  (20)

whith:differs frbm the homogeheous case only by the "heterogeneous
nucleation Function," F(8) where & is called the “wetting angle".

Models of Qther Nucleus Geometries

To discuss other geomeﬁr1es it is convenient to def1ne the "heterogeneous
nucleation parumeter," ho, by

240 = Opp T Tes o _ : : (21a)

Related to the spherical cap model, this is just

ZAU = che (1 - co§ 9). “.. - v o 1' | (ZTb)..

_‘However, in other nucleus geometries where 8 has no meaning, the cr1t1ca1
pakameters may be written in terms of the heterogeneous nucleation
parameter as is done in these two examples [oj.

2914 Apg Gﬁz““
Cylinder: v¥* = -——, h* = ==, 46% = 8n ——=—,
- : o LV = : 1?_ . (Auv)
' - Ao - bg ' I
Parallelepiped: a* = Eéﬁ , b¥ E—E” c* = E—E-,' = 32 ——5 b Cé .
T A o A ) By o :; . (Au )
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2.1.3 (Continued)

Koése1 Crystal

One of the simplest heterogeneous nucleation modeis is the Kossel crystal,
shown in Figure 2. The basic assumption in this model is thaf the enérgy'
of attachment of a molecule to the nucleus
is given in terms of'the-nearéstaneighbor
interaction energy, 4. It is also assumed

. that, since the nucleus is orthorhombic

and the molecules fit into a rectangular
lattice, the interaction energy is related

'to the interfacial free energies hy

4, = 2b,c 0. ¢b 2a c oy ¢ = 2a b o, FIGUR_E 2 KOSSEL CRYSTAL.

where the "a'face 1s that face orthogonal to the "a" direction in the
~crystal and bounded by sides b and c¢. The 8y bo_and c, are the dimensions .
of a single molecule in the ]att1ce Since the free energy of Tormation

of a nucleus is in general

AG = fIZ‘ O'_iﬂt,i - AuVV ) : (22)
for the rectangular nucleus we have .

2ch + 2aco, + Zabu - abc A uv . _ (23)

b

The cr1t1ca1 va1ues of the nuc1eus d1mens10ns and the free encrgy are
_found by max1w1z1ng AG w1th respect to a, b and ¢, and are

- S 4o dg o S :
U . ) = __il ek o= G o o 24)
- and. ' '
.G, 0 : . _
4G* = 32 .ELE.g. | : (25)
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- 2.1.3 (Continued)

Nucleus-Substrate Lattice Disregistry

In earlier work [11] on undercooling of multiphase alloy systems, it was
suggested that tiny particles of high temperature phases extant in

the melt could act as heterogeneous nucleation sites for the Tower |
temperature phases and prevent their undercooling. The theoretical
approach. to the problem of determining whether particles of a high
temperature phase act as "nucleation catalysts” would be to ask first
whether high temperature phase particles are more effective as
“heterogeneous nucleants than other impurities in the melt. If the
answer to this quest?on is yes, high temperature phase particles are
more effective nucleants, the next question is, why?

The original work (pertinent to this question) by Turnbull and Vonnegut
"[12] defined a disregistry parameter, § by

A2
a .
.

§ = (26)

where 2, is the dimension of the unit cell of the solid material being
nucleaced and Aa is the amount hy which the dimension of the nucleant
‘(substrate) unit cell exceeds ao.' Turnbull and Vonnegut concluded from
the data available at that time that the smaller the disregistry, &, the

- more effective as a nucleant was the particle or substrate catalyzing.
nucleation. They even showed that the free energy of solidification
required te produce a perceptible nucleation rate was proportional to

2. However, subsequent experimental work by Sundquist and Hondolfe [131,
‘essentially disproves Turnbull and Yonnegut's theory showing that:

- {a) substrates or impurities with high d1sreg1er1es are as good nucieating
agents as substrates w1Lh Tow d15regﬂstr1es, (b) symmetry of the lattice
pTane orientatien (across the mating plana) is at least as important as
disregistry in cata]yzlng nucleation, and-(c) neither the orientation
relationship nor the disregistry appear to have any effect on the under-
~cooling (and hence driving force, i.e., Gibbs free energy) required for
nucleation. Yet work by Glicksman and Childs [14] at almost the same time
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2.1.3 (Continued)

found a qualitative relation between disregistry and underceoling, more

or less in agreement with Turnbull and Vonnegut. Hence the question of
the influence of substrate (or impurity) surface structure on the value of
undercooling at which nucleation occurs remains unanswered, and it must

be answered before progress can be expected on determining the influence
of high temperature phase particles on the melt. In fact, experimental
studies of certain alloy systems show that neither oxides nor carbides
were as effective as nucleants for lower temperature phases as might

bz expected, nor were they as effective as particles of unknown contaminants
present in the melts of the lower temperature phases [6]. This would
indicate that concern over the effectiveness of high temperature phase
particles as nucleants is no more.justified than for any other contaminant
in the melt. But there is no doubt that the lattice structures at the
nucleus-substrate interface are important for determining the effectiveness
of the substrate as a nucleation catalyst, even if the structure effect
should manifest itself only in the interfacial energies shown in Figure 1.
This is one area of Materials Science where a major‘résearch effort is
urgently needed. It is possible that the theoretical portion of this
research should proceed along the lines to be suggested in Section 2.2.1.

2.1.4-  MNucleation in Two Component Melts

Nucleation in two-component melts can best be understbod with the help
of the free energy-composition diagram shown in Figure 3. The parameters
to be calculated are the critical radius of the nucleus, r*, and the =
critical free energy for nucleus stability, a6*. The change in bulk free
.- energy upon formqtion of a_nuc1eus_can be expressed as the sum of the
~ free energies after formation minus the melt free energy before
formation [15] ' '

AGm = % of atoms in hdc]éus X G'of'solid' N
-+ % of atoms .in depleted melt X G of depleted melt

- G of original melt

2-12
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2.1.4 (Continued)

or, as can be seen from Figure 3, for a nucleus of composition XZ
which solidifies from an original melt of composition X leaving a
depleted melt of composition X],

M it
X

= 2g. +- LG, -
26, = = @ , GX1_ Gy

N
N
AN

Ga

|

NN
(
|

L\\
NN

NN

SPINODA
REGION

|

FIGURE 3 GIBBS FREE EMERGY OF A THWO-COMPORENT MATERIAL

(27)

Here N]'+ N2.= i where NZ is the number of atoms in the nucleus, Nl is
the number of atoms in the dep1eted melt and N is the total number of

atoms in the binary system. Thus (27) can be rewritten

T S
'[\Gm"""l-\'l"“ (G ""'Gx)-"{"ﬂ"'(c’x - G

g

Xy

The Tollowing compositional relationship holds:

£ nucleus atoms [nucleus composition - pure melt composition] =

# depleted melt atoms [pure melt composition - depleted melt
composition] ' '

o (28)
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2.1.4 (Contfnued)

or

Ny (Kp = X) = Ny (X = %)

which 1is

N X - X

. S = - (29)

N N i
Substituting {29) in (28) by noting that N ﬁg-. ﬁl-, yields
' 2
N2 A - XE
AGm_" N—j[Gx - GX + =% (GX - GX)] . (30)
2 ™ 1
Gy = &

Expressing Y’l:‘ﬁ'_ as a differential instead of a difference, (30)
1 . _ _

becomes
N a6
88y = g L8y - Gy (%5 - X) (a'x")x] SR - (3
The total free energy change on nualeus format1on is the sum of
volume and surface terms
A6 .
il 2
—] + &y rTg _ (32}

c.d[-;: '

AG = - w T [h{xz

where ¢ is the liquid-solid interfacial energy for the binary alloy, v
18 the radius of the nucleus, and Vi and v, are the specific volumes of |
components B and A respectively. Thus the denominator ot the first term
is simply the Lotal systnmrvolume Hax1m1z1ng AG WTLh respect tor
leads directly to the critical rad1us '

20N[X2 v + (1-X ) VA]

Abm . _

2-14
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2.1.4 (Continued)
and hence to the critical free energy

1656 N [Xvy + (1-X )10
2
3 AGm

AG® = (34)

From equation (34), the nucleation rate in the alloy can now be calculated
from the usual relation

I IO exp R ] .
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2.2 THEORETICAL TECHNIQUES RELATING TO UNDERCOOLING, EFFECTS
OF GRAVITY ON MELTS AND SOLIDIFICATION

2,2.1 The Relation of Undercooling to Intermolecular Potentials

The undercooling of liquids is of considerable importance in industrial
solidification processes [16,17], in the study of the Tiquid-solid
transition [18-24], and as an'interestiﬁg phenomena in its own right
[25-28]. One fundamental question to be answered about the undercooling
of pure liquids can be stated: "Why does one Tiquid material undercool
more (or Tess) than another?® For simplicity, the following discussion
of this question will be limited to impurity-free, single-component
Tiquids. - | " '

The most extensive experimental work applicable to the above question is
the study of maximum undercooling and homogeneous'nuclaatibn performed
twenty-five years ago by Turnbull [23,24], and his data are still the
most widely quoted in the Titerature. The important result of Turnbull's
- experiments, which used the "small drop" technique to ensure purity and
homogenecus nucleation, was the establishment of a reproducibie maximum
value of undercoo]ing,'ATmax |
homogerieously. The question of why these materials nucleate homogenecusly

, at which each liquid material nucleates

at a characteristic undercooling has been largely ignored, except for
discussions of the relation of undercooling and solidification to liquid
structure [4,25]. To state-that'the amount of undercoo]ihg a pure |
material melt will sustain depends on the structure of the solid to

which it solidifies is almost equivalent to stating that the undercooling -
depends on the intermolecular potentials in the solid phase of the
material. It is the purpose of this report to show that, within the
framework of classical homogeneous nucleation theory, the maximum
undarcooling obtainable before a given material solidifies can be

' fe}ated (at least formally) <o the intermolecular potentials in both .
the 1iquid and solid phases.
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RELATION OF UNDERCOOLING TO MACROSCOPIC PROPERTIES

The classical homogeneous nucleation rate, I (g%%%g%ﬂ, is given by [20]
BN | 3
1=1e A - (39)
0
where, for sphericai nuclei,
16n g3
A2 = g5 7 3
oy
g3/2. _ _
47\ T 5 o | | (36)

s

where T is absolute temperature, ¢ is the Tiquid-solid interfacial energy,
Sc 1s the entropy of fusion and k is Boltzmann's constant. According to
Turnbull [4],

~ 1033 = nuclei .
1,%10 3= e’® cmisec |

thus
= exp[76 - ( ) ] |

(37)

Obviously, the Targest undercocling a 1iquid can sustain is the largest
value of AT which leaves I in equation (37) essentially zero. If one
takes this value of I to be Tess than or equal to some small, constant
value, £, then from equation (37)

.76—(%r'i£n: 

ORIGINAT, pacp -
— B
OF PooR QEHUJH§§

2-17



D256-10202

2.2.1 (Continuéd)

or oA
AT <\f76-tne

- (38)

Therefore, the larger the value of A, or by eguation (36) the larger the
value of S— , for a given material, the larger undercocling, - AT‘max the
material w1$1 sustain. A rigorous test of how well this classical pre-
diction agrees with experiment must await further appliication of a direct
technique for measuring interfacial energies, such as that developed by
Glicksman and Vold [29]. This is because most published values of o
were calculated from nucleation data via equation (37) [19], since the
Glicksman and Vold technique has not been applied to many liquids. It
is no surprise, then, that values of A calculated for various liquids
using Turnbull's values for o [23] should correlate with measured‘aTm'
values as well as they do in Figure 4. Data for calculating A values
are given in Table I. Note that I and AT are the variables measured

max
by Turnbull, and that S (— ) is the other "Kknown" parameter used to

T

calculate o from the nuc1eat1on exper1ments

RELATION OF S_ 10 INTERMOLECULAR POTENTIALS

Since entropy is a state function, the entropy of fusion is calculated
from the partition function by [30]

S, =k fn o= kT [ (e 591, (39)
g , S , , _
where ZL s the Tiquid partition function and ZS is the so]1d part1t1on _
function. In the canonical enscwb1o, the part1t10n Funct1on is given by
thc r1gor0us reiat1on [30] '
| - L Hs ()
: 3H 3N L,S ‘Fe
zL G (0T) = AT &l

o haﬂ (40)
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TABLE I. DATA'FOR‘CALCULQTING VALUES OF A (from TurnbuTT.[ZSJ) :

b256-10202

MATERIAL erggcmz 108 &% Zﬁ | 108 gr-_- ATEE* | IK ) 8 ﬂK )

' _ cim : emdK _ : _
Mercury 8.1 1.583 234.6 |  6.747 77  157.6° - 612.7
Gallium 56.0 4,752 © 302.8 15.693 76 226.8 617.8
Tin 59.0 4.415 504.9 8.528 118 386.9 941.3
Bismuth 54.4 5.107 544.0 | 9.388 90 454.0 698.8
Lead 33.3 2.789 600.0 |  4.340 80 520.0. . 676.5
Antimony 101.0 - 10.778 ©903.0 11,936 135 . 768.0 " 1069.0
ATumi num 93.0 -~ 10.669 9377 11.451 | 130 801.7 963.7
Germanium 181.0 23.38 1231.7 18.982 | 227 1004.7 - 1410.0-
sitver 126.0 10,97 1233.7 8.892 | 227 1006.7 - 1746.6
Gold 132.0 12.429 1336.0 9.303 | 230 ' 1106.0 ©1707.0
Copper 177.0 18.327 1356.0 13.515 | 236 ©1120.0° 1813.9.
langanese 206.0 - 19.816 1493.0 13.273 308 1185.0 . 2254.,5
Nickel - 255.0 26.689 . 1725.0 15.472 318 - 1407.0 - 24445
Cobalt 234.0 22.731 1763.0 12.893 330 1433.0  2555.0
Tron 204.0 21.627 1803.0 11.995 295 . 1508.0 2179.3
Palladium 209.0 18.804 1828.0 10.287 332 © 1496.0  2645.7
Platinum 240.0 21.61 2042.0 10.583 | 370 1672.0 - 2993.4

2-20 .
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2.2.1 (Continued)

wvhere N is the number of molecules in the solidifying system, h 1is
Planck's constant, p represents molecule momenta, r represents molecular
position and HL,S(p’P) is the Hamiltontan for the system pf molecules

in the liquid or solid state, respectively.

In the liquid state; the Hamiltonian is usually written as [31]
P ) _ _
H == + % 4 (r )

L i 2m >4 L | (m_):
where ¢(r ) is the potential energy betwean molecules i and J in the
Tiquid. The intergration over momenta may be parsormed in a straight-
forward manner to yieid

¢ (res)
~3N 13
o A i 3N
2= Jyexe - J[\T 1 dy

(42)

-where A is the "thermal wavelength"

A =\ kT 21-m kT

The evaluation of the "configurétion integral" in equation (42) is the
central problem of Tiquid state physics and only approximate solutions
based on a variety'of simplifying assumptions have been obtained to

- date [32]. However, equations (39) and (42) do show exp]1c1t1y the
dependence of S on liquid intermolecular p0L3ﬂL1a]S '

A.choice of models is also available fcraeva]uation of the partition
function in the solid state. Perhaps the Einstein model of a solid

is the simplest model to have been reasonably successful in predicting
sglid propérties [33]. In this maaeT the partition function is

=Tl (e KT R )
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2.2.1 (Continued}

where the wy are the phonon frequencies derived from the Hamiltonian for
the solid lattice of N molecules which is approiimated by a sum of terms,
each representing a harmonic oscillator. The Trequences in the harmonic
oscillator approximation are related to the intermolecular potentials

by

L 1
¢S(r1j) =5 m m% r%i | . ' | (44)

This cdmpTetes the formal relationship between entropy of fusion and
intermoiecular potentials in the solid and 1iquid states.

RELATIONSHIP OF o TO INTERMOLECULAR POTENTIALS

Although the Tiquid-solid interfacial energy, o, i1s of major importance
to most nucleation and solidification models*, it has remained one of
the most difficult parameters to measure directly by experiment or to
calculate theoretically. The reasons for the theoretical diffigu?ties
arise primarily from the inability to describe liauid structure,
particularly in the interface region. Some recent work by Spaepen [34]
based on the random packing of hard spheres model developed by Bernal
and coworkers [35-37], derives an expressioh for ¢ in terms of the

*In common practice, little distinction is made between the interfacial
energy, o, and the interfacial tension, ?1.' The primary distinction

_ between the two is that ¢ is a scalar enargy per unit area while ¥ is a
vector force'per unit length. .There is also the thermodynamic relationship

o
o=y s TEry

where yi_is the magnitude of ?1, which further differentiates between
e and v, ' ‘ ‘ ' '
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2.2.1 (Continued)

configurational entropies of the interface and the bulk material. This
treatment is strictly structural, and the interface whose properties
are studied is jtself built according to the construction rules which
apply in the random packed phase. This approach therefore shows no
explicit relation between o and the intermolecular potentials, but
certainly these potentials must play some role in establishing the
random packed structure from which the construction rules are derived.

The most obvious formal relationship of o to intermo!ecu]ar potentiaTs
is found in the thermodynam1c express1on for ¢ as the change in free
energy F, with interface avrea

9F
A’ T

F is related to the paftition function for the system by
F=-kT &n Z

and hence to the potentials ¢ as discussed above. The difficulty occurs
in deriving F(A) for a system containing a Tiquid-solid interface. Thus
alternate approaches to the der1vat1on of the liquid-solid interfacial
energy have been pursued historically.

The theory which shows the most direct relationship between 1iguid-solid
interfacial energy and intermolecular potentials is that due to Skapski

" [28]. In this theory the difference between intermolecuTar potentials

in the solid and Tiquid phases appears explicitly in the equation for o,
In actual computations, the difference:in intermolecular potentials is
replaced by a function of the heat of fusion. Skapski's theory, although
simp1é yields values of o which'are in order-of-magnitude agreement with
”those obtained by Turnbull From nuc]eat1on erper1mcats {see Table I).

" However, both this theory and that developed by Turnbull [39], which is
‘similar to Skapski's theory in the dependence of ¢ on intermolecular
potentials, are based on a general randomness of the 11qu1d {and perfect
_ crysta111n1ty of the so?Td), an¢ use no sp=c1fac 5t1u0uura1 1n;ormat1on.

2.23 | ORIGINAT: PAGE IS
OF POOR QUALITY
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2.2.1 (Continued)

A rigorous analysis of Tiquid-solid interfacial energy given by Herring
[40] was used by Slicksman and Vold [29] as a basis for their method of
experimentally determining o. This method is of particular importance
since it s at present the only source of experimental values of o

which are not obtained from nucleation experiments. The theory, as
applied by Glicksman and Volid, considers a symmetrical low-angle tilt
boundary intersecting the liquid-solid interface under'isdtherma1, stress-
free conditions. 1In this case, the tilt boundary must terminate at a

- symmetrical groove on the liquid-solid interface. I ¢ is the

dihedral angle subtended by the liquid phase at the root of the groove,
Glicksman and Vold show that ¢ is related to the tilt angle, o, and the
tiquid-solid interfacial energy by
E

1 e o - 0

5 COs 5 A" - podne | v (45)
where A~ is a constant. Uhen the angles v and e are measured experimentai}y;}'J
the paramefer-% cos %—may-be plotted as a linear function of £n o with a
slopa ' '

E
..o
m= -2
Thus
G =~ 2 ' (46)

where m 1s determined empirically. Eo is a factor of the Read-Shockley
formulation for the internal energy. per unxt area of a symmctr1c Tow-
ang]e t11t boundar y and is given by

_ G a : o . :
ED TICEY (COs_g + sin a)..--.s _ - : (47):

uhere e is the orientation ang]e for the boundary in.a selected coordinate
system, a is the lattice constant, v is Po;sson s ratio and G is the

2-24
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2.2.1  {(Continued)

modulus of rigidity. It should be noted here that in their theory of
erystal-melt interfacial energy, Kotze and Kuhlmann-¥ilsdorf [41] derive
the relation ‘

- 6 1
0.85 6 <o [x—+ 2]

(48)
where b is the Burgér's vector and 0. is a constant angle, approximately
26°. The derivation of this equation considers the 1iquid-solid interface
to be half of a general dislocation grain boundary, a central idea in

the Kuhlmann-¥ilsdorf theory of melting [42].

The importance of equation 48 and of equaticns 46 and 47 together is the
direct dependance of ¢ on the modulus of rigidity in the solid, G. In

- most real materials, anisotropy camnot be neglected. Therefore, G

will depend on the elastic constants of the materia1. In the Kuhimann-
Wilsdorf model the relationship is o

C. - ¢ |

11~ Y2

G=3C¢C _ (49)
A4 Cpg  Cyp - By | B

while the relationship developed by Read and Shockley [43] whose theory
s used by Glicksman and Void is . . o

44(C ary j]T/z R
1 ey : | - (50)

Ty = (G * Cpp) [

2.25
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2.2.1 (Continued)

The elastic constants, Cmn’ are the traditional form, obtained by direct
contraction. of the tensor elastic constants, CGB,YA' It is the CaB,YA
which are directly related to the intermolecular potentials, being
complicated linear combinations of second derivations of the configurational. .
energy function '

L 7 -

in which alxg=x51) is the two-hody potential between molecules at position
Xs and at position xj. According to Huntington [44], the depandence of

-CaB,Yl on ¢ takes the form
Covamn ¥ Con,py = 2LoBsval +.(ay53l) * (eh,By) (52)
where . .
- 1 2 41 et e .
»YAL = 53
[GBW] zva 1t ]fj I\lax .-\XB {!’kl} x {l"kl} X {]\!' l} | ( )
~and
1 e
2BA) = - e Z r 1 ! o i
. (_aY B ) M kk® . pv .“U(k!_( ) [f‘u[}zn .BX BXCE. {kl’”} X {}k”}]
32@, ﬂ'p[lr ﬂﬂlll
‘ﬂ'“k”' 'c)x ax {k k“'}x {I\ k"’}]

# | o (5)

Here vy repreéents the volume per unit cell and the X, are the compoﬁents
of the relative position vector between the lattice positions_associated
with the indices given in the curly brackets. Iuv(k k'} is the square
matrix which is inverse fo the mgtrix
82
P ke

2~26
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2.2.1 {Continued)

Thus the interfacial energy is seen to ultimately depend on the secaond
derivative of the intermolecular potentials in i1 solid phase. Knowledge
of what influence the Tiquid phase potentials may have on the interface
structure and interfacial energy was precluded by the formulation of the
Herring theory in terms of an equilibrium betw=zen the solid and Tiquid
which leads to zero difference in ffee energy across the interface. In
the Kuhlmann-Wilsdorf theory, the Tiquid is viewad as a solid with a high
concentration of dislocation cores, with the interface assumed to be a
modified dislocation boundary, hence the obvious dependence on solid
properties. What is needed for an understanding of the fundamental
origins of 11qu1d—so11d interfacial energy is a theory which combines
‘the Tiquid structural considerations of Spaepen with the 5011d potentlal
energy relationships demonstrated above.

SUMMARY

It has been showm, within the framework of classical physics {with the
possible exception of the Einstein model}, that the amount of undercooling
the 1iquid phase of a pure material can sustain is a function of the
intermolecular potentials of the material. That this conclusion may also
be valid for heterogenecus nucleation on impurities or substrates is A
indicated by the postulated dependence of undercooling on the disregistry
[12,16,45]. . It might be noted that Burton [46] and others [8] have
applied statistical mechanical considerations similar to those above to
the general problem of nucleation from the vapor, but have not addressed
the 1iquid-solid transition. The present work illustrates the difficulty
in carrying out rigorous calculations of the characteristic maximum

_ undercool1ng to be ehpecLed in real liguid systeis based only on Pnow]edge
 of 1ntermo?ecu1ar notentials, hithOUu mak1ng simplifying assumptions similar
to those of Skapski in his nearest-neighbors model of the liquid-solid
interface. '

ORIGINAL PAGE IS
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2.2.1 (Continued)

Although more realistic nucleation models than classical homegeneous
nucleation theory could be used jn determining characteristic maximum
undercooling, predictions must eventually depend on thermodynamic values
1ike o and Sc' Until these quantities can be rigorously evaluated from
intermolecular potentials for various materials, the formal relationships
presented here must suffice as the explanation for why different pure |
Tiquids undercool different amounts.

2.2.2 Undercooling and Growth Rate

That the growth rate of dendrites and other solid interfaces into under-
cooled melts is proportional to the square of the undercooling is well
established experimentally [47]. Theoretically, there are several ways

to show the relationship. An early method, due to Chalmers [481, addresses
the problem of Tamellar growth of selid into the melt. By deriving re-

© Tationship batween geemetric, kinetic and energetic properties of the
lamellae, Chalmers was able to show that

20 = e . . .

where UC is growth rate, K] is & constant and x is the lamellar wavelength
.(%7= one lamellar width) » which is related. to the undercooling by [48]

vk,

ST (56)
Thus
K
U= ol at? (57)
€ %
with
;] T H (1-i ? ic 7 (58)
2wt e’ Ew

8
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2.2.2 (Continued)

where D = diffusion coefficient
Sc = entropy of fusion
m, = Tiquidus slope
ka = distributicn coefficient
CE = equilibrium concentration of the melt

|

o)

o8 interfacial energy at the «-g lamella phase boundary.

The more general solidification rate theory of Turnbull, Hillig [22]
and Cohen [49] derives the expression

AT e _-R2AT .
UC = -A-_[- [1-e 2 ] . (59)
Expansion of the exponantial and multiplication yields
A
e o2

plus higher order terms, with

A v D S2
A1 v kT o
where v = specific volume |

]

k = Boltzmann's constant
Tiquid-solid interfacial energy

c

and other terms are as defined above. These simple relationships between
QPOWth rate and undercooling are'compIicated by the lack .of good data

for the parameters which make up K]/K2 and AZ/A], but are nevertheless
nost useful in the analysis and guidance of solidification experiments,
as will be demonstrated in Section 2.3. |

2-29
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2.2.3 Interface Stability and Dendrite Formation

The way undercooling influences solid structure during growth is
i1lustrated by Figure 5.

SOLID, | LIQUID .

L VT negative
VT positive '

A Temperature
e X
Interface Distance
Xm’ Tm

FIGURE 5  THERMAL GRADIENTS AT INTERFACE
(from Reference 16)

“When the melt is undercooled, the thermal gradient in front of the interface

1

B = 7=
X Xm

(62}

is negative since T < Tm. A negative thermal gradient implies a negative
gradient of free energy in this region. If an instability occurs in the .
interface, i.e., the formation of a protuberance, the protuberance would
grow into the region of negat1ve 9T whereas it would merely melt if VT ‘

- were pOSlu]\e A protuberance which grows becomes & GEHd?]LE and as
Tong as undercooling is maintained in the melt, dendritic growth is
sustained. In the case of eutectic alloys, an interface instabi]ity~a1505’
results in lamellar growth. These dendritic or Tamellar structures are
highly an150Ltop1c a result wnich may be desirable or deurxmanual
depend1ng on tha des1red app]1cat10n of the resultant so]1d

| ORIGINAL PAGE IS |
 OF POOR QUALITY, ~  2-30
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2.2.3 (Continued)

A formal theory of Tiquid-solid interface stability has been developed

by Sekerka [50,51] and extended by Chen [52] to include semi-static
external field evfects. The geometry of an unstable interface is
illustrated by Figure 6 - the dotted 1ine representing a stable, p1éhar
interface moving into the Tiquid with assumed constant velocity V, and

the curved Tine representing a possible shape of an unstable interface

in the process of forming a cellular structure in the solid with cells

of compositiohs o and g forming behind the maxima and minima, respectively,
of the unstable interface.

It is assumed that the interface is initially planar, and that at some
time a small perturbation ¢(x,t) is introduced into the process such that

z = ¢(x,t) = 6(t) sinwx | | (63)

where w = 2w/n with A being the wavelenath of the perturbation, or the
distance over which the concentration varies on a wicroscopic scale.
Obviously, if the perturbation amplitude, &, increases with time (3>0),
the perturbation will grow, the interface will be unstable and the
cellular structure, or microsegregation, will result. But if & does
not increase with time (§<0), the interface will remain stable and no
mickosegregation will occur. So the problem becomes the determinaéion
of & as a function of the solidification parameters, in particular, the
solute molecule velocity u and the cell size 2 (or w). u is presumed
to be induced by an external field, F, rather than being due to any “in-
~ ternal process, such as Brownian motion.

Calculation of & is begun by solving the steady state solidification

equations
G
vPe + 22 =g | (64)
in liquid. . : ' | o
2 V' oaT ' - , -
vl + Eq: 8z 0 _ (65)

2-31 ..
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2.2.3 (Continued)

REAL INTERFACE o
élxn) = LIQUID

r*——PLANARlNTERFACE {z=0)

FIGURE 6  INTERFACE GEOMETRY FOR SEKERKA THEORY{

val + y_. EI_'_

“in solid — 5y = 0 _ (66)

subject to the boundary conditions

T =mc, +7T, (1+2K) - . |
Ty = mC, T Ty (g K) (67)
v{x) =V + 3§ sinwx ="
1ry el 3T
Q‘[ks {(£=) - (37)¢]
D' ac'
c, ety G, (68)

' whefe C is so1uté.concentratibn;'a fﬁ fharmai diffuéivﬁty, ﬁITS'the slope
of the Tliquidus curve for the system (assumed negative), T is the melting
temparature, Q s the solvent Tatent heat of fusion, o is. Lhe inwerfacial
free vnapgy, K is the interface curvature, k is the segregation coefficient
(0<P =C /C <1) and V' = V-u. The left portion o equation (68) states
that the rea1 Jnterface or solidification ve]ocwty v(x)'is.idéntiéaT]yi

- 2-32
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2.2.3 (Continqed)

the sum of the macroscopic planar interface velocity, V, and the time
derivative of the small variation frov. planar geometry, ¢{x,t}. The
right portion of (68) states that the solidification velocity at each
point x on the interface when calculated from heat flow considerations
must agres with the velocity calculated from diffusion considerations.
The solution for § obtained from equations (64)-(68) is an extremely
complicated function of the parameters listed above as well as the
temperature gradients (which are assumed positive) and thermal con-
ductivities in the liquid and solid, the concentration gradient and
diffusion coefficient in the liquid and the parameter (V-u/p) whare.
p = 1-k. The sign of 8, and thus the occurrence of microsegregation,
will depend on the sign of the expression which is obtained for &/s
§/8 = 2wV - %J ﬂ%ﬁ%— (69)
whare the denominator, D(m)'énd the numerator, N(w) both depend on |
(V-u/p) as well as w and other "fixed" solidification parameters. There-
~fore, the solute veélocity, which can depend on external fields, enters:
the determining expression for microsegregation through the term (V-u/p),
thus defining the three cases of interest:

V- gf= 0
v...--g-< 0
v ~—g—_> 0

The analysis which has been performad {52] finds that the interface is
stable (no microsegregation) for V«-< 0. When V»ar> 0, the value of o
§ depands on the relationship of V- B-to the parameter

k T FV V
T:?ﬁj pu

ORIGINAT; PAGE IS
OF POOR QUALITY o



D256—1Q202

2.2.3 (Continued)

where T = o/Q and where CO is 1iquid concentration in the flat interface
case. If V-= < B, the interface remains stable. When V-4 5B, the
stability criteria are very complicated [52], but correspond to the
stability analysis given by Sekerka [51] if the paramaters k and V are
redefined as k' = k V/V' and V' = V-u. Thus for negative m; positive
temperature gradients and for O<k<l, microsegregation of solute in the
solid cannot occur for V-u/p < B, and for microsegregatioh to occur

vhen V-u/p > B, the system must satisfy the instability crjteria described
by Sekerka [51]. ' ' '

There remains the question of segregation cell size and its relation io
the occurrence of micrbsegregation. IT the entire equation for 8/6 is
plotted versus » for a given value of V-u/p, curves such as these in
Figure 7 result. Curve 1, in which microsegregation is seen to occur,

UNSTABLE

Lo, -
7
§/5 Qmm\; . w

2

STABLE

FIGURE 7  SCHEMATIC CURVES OF 3/

indicates that the cell size will lie between x, and 3,4 {wz and w])‘
When the tedious calculation is carried out, it is found that the range
from x, to iy is on the order of 5 X 1073 cm, which is.in reasonable
agreement with experiment [50]. Beyond this order-of-magnitude
estimation, further accuracy is impossible because Sekerka's theory

is based on (a) steady-state approximations, and (b) assumed small
amplitude {linear) perturbations. A transieht'theOPy has been
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2.2.3 (Continued)

developed [53] to eliminate inaccuracies due to (a), but because of the
assumptions in (b), the transient theory does not yield any significant
improvement in accuracy. Thus it seems that the indication of the
occurrence of microsegregation by the sign of §, and the approach to cell
size determination exemplified by Figure 7 constitute the best resuits
available from a theoretical mode] which describes interface stability
and predicts solute distribution characteristics in solids from Tiquid
state parameters.

2.2.4 VVGravitationa1.Sett]ing of Nuclei

When a multiphase alloy solidifies in a gravitational field, the
settling of nuclei of the heavier phase(s) toward the bottom of the melt
results in macroscopic segregation of this solute phase in the solid
material. The distribution of nuc]éi of the heavier phasé, C, in the
melt should be described by Fick's law

p & = - o | (70)

where D is a "nucleus diffusion coefficient", z is: the direction of the
gravity vector and also the axial direction in an assumed cylindrically
shaped melt and U is nucleus settling velocity. The equation of motion
for the nucleus, including friction and buoyant forces is thus

- M g%v=~Mg.—;6nan - %ﬂ fsp(z)g_;_ _ T . (71)

where M is nucleus mass, r its radius, n the melt viscosity and p(z) the

melt density (Which is assumed to change more stowly with time than U).

¢ is the acceleration due to gravity, 980 cm/secz. Hhen equation 71 is
solved for U, the result may be written as a function of p(z)gand g

leot) = 01 - 2By et gy
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2.2.4  (Continued)

3M - M R .
where oN = Tpps @ and vy = BRT - For most reascnable nucleus motion,
t >> yD, so the exponential vanishes, leaving (For s]ow]y varying
melt density)

Uz) =ygp[i-2Ey | o (73)
pN )
" Substitution of this result into equation 70 and performance of the
integration wi'h respect to z Teads to the integral equation
e =-~ygz+ygf (2) . - | o (78)
where T(z) = %—- fz p [C{y)] dy . and
N o

iy cly) - my C{y) + m, CT

QEC(y)] = V1 Clyy - Vz Clyy + VZ CT

(75)

with subécripus 1 and 2 réuérring to solute and solvent atoms, respectively,
and CT being the total (homogeneous) melt concentrat10n or number dens1ty

. By combzn1ng constants, this can be written
As C+m
p(C) = 5 - o | (76)
‘. A4 C - . _ _ _ _ _

and by noting that equation 74 can be written

C

I

‘ eXQ ng (F-2)1 ,

2o OC dF
one can,ca];u1gte T, and solve for 7 ¢

dfF _ 4 .1 dc | - .
A o
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2.2.4 {Continued)

But from the definition of f(z), gg-is alsa

_d_f. 1 A C+m

L3 (78)
dz oy Ay L+ V

© Equating the right~hand sides of (77) and (78) leads to the new differential
equation '

(Ay C+ v') de - . o
= vgzZ | o _ (79)_
B]C 82 : ) :
with |
A . -
B1 =3 A4 and 82 = | v!
oy Py

This can be integrated directly, and appTying the boundary condfticn
that C ='Co (the solute concentration equals the homogeneous concentration)
at z = 0 (the center plane of the melt), the sofution obtained is

Egﬂ'" %13 }L.
B. C+B 1 ? -
s 2 (__J %2 vz _ | (80)
1T "o Z '

This is a complicated function of both concentration and'mE1t'physical
parameters. Therefore its behavior is best illustrated by application to
specific problems whera all the constants on the left-hand side can be
evaluated, as will be done in Section 2.3.2. It should be néted however,
that since the parameter Y depends on the mass and thus the size of the
“nuclei which are settling, it ‘therefore depends on (AT) , and adds further-

complexity to equation €0.
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' 2.2.5 Direct (Non-Convection) Effects of External Fields on Melts

It has been shown [18] that when a Tiquid is subjected to changes in
external Tields acting on it, the thermodynamic variables most directly
affected are volume and temperature. In particular, if the gravitational
field acting on a melt changes by an ampunt &g, a change in hydrostatic
pressure in the melt will result, inducing a correspond1ng change in
specific volume, v, given by

Y

'U—'_'BPZGQ : (81)

where B is the isothermal compressibiTiﬁy, p is the density of the melt,
and z is the distance below the 1iquid free surface. The pressure
change ‘also induces a temperature change given by

§v

5T=a—\;

= -STp z ﬁg - . . | | (82)

where o is the thermal expansion coefficient. Other variables affected
by a field change Lhrough their dependence on valume or temperature
include: diffusion coefficient, Gibbs free energy, and interfacial

~ enargy, iT ¢ is dependent on T in the first place. More complicated
parameters, such as nucleation rate, nucleus radius, solidification rate,
total solidification time and grain size depend on comb1nau1ons of the
 above variables. The heterogeneous nucleation rate is one of the most
important parameters affected by field changes, and the calculation of the
altered nucleation rate, I', is greatly simplified if the interfacial. -
energies are not influenced by Tield changes - that is, if ¢ does not
depend strongly on temnerature The problem can be illustrated by
‘recalling that I is an exponent1a1 function of (e} where

. f(e)_= %-(1vcos a)v (chos 8)

and

cos 8 =

- 2-38
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2.2.5 {Continued)

where the subscripts s, £ and n refer to substrate, Tiquid and
nucieus, respectively. If %55 is a function of T, and therefore,
under changed field cond|t1ons, of &T, the dlff1culiy of calculating
I'(8T) over calculating I' for constant f(8) or fixed 055 is obvious.
At present there is no experimental evidence and no theoretical
Justification, other than Spaepen's work [34], for considering ¢ or
oij to be more than very weakjy depandent on temperature.

in general, the effect which external field changes have on ph}sicaT
properties of melts, such as those listed above, may be found by
reptacing T and v in the equations for the properties of interest
with T' and v', where the pr1mes vefer to the values of the variables
in the changed field:

Tl

I

T+ 8T . (83)

and

vt =yt v L I S _ _ (84)

The ffe]d effect on undercooling is thus

T =T

o T
AT' = T "

" ST - 6T = aT-6T . B (85)
‘Hence the undercooling is decreased by a positive ¢T and enhanced -

by a negative 6T. It should be noted that free energy calculations

require more knowledge of the field conditions than is contained in

" equations 83-85, due to the direct dependence on pressure. Also,

equations 81 and 82, as they are written, hold only for gravity field
changes. For magnetic fields, the corresponding equations ‘are [181"

e

%;ﬁ_uo (Hg - x_Hz)_ - S - (88)

1,
Kﬂ?fﬁhigfégﬁiﬂﬁls
e Uarmy, 2-39
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2.2.5 (Continued)
and

' 2

%I' B %'(XE ) xs) %_ - (87)
where g is the permeability of free space, y is magnetic susceptibility,
'HO is the initial and H the final field strength in the Viquid, and Q

is heat of fusion.

2.2.6  The Relation of Solid Physical Properties to Structure and
Electiron and Phonon Scattering

The influence of undercooling, nucleation and gehera] solidification
history on the physical properties of materials solidifying Trom the

melt was investigated as part of the'attempt to understand how alt

solid propéfties might be better predicted and controlled by manipulation
of the solidification process. It appears that no direct 1ink exists
between the solidification process and the physical properties of ihe
resultant solid. However, the twe are Tinked throtdgh the structural nature
of the solid which depends d1recL1y on solidification history, primarily
the undercooling and nucleation of the melt. Many physical properties

of solids, such as thermal conductivity, electrical resistance, Griineisen
parameter, and specific heat depend on the scattering of elecirons and
phonons by non—périodic structures in the solid. In particular, three
physical properties of solids, the thermal conductivity, «, the

ETectri¢a1 éohdﬁctivity; o, and the thermoelectric power, Q', have been
found to depend on the phonon mean free path, &, in the solid. Specifically
the relationships are given by Ziman [54,55] as:

—_

K= —?TV j\ 7 (88)
o= 3; K ‘ o (89)
o P T

Q‘ - (~~ - x) . | - - (90)

3
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2.2.6 (Continued)

with KB and K4 being the magnitudes of the tensor transport coefficients

L K
1 20002 £3 4
A = A (52
€ =L20m2 7 () ' |
437 o M (93)
where v = average phonon velocity in the solid
c = heat capacity
e = electronic charge
dSF = differential of the Fermi surface
T = absolute temperature
v = yalocity of the electron or hole carrier
v o=V
A, = electron mean free path in the solid

and ¢ is the free energy of an electron, i.e., its chemical potential.
Ziman also veports [55] that the phonon mean free path in polycrystaliine
solids is on the order of the size of the grains. That is,

3757
A. T !iV'
iV
' i, - ot
where Vg 18 the volume of the i h

{94)

crystal grain. Thus grain size in a |
solyerystalline solid can be expected to have some effect an the thermal
conductivity of the solid, and through «, on ¢ and Q' as well. This
effect is usually masked by the considerable temperature dependence of
« through c¢.  As is well known, structural properties'such as strengtﬁ, |
hardness and p1astic deformation are morz directly related to solid

, stfucthre'ahd_hehce'fo the solidification process. -The relationship

of the solidification environment and process to structural and physical
properties-is illustrated by Figure 8. '
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2.2.6  {(Continued)

STRUCTURAL
PROPERTIES:
o STRENGTH -
o HARDNESS
EXTERNAL | o PLASTIC
FIELD DEFORMATION
EFFECTS | . _
> DISLOCATIONS’
| ELECTROM AND PHONON
NUCLEATION | | SCATTERING EFFECTS
o~ AND GROWTH U B | -
CHARACTERISTICS o | g
MACROSCOPIC
PROPERTIES
| GRAIN
71 BOUNDARIES €5 gs Cys Ys EEC.

FIGURE 8 " HYPOTHETICAL RELATION OF SOLIDIFICATION PROCESSES
TO PHYSICAL PROPERTIES :

2.2.7 A Solidification Model to Predict Grain Size and Dendrite
Morphology

For a long time, it has been known empirically that grain size in a poly-

- crystalline solid depended on solidification history, primarily on under-.

cooling. More recenLTy, it was shown experimentally [56] that the

~ morphology of dendrites a1so depends on these processes. If the proper

5 nathemaL1ca1 re]au1onsh1ps between nucleation and growth of crysta111ne

grains from the melt can be found, and if the proper external boundary

- conditions can be applied. then in principle it should be possible to

predict something of a solid's structure from a knowledge of the melt

_properties and environment. An attempt to develop such a predictive

mode? will now be described.
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2.2.7 (Continued)

Kattamis and Flemings [56] reported observing a distinct change in
dendrite morphology as a function of melt undercooling. To describe
this theoretically, a "morphology parameter" may be definad, which

is simply the ratio of that portion of a dendrite's volume due to
grovith, vg, to the portion which nucleates initially, V- Figure 9
shows a cylindrical dendrite growing from a spherical cap nucleus formed
on a heterogeneous nucleant substrate, characterized by vetting angle o.

'
g
chtd
“n
%
» Vol g ¥
O.,ES . ns n “ .
PTTTITI ‘ i T 77777777
,ﬂg'
S '-‘P*—‘—.“-‘-"" F r‘
v 5in o

FIGURE 9 SIMPLE DEMDRITE - MUCLEUS MODEL

As was shown in Section 2.1.3, the nucleus volume is given by
el . .
vo=garif(e) . - | B (95)

The area of the dendrite base is that of the nucleus anc is simply
T FZSinza. To a close aﬁproximation; the dendrite length will be the
product of thavgrowth rate, ch with the growing time,-étd, which is
- the time required for solute atems to diffuse from the extremities
of the region in which a dendrite is growing to the tip of the dendrite.
Hence

2

22
vg =% rsin ¢ UC 6td . (

o
(7]
S

F
L
SN
[ ]
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2.2.7 (Continued)

Now r depends on undercooling via equation 19, F(8) and sin’e depend
on the nucleant, UC is a function of undercooling through equations
60 and 61, and 6ty is given by .

| 173 _ | |
sty=/ § G (97)

where %-is the voluime of a grain and

'ﬁmpa3
Moz S
48 k
with m = solute atom mass
 pg = solute atom density
a = solute atom radius
k = Boltzmann's constant.

The total volume of material, V, is assumed known, so the remaining
unknown is N,the total number of nuclei which form in the melt. This
number is '

H=1IYV ath (98a)
or the graih size is
%’= Iaih (98b)

where I is nucieatfcn rate (equatidns 1 and 20) anﬁ'ath'is'thé time
required for heat to flow out of that region of the melt where a single
nucleus is forming and is expressed by : v

A 2/3 =
= (GTTV 3
sty = ) T

(99)

- where op is the thermal diffusivity of the melt. In this first attempt
. at development of a predictive solidification model, equations 97 and 99,
the diffusion and heat flow constraints, are derived by dividing the melt
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2.2.7 (Continued)

into N imaginary cubes. One nucleus is assumed to form at the center.
of each cube at some time during the interval éth > ﬁtd, which is taken
as the total solidification time. The maximum distance which either a
solute molecule or haat must travel is that distance from the center of
the cube %o a corner,\{gk%01/3 . Dimensional analysis of the fundamental

diffusion and heat flow equations then leads tu equations 97 and 99.

Equations 95 througn 99 plus 1, 19, 20, 60 and 61 may be solved simul-
taneousty (a Yang 700A computer program has been developed for this
purpose} to yield values of all unknown parameters, particularly the
morphology . vg/vn, and the grain size, %—. 0f course %-is really the

size of each imaginary cube, but its value gives a reasonable indication

of average grain size in the solid and (%01/3

is an order of magnitude

estimate of dendrite spacing. There are three value ranges of v /vp
. . . g, "

which are of interest, each corresponding to a morpholoyy observed

by Kattamis and Flemings, and shown in Table II.

TABLE II DENDRITE MORPHOLOGY CORRELATION

Value of vg/vn . : o Dendrite Morphology
>> normal
=1 ' cylindrical
<< 1 _ spherical

This crude first cu” at a mathematical modal to calcuiate grain size
and morphology in soTids'ffom solidification history contains several
simpTifying assumptions or deficiencies which should be remedied by
more rigerous analyses. The most obvious of these are:

1. Mo account is taken of dendrite branching (other than as a heterogeneous
nucleation site for a new dendrite} or of the Timiting of one dendrite's
growth by other derdrites (except to limit each dendrite to its cube).

ORIGIN AL
OF POoR, qpyat 1
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2.2.7 (Continued)

2. The heat flow constraint treats only the Tocal {cube) thermal
enviranmant, and treats each cube indepandently; total melt heat
transfer analysis is required.

3. A better definition of total solidification time is required.

4. Model accuracy is no better than the "constant" input parameters
used for numerical calculation. At present, very few of the
properties of melts required by this model are known with any
aceuracy. | '

Although these obstacles are formidible, calculations can be made with
the present model which are accurate enough to at least allow comparison
with experiment, as is done in Section 2.3.3. The reason for pursuing
development of this model is clear: 1t forms the core of a much Targer -
model whose purpose is nothing less than complete analytical materials
design for user requirements, using gravity, or microgravity, as a.
primary variable. Such a wmodel will be discussed in Section 2.4.1.
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2.3 APPLICATION OF THEORY TQ EXPERIMENTAL PROBLEHMS
2.3 Undercooling and Growth of NH4CT~H20 in Microgravity

Two solidification experiments with the metal-model material NH4C1~H20
(ammonium chloride solution) have been flown by Johnston and Griner of
MSFC 1in the Space Processing Applications Rocket (SPAR) experiment program.
The December, 1975 flight experiment sample began to solidify at a known
growth rate, and it wes useful to calculate the undercooling corresponding
to that growth rate. The May, 1976 flight experiment sample undercooled

a known ameunt, but failed to solidify. Appropriate portions of the
theory from Sections 2.1 and 2.2 were applied to these experiments to
provide further insight into what occurred experimentally.

In order to perform calculations of nucleation and growth rates, it is
necessary to have values of melt parameters such as entropy of fusion,
S _, liquid-solid interfaciul energy, o, and diffusion coefficient, D.
Unfortunately, none of these values is known for NH4C]—H20. However,
being a metal-medel material, it will have values of Sc, a and D which
are approximately in the range common to most metals. In particular,
most metals have a value of S which is, within about 50%, equal to
Boltzmann's constant, 8.3167 X 107 SS$E—FE Turnbull [4] has shown
empirically that a reasonable approx1mat1on for o can be derived from
~the value of S by the relation

A5 'S T

cm
MVERNTE

te

(4]

where Tm is the equilibrium melting temparature, M is Avogadro's number
and.v is the specific volume. For the ammonium ch]omdg solution used

(28% by weight HH,C1), the known patam aters are

4

T = 295.8 °K

v = 6,68 cm3/mole .

Using this information, the interfacial energy was found to bz 37 erg}cmz.

Since the diffusion coefficient for most wetals is near 4 X’10"5 cmzfsec,
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2.3.1  (Continued)

this leads to a value for AZ/AT in equations 60 and 61 of 0.0036 cm/sec°K2.
If one writes the heterogeneous nucleation rate equation (see equations
1 and 20) as

2, ,
I = exp [75.985 - ( A f(§1 ] (100a)
T ~ATY AT

the value of Az obtained with the above values of the NH4C1 H 0 parameters
is 39.665 X 10° °k®.

December 1975 SPAR Experiment

Since the growth rate was observed o be 0.018 cm/sec (1.08 em/min) in
this experimant, the problem was to determine the probable amount of
undercoo?ing causing this rate. This was done by using equation 60

= (. 0036 2) AT
sec °K

to calculate the curve shown in Figure 10, As seen from this curve,
the undercooling value corresponding to 1.08 cm/min growth rate is
2.25°K. Metal values of D and S¢ do not vary much from those assumed
above, so the product D Sc2 will probably not affect the ca]cu]aged
value of undercooling. However, o can vary from about 25 erg/cm™ o
BOD-erg/cmz, which leads to the following spread in calculated under-
cooling values for NH4CT-H205 '

19K < AT < 4°K

Thus the undercooling, though quite small, was sufficient to initiate
solidification in the samnle in the time available on the rocket flight.

~ May 1976 SPAR Experiment

In this experiment, good temperature versus time f]ightvdata curves
were obtained, but the sample failed to solidify. For the purpose of
calculation, time data read from these curves is presented (for each
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2.3.1 (Continued)

thermistor) in Table III as the "time during which the sampie region
measured by a given thermistor was below the value of undercooling

shown in cojumn 3". Since the sample was approximately 5 cm long by

1 cmz, a minimum allowable growth rate to solidify in the available

time can be estimated. The growth rate calculated from the undercooling
is shown in column 5, and the time required to solidify the sample at
that growth rate is in column 6. This data indicates that there was

TABLE III MAY '76 SPAR NH4c1 EXPERIMENT DATA

[ermistor | g0 | 80 | Gasect | awsse | T oeee o
1 250 | 6.8 .02 167 30
2 sample | -—- ——— ——— ] ——
heated _
3 200 | 5.8 .025 122 471
4 &5 240 |17.8 .021 1.146 4.4
6 sample | --- -—— - ———
heated
7 195 | 7.8 .0256 |- .z2. 23

sufficient time for solidification if nucleation had occurred. The fact

that nucleation did not occur at the undercooling measured by the thermistors,
while it did occur at lower undercooling in the December experimeni., indicates
that certain "low angle" heterogeneous nucleating agents wvere destrbyed

in the melt prior to Taunch, i.e., the sampTe was "denucleated”. This
stateinent can be quantified if equation 10Ca is solved for f(e),

-

- (100b)
39.665 X 10

f(e) = [75.985 - £
values of nucleation rate are assumed, and a table of values of e versus
f{4) is available. Turnbull [7] defines a "measurable" nucleation rate
s B o y _ _ o ,

1 nucteus . g o 190 nucied

cm”sec ‘ cmsec
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2.3.1 {Continued)

To assure not only measurable nucleation rates but solidification of the
sample within the time available, values for I of 102 to ]08 nuclei/cmSSec
were substituted in equation 100b to preduce the curves in Figure 1.

For such a large variation in I, the band separating the two regions
indicated is quite small. Since nucleation did not occur in this

-~ experiment, and undercoolings of up to 17.8°K were obtained in some
regions of the sample, it is clear that nucleants characterized by
wetting angles of up to 60° were dissolved into the melt, i.e., de-
nucleated. As used here, the wetting angle, 8, is a convenient parameter
for characterizing heterogeneous nucleants, and is not necessarily a
strict physical quantity. If this were so, every nucleus that formed
would have to be a spherical cap on a planar impurity particle subsirate.
While this probably occurs some of the time, assuming that all nuclei

form this way is unjustified.

That a1l nucleants with wetting angles Jower than 60° were denucleated
is indicated by the fact that if a nucleus had Tormed in the melt region
where AT = 17.8°K, its growth rate, although slower in other parts of
the melt as shown in Table III, would still have been sufficient to
solidify the sample. That nucleants of ang]és up to 60° were denuéleated
only in that one highly undercooled region but still existed elsewhere
in the melt s most unlikely. If nucleants characterized by wetting
angles of around 62° or more were still active in the melt, a sustained
- undercooling of more than 21°K would have been required, according

to Figure 11. The melt regions around thermistors 4 and 5 attained this
undercool1ng for about two minutes, indicating that even these nucleants
had been denucleated. '

2.3.2  Undercooling and \ucTeat1on of Lead-Tin hutect1c Material in
' a Cenur1fuge o '

Effects of undercooling and gravity on solidifying materials were studied
in a series of experiments on Pb-Sn eutectic material by Johnston and
Griner at MSFC [57]. This material was selected for the drastic differencs
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2.3.2 (Continued)

in density of its components. In the experiments, initially solid sampTes
of eutectic composition (X = 26 atomic % Pb) were melted in a 1.5 cm long
by 1.2 cm diameter cylindrical crucible, and held in the molten state while
inside a centrifuge providing a fixed centripetal acceleration equal to
some integral muitiple of g, 980 cm/secz. The samples were then cooled,
solidified, removed from the crucible and analyzed metallographically to
determine the volume fraction of Pb-rich dendrites at the bottom of the
sampie. Table IV presents the results of these experiments, along with
‘the conversion of the volume fraction,.vv, to total Tead atomic fraction
through the Pb atomic fraction in the dendrites, XD. XD was obtained from

an approximation of the Pb-Sn phase diagram in the temperature-concentration
region of interest, shown in'Figure-TZ. The value of component concentration
is related to atomic fraction by

X = C/C; | . | | (101)

where-CTvis total melt concentration. Any concentration value is computed
from
0: . .
= L

Ci NO Fi | 3 ' (102)
where ND is Avogadro's number,rpi is density of the ith component and Mi
s its atomic weight. For the Pb-Sn eutectic malt, the following values
were calculated

¢, = 0.35802 X 1023 and

CPb

23

3

= 0.1038 X 107 cn™"

Afier obtaining other melt parameters, the constants in equation 80 can
be evaluatad as follows

"

v o= VSHCT. 0.96486

1 — y = 7 .'." ) 13 ’
m = ”SnCT /.Ogd gm/ cin
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MSFC. CENTRIFUGE EXPERIMENT DATA

TOTAL Pb

g AT, Vys Pb COMCENTRATION | CONCEMTRATION
SAMPLE LEVEL °K % IN DENDRITES, XD | ATOMIC ¥
2A1 1 0 27 710 38
M 1 7.5 35 .733 43
5AT 1 8.6 37 737 44
1A1 T 11,38 40.5 .745 46
A3 3 0 46.5 .710 a7
273 3 6.05 89.5 728 49
— A 3 10.8 o 743 -
3A3 3 11.34 56.5 745 53
5A3 3 - 14.7 59 755 55
475 5 0 50 .710 48.5
3A5 5 1.89 -- .715 -
2A5 v 5 6.05 55.5 - .728 52
s L 5 7.0 -- 762 -
 5A5 5 8.69 60 737 55
A5 5 16.44 45.5 760 49

2254



Kpp, = ATOMIC %

71
0

ST

L0 1 | 1 Ll 1 U

- 10 15 20 25 30 35 40
' AT - °K '

- FIGURE 12 APPROXIMATE ATOMIC % Pb IN DENDRITES THAT NUCLEATE AT aT

45

50

Z0201-9920



D2566-10202

2.3.2 {Continued)

A = v - v. =0.335 X 10723 cn’
4 O Ph Sn '
A, =m, - =14.69 X 10723 gn
3 Pb " Msn : g
- oyt o=
B2 = m'/pN \ 0.3442
_ . -23 3
By = Aa/pN - A, = 0.9577 X 107 cm
‘ = s
V/Bz'—' 2-8
Ag/Bq = 0.35 .

Equation 80 now becomes

(9577 X 10723
025479

C - .3442]3-]53 (.1038 X 1023)2'803 _ o197

c

(103)

Since the parameter y depends on the mass and thus the size of the nuclei
which are being segregated, it therefore depends on the cube of the
undercooiing, AT. Thus to calculate the lead distribution in a sample
of size -.75 cm < z < + .75 cm (as shown in Figure 13}, particular
o values of both AT and g must be

[ z=075  specified, If a value of 10°K is
- chosen for AT, curves for Tead

TiN DENDRITES IN - ncantration dictprdbut .
EUTECTIC HATRIX concentration distribution for different

Cpe———— 1.2 em

gravity levels, as shown in Figure 14,
are generated by equation 103. Since

concentration was measured at only
one position (z = -0.75) for the MSFC

LEAD DENORITES I || samples, no comparison betwean theory-
* 'EUTECTIC MATRIX o -

-_.-._[..-_-—--
(]
fl
o

and the MSFC experiment can be made.
However, Strangman and Kattamis [58]

+ z = =0.75 . . ] .
éﬁ o performed a similar experiment (at 1-g)
Figure 13 SAMPLE COORDIMATE and their data is provided for com-

SYSTEM : parison on the right side of Figure 14.
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2.3.2 (Continuad)

Their material was of a different starting composition from the MSFC
samples, complicating comparison. Qualitatively, agreement is good.

The most direct - omparison between theory and the MSFC experiments is
shown in Figure 15. Here atomic fraction is plotted versus gravity

for a AT of 10°K at a position of z = -0.75. Although three data poinis
are not really sufficient to define a curve, it 1s clear that the
position and slope of any curve through the experimental points would be
quite differant from those of the theoretical curve. This difference is
attributed to the roughly Tinear increase in segregation with undercooling
exhibited by the original data (Table IV and [57]1), and not accounted

for by the AT dependence of y in equation 103.

The hypothesis that observed Pb dendrite segregation is the result bf
nuclei transport in the melt during a transport time, t. which is a
function of undercooling and during which time the entire melt is under-
cooled, was tested by estimating the time required for a nucleus moving
with velocity

U= gy [1 - 22 | | (104)
°pp

to travel a distance of 0.75 cm. The refation of_tt_to the res* of the

solidification cycle is shown in Figure 16. For Pb nuclei of mass on

the order of 10'}6 gm, |

KD .

2 2.8 X108 gec . (105)

Y0 = 2T
Thus
. .75 . 3x10 (106)
t U gl1-0{z)/0py ] _
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2.3.2 (Continued)
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FIGURE 16 SOLIDIFICATION CYCLE

For nominal values of g and D, the smallest va]ués_of tt will be for the
case of p(Z)/pr << 1. Even then, tt is on the order of 104 sec. Since
tg is known experimentally to be abouL 10 sec. to 60 sec. depending on

g level and undercooling, t must be on the order of 101 sec. This
u1sc1epancy'1nva11dates the or1g1na1 hypothes1s, if the assumed magnitude
of 10 cm /sec for the "transport coefficient", D, is correct for
~nuclei this large.

Thus the mechanism by which undercooling produces the non-gravity-
r=lated segregation of Pb dendrites observed in the MSFC centrifuge
experiments remains a mystéhy In fact, the observed increase in

segregation with increase in undercooling seen 1n Table IV, is contrary
1o a1l explanations of melt dynamics considered in this study. More
effort will be required to explain this ancmalous effect.
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2.3.3 Morphology and Grain Size of Fe~.25 Ni Alloy

As mentioned in Section 2.2.7, Kattamis and Flemings [56] performed the
experimental work which established the efiect of undercooling on
dendrite morphology and grain size. They worked with several alloys, but
- one which they studied most extensively was Fe-.25Ni. As so happens,

the elements Fe and Ni are also two of the few elements, solid at STP,
for which all the melt properties required by the mathematical model of
Section 2.2.7 are either known or can be deduced. Hence this was the
material chosen for comparison between theory and experiment.

The first step was to evaluate all the constants required by the model
equations. Using values of the element properties given in Table VII

for iron and nickel, values of the constants were computed from their
defining equations. Some of the constants pertain only to the solvent

or sulute, and evaluation is straightforward. In cases where the
constant pertains to the melt as a whole, the melt properties of interest,
y, vere estimated from the expression

y = .75_yFe + .25yNi (107)
where YFa and‘yNi refer to the property for pure iron or nickel.

Although this expression probably does not accurately represent many
alloy melt properties, it does represent some, and it is the only means
at present of obtaining those properties not specifica11y measured. The -
form of the model equations used was as follows:

Nucleus Volume: v, = %—w r*3 flo) = ¥ fig) (108)
' &
o | 2 .2 - . 2 &4 -
Dendrite Growth Yolume: vg T rFTosinT 8 UC ﬁtd-= Yo5in"0—¢ (109)
s, |
| Growth Rate: . : UC = Tkl :ST (110)
Nuclei Creation: N=1YV ﬁth | (1)
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2.3.3 (Continued)

2
Nucleation Rate: I = exp[75.985 - A f(ﬂ)]
T aT?
e _ 2a
Nucleus Rad1usf vk = EEKT
Solute Diffusion 6ty = (%01/3\/'¥
Constraint:
T traini: = 22/3 "/_3-_
Heat Fiow Constraint: 8t (N) 207
o L L1/3 BT 15
Grain Dimension or ( D= )
Dendrite Spacing: 31

with the constants being

v =32 @8 - 1603 %1071 e ek
1 3 SC
- Yo _ 210 o cm” °K
3
A= 18ro g a6 109 og3
3ksS"”
c
2
_ W 3 _ -9 sec” oy
M = 48!{ DN,ia = 't 85039 X ]0 Cmg i\

The'equations of the model (108-116) may now be solved simultaneously
using the above constants and assumed values for the Tndependent
variables, ¢ and AT. Table V was constructed to provide input values

of f(e) and sin2

facilitate calculation of several solid quantities (such as morphalogy

8, and a.Vang 700A computer program was written to

(12)
(113)

(114)

(115)

(116)

para meter, v /v : dendr1te arm spac1ng, £; total dendrite volume, Vdendrite”

n

vg + v 3 and gra1n size, N) as a function of a wide range of wetting angle

and undercooling. Table VI presents the results of such a calculation for
the critical region Tor the Fe—.ZSNi alloy of 6=81° and 148°K < AT < 200°K.

Kattumis and Flemings had reported a sharp transition Trom cylindrical

to spherical morphology at aT = 170°, hence the interest in this region.
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TABLE V¥

0 (o) sin‘?‘e ] f(e) s*ingo
16 00§11 .076 b6 12432 .68730
17 -007417 .0855 . 57 .13191 .70337
18 .001767 .0955 58 .13976 71919
19 .002186 .106 59 .14788 73474
20 .002673 117 60 . 15625 .75
21 .003235 . 1284 61 . 16488 .76486
22 .00388 . 14033 62 17376 77960
23 .004614 . 15267 63 .1829 .79389
24 .005444 . 16543 - 64 19228 .80783
25 .006378 . 17861 65 .20191 .8213¢
26 .007423 .19217 66 2Y177 .83456
27 .008586 .20611 67 22186 .8473
28 .0D09875 L2204 68 .23219 .8597
29 011297 .23504 69 24273 .8716
30 .012861 = - .25 70 .25349 .883
31 014572 . 26526 71 . 26445 .894
32 01644 . 28081 72 .27561 9045
33 -.01847 29606 73 . 28697 9145
34 .02067 .3127 74 .29851 924
35 .02305 - .32889 75 .31022 .933

- 36 .02561 .3455 76 .3221 .9415
37 . 02837 .36218 77 .33413 L9494
38 .031323 .379 78 .34631 .9568
39 .034481 .396 79 .35863 .9636
40 03785 4132 80 .37107 9698
4] 041436 .43041 81 .38363 9755
42 .04524 L4477 82 .39629 .B806
43 .04928 L4651 83 40905 .9851
44 .05355 L4826 84 42189 . 9891
45 .058058 .50 85 A348 .9824
ag .0628 51745 a6 A4AT77 .985]
a7 L0E7804 .53488 87 46078 99726
28 07305 .b523 &8 LA7384 .99878
49 .07855 - .h6059 8% L8591 - - .8097
50 .0843 .5868 90 S 1
51 .00032 60396
52 ~.0%65 © .62086
53 L10313 L6378
56 .1099 .6h45

55 .11699 67101
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SOLIDIFICATION MODEL GRAIN SIZE/MORPHOLOGY
PREDICTION

TRBLE VI

Y= .75_\/!:3 + .ZSyN_i

Material: Fe - .25 Ni alloy Wetting Angle: o = 81°
AT £ Vdendrite V/N
°K Vg/Vn Cm cms cm®
148.0 1 1.78 5.1 X 10713 5.68
149.0 21.7 1.45 4.2 X 10 3.04
150.0 18.0 1.18 3.5 X 10715 1.65
153.4 9.95 0.61 1.9 X 10 22
156.0 6.5 .376 1.2 X 10719 5.3 X 1075
158.0 1.7 26 0.9 X 10 1.8 X 10
160.0 3.5 19 6.8 X 10750 6.6 % 1073
162.5 2.45 1125 1.9 X 10 1.9 X 10
165.0 1.74 .084 3.75 X 10750 6.0 X 107,
167.5 1.26 058 2.95 X 10 2.0 X 107%
170.0 .92 041 2.4 X 10750 6.7 X 107
172.5 686 03 2.0 X 10 2.4 X 10
175.0 517 .021 1.7 % 10720 9.0 % 1078
177.5 1395 015 1.5 X 10 3.5 X 10
180.0 306 011 1.4 % 10750 1.4 % 1078
182, 0 25 1000 1.3% 10 0.7 X 10
184.0 21 007 1.2 X 10750 3.6 % 107
186.0 7 006 1.1 X 10 1.9 X 10
188.0 14 .005 1.06 X 10750 1.0 % 1077
190.0 122 -0038 1.01 X 10 0.5 X 10

1 192.0 10 0031 9.6 X 10751 3.0 X 1075
194.0 088 0026 c2 %10 1.7 X 10
196.0 .076 0024 8.8 X 1075, 9.6 X 1073
198.0 065 -0018 8.4 X 10 5.6 X 1070
200.0 .057 0015 8.1 x 107! 3.3%107°

2-64




D256-10202

2.3.3 (Continued)

In Figure 17, the theoretical prediction for morphology parameter is
plotted beside a schematic representation of Kattamis and Flemings'
“findings. The general shape of the experimental curve is assumed to

be similar to the theoretical, with a discontinuous change of v /vn > ]
to vg/vn < 1 at AT = 170°K. Tc be consistent with Kattamis and Flemings'
results, the experimentg? curve must also remain less than Vg/vn z 10 in |
the interval 30°K < AT < 170°K, as is indicated by the onset of asymtotic
behavior at about AT = 154°K in Figure 17. 1In Figure 18, the theoretical
and experimental curves Tor dendrite spacing {or grain diameter) are
compared. Although the shapes of the curves are similar, there is a
drastic discrepancy between the undercooling scales of tha two graphs.

-The discrepancies found between the theoretically predicted morphological
behavior of Fe-.258i alloy during solidification and that which is
observed experimenfa11y can he attributed to the simplifying assumptions
made to derive the solidification model in its present form, and to

the almost complete lack of data fTor the properties of alloy melts.

The facts that v /vn does show a transition from greater than one

to less than one at 170°K, albeit a continuous transition, and that the
theoretical and experimental curves for dendrite spacing are qualitatively
similar, provide grounds for hope that an accurate predictive medel for
alloy solidification behavior (as a function of 4T and &) could be
developed with sufficient effort. The failure of the present model to
show the proper asymtotic and discontinuous behavior of the morphology
parameter, and its failure to maich the experimehta1 values of dendrite
spacing (except in the region near £T = 180°K) provide an indication

of how much more effort is needed. The uséfulness of a successful and
accurate modal for predicting solid properties will be discussed in the

next Section.
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Z.4 CORRELATION OF THEORY WITH EXPERIMENT
2.4.1 Recommended Procedures and Model Development

Many procedures for the correlation of theory with experiment have been
illustrated, iT not explicitly stated, in Sections 2.2 and 2.3. The
basic problem is to express theory in a mannar which predicts thes value
of parameters which are experimentally measured as a function of para-
meters which are experimentaily controlled. This usually resulis in
the construction of a mathematical model, which, if the theory is
suificiently genesral, can predict the outcome of a given experiment -
values of several parameters - as a function of those constant and
variable parameters which characterize the experimental conditions.
A good example of this procedure is the definition of the dendrite
morphology parameter in Section 2.2.7 and its calculation in Section
2.3.3,  Actual comparison with experimental data is often best
accomplished with graphical techniques, though other methods such as
tables, diagrams or theoretical versus empirical equations may be more
informative in specific instances.

Specific procedures will depend on the type of experiment to be per-
formed and the nature of the theory applicable to the experiment.
These will be definad by the overall purpose of the work. 1In the
discipline of Solidification in Space, the purpose of theory and
experiment should be to build a foundation for the creation of new
and/or superior materials in the weightless environment of space,
which ﬁi11 maet the requirements of the material user for certain
specified properties possessed by the material. A methodology for
achieving this purpose is illustrated in Figure 19, which could be
considerad a logic diagram for a comprehensive material property |
prediction model, showing how user requivements can be matched to
material properties by varying the input parameters which consist of
the characteristics of the melt and its external environment - the
solidification process controls. Although this diagram indicates

a trial-and-error approach to selecting the proper melt components

| RIG ; .
'owggf’fﬁ%s 268
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2.4.17  {Continued)

and environment, it i1s orders-of-magnitude cheaper to do this analytically
than experimentally. There also exists the possibility that as the model
matures, methods will be devised to compute required melt components and
environment directly from the user requirements without the need for
trial-and-error.

Invaddition to serving as a basic materials design tool, such a
coemprehensive property prediction model would be invaluable to the Space
Processing Program as an aid in.selecting those materials for flight
experiments which are most 1ikely to produce unigue or interesting properties
in the space-processed material. Since more than half of the 92 natural
elements are used as primary metals or as alioying elements, the number

of possible new materials (binary, ternary, quarternary and quinary)

is greater than 100 million. Therefore a detailed and rapid method

of selecting materials and concentration combinations of potential

interest is needed. |

The comprehensive property prediction model represented by Figure 19

is composed of several elements, one of which is the solidification model
described in Section 2.2.7. Development of each element of the com-
prehensive model will generate a number of verification experiments, in
both one-g and zero-g, to contirm that model predictions correspond to
nature, particularly that part of nature which is so removed from
everyday experience: zero-g. The concept of a comprehensive material
property prediétion model is relatively new, and at present only the
solidification model mentionad above and the melt property input for

the Fe-Ni and Pb-Sn systems have received much attention, But from these,
certain precedures for correlating theorvaith experiment can be
~ascertained.

The primary factor in determining what materials are to be used in the
comparison of theory with experiment s Knowledge of the melt properties
of the chosen material. If such properties as thermal diffusivity,
entropy of fusion, liquid-solid interfacial energy, diffusion coefficient
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2.4.1 (Continﬁed)

and density are not known, then the input constants for the solidificaltion
modsl cannot be specified, and nothing can be calculated for the material.
Hence, those materials for which melt property values are known should

pbe prime candidates for experiment. Other factors, such as the

benefit of a large density differential in the Pb-Sn system, must also

be considered in the material selection process.

After selection of materials and definition of the input variables and
constants, the quantities to be measured experimentally and predicted
theoretically must be determined. Then building of the mathematical
model and design of the experiment may proceed. If the experiment has
already been perfovimed, as in the case of the Fe-.25 Ni morphology
study in one-g, then the quantities to be predicted are specified by
the experiment. If the experiment has not been des1gned then theory will
prov1de a guide as to what quantities are most desirable or pracb1cab1e
to measure. After performing the experiment, making measurements and
carrying out computations with the model, the data obtained should be
compared by plotting it on the same graph, displaying it in the same
table, etc. In this way the accuracy of the theory in predicting or
explaining physical reality can be determined, More specific discussion
of comparison procedures and experiment objectives will be given in the
following Sections. It is recommendad that NASA begin, as soon as
possible, to develop a comprehensive material property prediction modet,
similar to that illustrated by Figure 19, to serve as a thecretical
guide for Space Process1ng development, and later as a wolecular-level
materials design tool.

2.4.2 Recommendations of Hateria1slfor Flight Experiments

As mentioned above, a primary consideration in selecting a material
system Tor study is the availability of data for the liquid state
properties of the material. Even when data exists for a material, it
may be very difficult to obtain in a form useful for solidification

ORIg
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2.4.2  (Continued)

calculations. A case in point is thermal diffusivity; O Usually
thermal diffusivity values are not reported in the literature for -
Tiquids, and o Must be calculated from its defining equation

oy = 5C . | . - | (117)

“where i is thermal conductivity and c¢_ is specific heat. The melt

values of &, p and ¢_ must now be cbtained. Values of ﬁ and c_ for
liquid elements are Tairly common, but « must cften be calculated from
electrical conductivity, g data via the Unedmnn Franz law

2 2 ' -
= é T oy _ . _ _ N (118)
1e . .

where e is the electron charge.

In addition to the almost complete lack of experimentally determined
values for the properties of mu?ti—componant'me1ts, there is a dearth
of techniques for calculating melt property valtues for alloys. Yhen
all else fails, the simple relation

X

Ypars = X ¥y *+ (1K) v, S (119)

_where X is the solute atomic fraction and y..1s the melt value of property

y for component i, may be used to obtain an order—on-magn1tude estimate

et However, with certain exceptions [59], there

~ 95 no r1gorous basis- for using equat10n 119. to obtain alloy melt.

properties. Other criteria for selecting a-mater1d1 system for theeretica1

- and experimental study include:

8 Availability of one-g exveriment data bank,

k! The'practica1'of'sc1eht1f1c importance of the material system,

8 The properties of the mater1al system enhance a particular measurement
to be made, e. g , different component densities enhance segreoat1on '
measurement ' ' '
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2.8.2 (Continued)

8 Simplticity of the materia] system with reference to experiment
design and theoretical analysis.

Taking these criteria into account, the two material systems recommanded

for further study, particularly zero-g experimentation, are iron-nickel

and lead-tin. HMelt propérty data for the elemental components of there
“systems is given in Table VII, along with solute diffusion coefficients.
Alloy melting temperatures are given by phase diagrams, the atomic
‘weight, density and specific volume can be found by equation 115, and
" the remaining alioy properties are unknown. ' o B

2.4.3 Recommended Experiment Objectives

The primary purpose of the study described by this report has bean to
define theoretically how undercooling, gravity and nucleants (impurities,
high temperature phases or container surfaces) affect the solidification
of materials and the resultant solid properties. Hence it is recommended
that zero-g experiments {with one-g controls) be designed which will '
determine the effects of these environmental variables on solidification
~and solid properties. Several specific experimeht types can be identitied:

Segregation Experiments

" These experiments would essentially repeat the MSFC centrifuge experiments
with Pb-Sn eutectic melis, but be performed in zero-g to isolate the
unexplained undercooling effect on solute segreégation from the ‘gravity
effects. Volume fraction (or atomic fraction) of lead and temperature 
(under;oo]ing) would be the primary variables measured.

Morphology Experiments

" Morphology experiments would be designed to measure nucleation rate,
growth-rate, grain size and dendrite morphology as functions of under-—
. cooling and nucleant wetting angle (pr other parameter appropriate to
charactérization of the nucleant). The undercooling and faté measurements

~ OPF POOR Qumlg 273
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| . . | L
3 T, M p % o 5. X Cp T
| EME ox am gm/'cms em® ergs ergs watt _ J__gTe _ Q_izl_i _
N T g.m aj.oni gm atomv sz cm3°K K cm am K sec
Fe 1809 | 55.85 5.9 8.09 204 12x10° 0.39 | o0.786 | 0.072
N 1725 5871 8.0 7.34. 255 | 15.5%10° | 0.469 | 0.655 | 0.089
Pb 600.6 | 207.21 10.3 20.1 33,3 | 4.38%10° 0.165 | 0.1417 | © 0.106
Sn 505 187 6.98 17.0 50 | 8.53%10° 0.369 0.2590 | . 0.216
REFERENCES | PERIODIC | PERIODIC | INT. CRIT. My D. TURNBULL | INT. CRIT.| HULTGREN K.
TABLE TABLE | TABLES p - { TABLES et. al. pC,

 DIFFUSION DATA: Di—sFe

Dpp s

I

-,
£.67X107° " /sec

o,
3.69K107° M /sec
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2.4.3 (Continued)

would be made during the zero-g f1ight period of the experimeht, and
morphological measurements could be made Jater after sectioning the
‘sample. In making morphological measurements, a method should be
devised for measuring the average size or volume of the dendrites.
From the dendrite vn]uma, V> the morphology parameter may be obtained
directly by o '

AR LR -

‘where the nucleus volume, v, is obtained from the undercoeling and
wetting angle by equation 95.

Undercooling and Nucleation Exparimants

The purpose of these experiments would be to determine the effects of
gravity and nucleants, including container surfaces, on melt undercooling.
0f particular interest are convection effects on undercooling (temperature)
" distribution in the melt and the influence this distribution has on
nucleus formation and growth-especially on interface stability. A goal

of containerless solidification experiments in zero-g, is to establish
the 1mportance of -container surfaces as nucleants which Timit the
achievable. undercooling, and thus, conirol over solid properties. The
control exper1ment in this case would be another zero-g sample which
‘is in a container. In all cases the measurement required will be
undercooling (temperature) as a function of position in the melt.
Additional measurements of convective heat transfer and g 1eve1 w111 be
desirable in the graV1gy~aepnrdent eaper1wents.

- Mucleant Characterizaticn Experiments -

These experiments will attempt to specify the most convenient parameter

for: characterizing the influence which nucleant interfacial energies have -
on the nUcTeaLion and growth processes. Paraneuets used in this report
include nucleus-melt 1nterfac1a1 energy, o p OF O, o (equat1or 16) and

Ao (equations 21). If, for example, it is found that wost nuclei

2-75



D256-10202

2.4.3 {Continued)

which form are of the spherical cap type, a further purpose of these
experiments would be to correlate @ values with particular 1mpurﬁty
(nucleant) -~ melt combinations and to hopefully provide insight into
the mechanism which causes a nucleus to form more readily onone
type of nucleant than on another. If this insight is obtained, it
should provide some understanding of denucleation as well,

Melt Property Measurements

As mentioned pkevious]y, the main problem encountered in the calculation
of theoretical predictions of solidification phenomena (disregarding the
accuracy of the theory itself), is the dearth of values for the properties
of the melt which usually appear as constants in the equations of the
theony Since most of these propert1es are defined as fundarentn? constants
for the material or are derxved from intermolecular structure and gnerqy
in a formal manner which can not yet ba reduced to numerical calculation,
axperimental measuremenh of these properties is the most direct method Tor
obtaining them.. This is usually quite difficult for metals and ailoys -
due to the high temperaturcs requIred by the 11qu1d state and the sometimes
corrosive nature of the metal melt being studied. But if the ability to
predict the results of solidification processes and to enter an era of true
~ design of material propertles at the malecutar level is to be attained,
values of melt propert1es such as therma) dxffuswvaty, interfacial energy
(or a corresponding parameter), ‘diffusion coefficient, spec1f1c volume
(density), isothermal compressibility. thermal expxns1on coefficient
and entropy of fusion must be obtained.

2-76



2.5

10.
CTT.

e,

: 13 

D256-10202

- REFERENCES -

~ R. Becker and W. Doring, Amn. d. Physik [5] 24, 719, 1935.

R. Becker, Ann. Physik, 32, 128, 1938.

D. Turnbull and J. C. Fisher, J. Chem. Phys., 17, 71, 1949.

L]

D. Turnbull, J. Appl.APhys., 21, 1022, 1950.

J. H. HoTlomon and D. Turnbull, in Progress in Metal Physics
(B. Chalmers and R. King, eds.) Vol. 4, pp 333-388, Pergamon,
London, 1953. 7 )

See for further references, K. A. Van Wormer, Jr., A Review
Study of Nucleation and Its Role in SolidiTication, AMMRC CR 69-08,

Army Haterials and Mechanics Research Center, Yatertown, Mass.,
1969. i 1 o |

D. Turnbull, Trans. Met. Soc. AIME, 221, 422, 1961.

J. Lothe and G. M. Pound, in Nucleation (A. C. Zettlemoyer, ed.)

pp 109—150,_Marce1 Dekker, New York, 1969.

W. J. Dunning, in Nucleation (A. C. Zettlemoyer, ed.) pp 1-G8,

.- Marcel Dekker, Mew York, 1969. . .

F. L. Binsbergen. in Progress in Solid State Chemistry (J. 0. McCaldin

- and @. Somorjai, eds.) Vol. 8, pp 189-238, Pergamon, London, 1973. .

D. P. Moak, N. M. Griesenauer and S. H. Gelles, Final Report on

- Contract MASE8-28749, Battelle Columbus Labs, -April 18, 1875. =

D. Turnbuli and B. Vonnegut, Ind. Eng. Chem., 44, 1292, 1952,

B. E. Sﬁﬁdquist_and'L. F. Mondolfo, Trans. Met. Soc.-AIME, 221,
607, 1961. |

2-77



14,

15.

6.

17.

18,

19.

- 20.

21.

22,

23, .

24,

. 26.

27.

28,

29,

D256-10202

(Continued)
M. E. Glicksman and W. d. Childs, Acta Met., 10, 925, 1962.

A. G. ¥alton, in Nucleation (A. C. Zettlemoyer, ed.) pp 225-308,
arcel Dekker, New York, 1969.

G. F. Davies, Solidification and Casting, John Wiley & Sons,
Inc., New York, 1973. '

¥, C. Winegard, An Introduction to the Solidification of Metals,
The Institute of Metals, London, 1964.

“R. I. Miller and R. C. Ruff, J. Appl. Phys., 46, 208, 1975.

S. Toschev, Crystal Growth, An Introduction, (P. Hartman, ed.),

pp 1-49, North-Holland Publishing Co., Amsierdam, 1973..

K. A. Jackson, Hucleation Phenomena, (A. S. Michaels, ed.),

* pp 37-40, American Chemical Society, Washington, 1966.°

D. Turnbull and M. H. Cohen, Modern Aspects of the Vitreous
State, (J. D. Mackenzie, ed.), pp 38-62, Butterworths,
Washington, 1960. '

W. B. HilTig and D. Turnbull, J. Chem. Phys., 24, 914, 1956.

- ~D. Turnpbull and R. E. Cech, J. Appl. Phys., 21, 804, 1950.

D. Turnbull, dJ. Metals, 188, 1144, 1950.

D. Turnbull, Scientific American, 212, 38, 1965.

- W. V. Youlelis and S. P. Iyer, J. Inst. Metals, 101, 176, 1973.

. P. lyer and W. V. Youdelis, .J. Inst. Metals, 100, 372, 1972.

tn

'S, Y. Shiraishi and R. G. Ward, Can. Met. Quart., 3, 117, 1961.

M. E. Glicksman and C. L. Vold, Acta Met., 17, 1, 1969. .

2-78



2.5

30.

31.

32.

33.
34,
35.
36.
37.
38.

39.
40,

41,

43,

&4.

D256-10202

(Continued)

K. Huang, Statistical Mechanics, pp 157,158, John Witey & Sons,

Inc., New York, 1967.

H. Eyring, D. Henderson, B. J. Stover and E. M. Eyring,
Statistical Mechanics and Dynamics, p 369, dJohn Wiley & Sons,
Inc., Mew York, 1964, '

R._I. Miller, A Summary of Liquid State Models for Materials
Processing in Space, Boeing Document D5-17268 (unpublished).

K. Huang, ibid, p 259.
F. Spaepen, Acta Met., 23, 729, 1975.

J. D. Bernal, Mature, Lond., 185, 68, 1960.

J. D. Bernal, Proc. Roy. Soc., A280, 299, 1964.

J. L. Finney, Proc. Roy. Secc., A319, 479, 1970.

A. S. Skapski, Acta Met., 4, 576, 1956.

D. Turnbull, Liguids: Structure, Properties, Solid Interactions,
(T. J. Hughel, ed.) pp 14-16, Elsevier Publishing Co., Hew York,
1965. '

C.'Hérring; The Physics'of.Powder'MetaT1quy, (M. E. Kingston,

ed.), pp 143-178, McGraw-Hill, Hew York, 1951.

A.”Kdtieiéﬁd D. Kuh]manhuwi1sdorf,'ﬁpp1.'Phys.'Lett},

1.
9, 96, 1966.

D. Kuhimann-Hilsdorf, Phys. Rev., 140, A1599, 1965.

1. T. Read and Y. Shockiey, Phys. Rev., 78, 275, 195C.

" H. B. Huntington, Solid State Pnysics, vol. 7, (F. Seitz and
D TUrnbﬂ]l,”eds;); pp 214-352, Academic Press, Inc., Mew York, 1958.

S 2-19



2.5

45.

46.

a7,

48.

49.

0.

51.

52.

- 53.

55.

bé6.

57.

58, -

59.

D256-10202

(Continued)
A. Cibula, J. Inst. Metals, 76, 327, 1949.
4. d. Burton, Acta Met., 21, 1225, 1973.

A. Moore and R. E1liott, in The Selidification of Metals,
ISI Publication 110, pp 167-172, The Tron and Steel
Institute, Landon, 1967.

B. Chalmers, Principles of Solidification, dohn Hiley &
Sons, MNew York, 1964,

D. Turnbull and M. H. Cohen, J. Chem. Phys., 34, 120, 1961.
M. W. MulTins and R. F. Sekerka, J. Appl. Phys., 35, 444, 1964,
R. F. Sekerka, J. Appl. Phys., 36, 264, 1965.

R, I. Miller and W. S. Chen, Further Analysis of Field
Effects on Liqu.ds and Solidification, MASA CR-120313,
Boeing Aerospace Company, July, 1974.

R. F. Sekerka, J. Phys. Chem. Solids, 28, 983, 1967.

d. M. Ziman, Principles of the Theory of Solids, Cambridge
University Press, Ch. 7, 1964. '

J. M. Ziman, Electrons and Phonons, Oxford Press, Ch. 8, 1360,

T. 7. Kattamis and M. C. Flemings, Trans. Met. Soc., AIME,

236, 1523, 1966.

M. H. Johnston and C. S. Griner, Scripta Met., (to be published).

T, E. Strangman and T. Z. Kattamis, Met:. Trans., 4, 2219, 1973.

R. Hultgren, R. L. Oy, P. D. Anderson and K. K. Kelley,

Thernodynamic Properties of Metals and Allays. John Wiley &

Sons, Inc., Mew York, 1963.

2-80



