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SECTION 1
SUMMARY

OBJECTIVES AND APPROACH

There were two objectives to be pursued during this extension of the
Study of the Liquid-Solid Transition for Materials Processing in Space:

(A) to determine the relationship of f, (the fraction of
Jattice sites on the liquid-solid interface to which
molecules can be attached) to Gibbs free energy of
solidification (also called "driving force for.
solidification"), to.other thermodynamic .variables,
and hence to changes in external fields, and

(B) to investigate the possibility that calculating
derivatives of Gibbs free energy of solidification.
and diffusion coefficient (or equivalently, molecule. .
mobility) with respect to pressure would provide a better
method of determining external field effects on Gibbs
free energy and diffusion coefficient than the free
Volume Model method previously employed. .

(B) were taken as the work statements for tasks
The approach to task (A) was
Free Volume Model
fication, soecific.

Objectives (A) and
(A) and (B) of the contract extension.
to utilize newly-acquired information from the

which related f, to Gibbs free energy of solidi
volume, surface free energy and molecule diameter. In task (B),
classical thermodynamics was used to calculate the derivatives —%%

and dD .nd to compare these with equivalent'expressions derived from the
Free Volume Model. Results of task (A) were used to modify previous
calculations of solidification rate changes. (see Appendix B). Task (B)

required no modification to.previous work. .

11
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RESULTS AND CONCLUSIONS

The results and conclusions of task (A) are.contained in the paper
placed in Appendix B. Basically, it was found that including the
effects of external fields on fo in the calculation of solidification
rate, Uc’ did result in a change in the ratio Ué/Uc. The change was
insigniricantly small in the case of microgravity (corresponding to
the infinitesimal original vatue of the field-induced change 1n'UC),
and was on the order of 1% in the magnetic field case. Thus the.
calculation of field effects on fo does not change the general con-
clusions of the previous work contained in the Final Report dated
July 9, 1974, But having considered these effects does increase the
accuracy and credibility of this work.

In comparihg the derivatives %%-and 9§%~to equivalent expressions

from the Free Volume Model calculations, order-of-magnitude agreement
was found for changes of diffusion coefficient (or molecule mobility)
with pressure, but there was no agreement between the two methods for
the change of Gibbs free energy of solidification with pressure.
Neither of these results affect the validity of the Free Volume Model
calculations of solidification rate change with external field effects
as reported in Appendix B.

Results and conclusions pertaining to.the remainder of the work on

Contract NAS8-28664 not covered by this Addendum may be found in
References 1 and 2. Symbols and data used in this addendum are also

taken from References 1 and 2.
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SECTION 2
ANALYTICAL RESULTS

2.1 TASK A - FIELD DEPENDENCE OF fo

: The analyses, calculations and results pertaining to this task are

§1v contained in the revised paper in Appendix B. This paper also con-

tains the calculations of field effects on solidification rate which have
been modified to include the field effects on fo.

2.2 TASK.B - PRESSURE DEPENDENCE OF D AND AG

The purpose of this task was to see if there is any similarity between

the calculation.of external field-induced changes in diffusion coefficient,
D, and Gibbs free energy of solidification, aG, from the Free Volume

Model (see Appendix B), and the calculation of the change in D or AG

caused by any arbitrarily produced change in pressure, i.e., 33 or
daG
K

Changes in diffusion coefficient, or, equivalently, molecule mobility

(v = D/KT) with pressure may be derived from the expression

bv./V
D=AT/2¢ © f : (1)

where A and b are constants with b being of the .order of unity.
_ Differentiation with respect to pressure yields

bv_ dv
B-roGHr e (2)
f

According to the C1§usius-C1apeyr0n equation(4), %% is given approximately

by

dT . - oV _ 1 AV
dTm=T TS - (3)

_where AV is change in volume between the 1iquid and solid phases and
is not a field-induced volume change, aH is the heat of fusion, T,
the melting temperature and SC the .entropy of solidification. Since

2-1




D256-10024

(ADDENDUM)
2.2 . (Continued)
by definitiont®)
Vf =V - Vo ’
%:,—f = g—'g = =BV - (4)

where B is the isothermal compreséibiﬁty coefficient and v the specific
volume. Thus equation (2) becomes

1dd . _av Yo' (5)
DTS

since b = 1.

From the definition of Gibbs free energy, G, the..chahge in G on freezing,
i.e., the difference between G of the 1iquid and G of the solid is

AG = AH - TS, = T S, - TS, . (6)

The change in AG with pressure will be

daG _ daH dT
o . (7)

To evaluate %‘;—, note that since H = E + PV,

-d—é'g-=%‘;-[AE+A(PV)j=Cv%;-+ AV

and from equation (3)

a7 .5 A
7T
thus
(C,-S,.)
g—ﬁ%=AV[1+ vel (8)
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2.2 (Continued)

Now, 1t was suggested by a reviewer for the paper in Appendix B that
a way to estimate the field effects on the driving force for solidifi-
cation was to say.

dT
daA . ,
C

R 3°
Since %! is on the order of 10'10 E%?—E, this yields a small value for
dT c P

Hﬁn’ but not necessarily for =g Values calculated from equation (8)
are found to be much larger.

Comparison of equations (5) and (8) to previous calculations from the
Free Volume Model may be made utilizing the following equivalence
statements

A8 g ) | (10)
das <=>.%§ (aG' - -AG) ()

where the right-hand sides are the finite difference expressions corres-

ponding to the %i;ferentia1s on the left. The terms on the right are
1

calculated from'.
Microgravity Case:

AP = - pzAg (12)

AG' - AG = - BV[pZAg]z' (13)

Magnetic Field Case: .

= 1 2
AP = - 7 LIOH , (14)
AG' - AG = - V(XQ'XS)HZ (15)
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2.2 (Continued)

Using the above equations and the data given in Table I, the expréssions
on.both sides of (10) and (11) were calculated yieldina the results
shown in Tables II and III. Agreement between the two calculation
methods is good (tc an order of magnitude) for the change of diffusion
coefficient with .cernal pressure (Table II). There is no agreement
between methods for the change of Gibbs free energy of solidification
with pressure. Had one assumed that -

daG . Ty
dp ~ TdP

then agreement would have been good, particularly with the microgravity
case calculated from the Free.Volume Model. Although the right-hand
portion of equation (6) tempts one to make this assumption, the analysis
leading to equation (8) points out its fallacy. Thus there seems to be
no similarity between the calculation of external field effects on .AG
from the Free Volume Model and from g%% .. Since the term of interest

in the calculation of field effects on solidification rate is

(1-e AG'/kT')/(] . eAG/kT)
and not'gﬁg, the comparison indicated by expression (11) is, perhaps,
meaningless. At any rate, there is no reason to doubt the accuracy of
the Free Volume Model calcualtions, because-the reviewer himself ex-
pected a small value for the change in AG with éxternal pressure, and
therefore approved the work in Appendix B.

2.3 REFERENCES

1. R. I. Miller and W. S. Chen, Further Analysis of Field Effects
on Liquids and Solidification, Final Report on Contra.t NAS8-
28664, Boeing Document D256-10024, July 9, 1974,
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APPENDIX A

REVISED SUMMARY OF PUBLICATIONS AND PRESENTATIONS PRODUCED

UNDER CONTRACT NAS8-28664

PUBLICATIONS

1.

A Summary of Liguid State Models for Materials Processing
in Space, Boeing Document D5-17268, August 1972.

Analysis of Field Effects on Dense Liguid Materials, NASA
CR-124294, May 1973.

nQualitative Effects of Oscillating Magnetic Fields on
Crystal Melts", Journal of Crystal Growth, 20, 310,
November 1973.

“Thermodynamic Properties Derived From the .Free Volume .

Model of Liquids", Metallurgical Transactions, 5, 643,
March 1974.

Further Analysis of Field Effects on Liquids and
Solidification, Boeing Document D256-10024, July 1974..

ngxternal Field Effects on Solidification: Macroscopic
and Microscopic Models", Proceedings of the 1974 AIAA/ASME
Thermophysics and Heat Transfer Conference, July 1974.

nExternal Field Effects on Diffusion and Solidification
Derived from the Free Volume Model", Journal of Applied
Physics, 46, #1, January 1975.

PRESENTAT IONS

1.

"The Free Volume Model Equation of State", Annual Meeting
of SESAPS*, November 1972.

“External Field Effects on So1idification. Rate", Annual
Meeting of SESAPS*, November 1973.
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APPENDIX A (Continued)

3. "Some .Aspects of Present.and Future Research in Space"
(Invited. Paper), Annual Meeting of SESAPS*, November
1973.

4, "External Field Effects on S¢lidification: Macroscopic

and Microscopic Models" AIAA/ASME Thermophysics and Heat
Transfer Conference, July 1974,

5. "External Field Effects on Microsegregation", Annual
Meeting of SESAPS*, December 1974.

*Southeast Section of the American Physical Society
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To Be
Published in JOURNAL OF APPLIED PHYSICS

Vol. 46, #1 January, 1975

EXTERNAL FIELD EFFECTS ON DIFFUSION AND SOLIDIFICATION DERIVED
FROM THE FREE VOLUME MODEL*

RONALD I. MILLER
NUCLEAR & SPACE PHYSICS GROUP
BOEING AEROSPACE COMPANY
HUNTSVILLE, ALABAMA 35807

and
RUDOLPH C, RUFF
SPACE SCIENCES LABORATORY

NASA/MARSHALL SPACE FLIGHT CENTER .
HUNTSVILLE, ALABAMA 35812

*Work was sponsored by the National Aeronautics and Space Administration,
Marshall Space Flight Center.
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EXTERNAL. FIELD EFFECTS ON DIFFUSION AND SOLIDIFICATION 1
DERIVED FROM THE FREE VOLUME MODEL

Do , ABSTRACT
Expressions for diffusion coefficient, D, and solidification rate,

Uc.'from.the Free Volume Model of liquids developed by Turnbull

and Cohen _have been used to estimate the effects which microgravity

i and magnetic fields will have on these quantities. The mathematical

formalism describing changes in D and Ue is the same for both the
microgravity and magnetic field cases, but the difference between
the magnitudes of the two effects is quite large. The change in
D.and Uc 1s found to be less than 1074 for the microgravity case i 1
and on the order of 0.1 to 1.1% for the magnetic field case for four
representative materials. D and U, are found to increase. under the .
influence. of an applied magnetic field, and this is in agreement with

experimental observations.
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EXTERNAL FIELD EFFECTS ON DIFFUSION AND SOLIDIFICATION
DERIVED FROM THE FREE VOLUME MODEL

INTRODUCTION

Solidification phenomena form one of the most important classes of problems in
the Materials Processing in Space discipline of the NASA Space Science and .
Applications Program. The objective of this discipline is to develop new or
superior products for use on Earth by utilizing the.unique environment of
space in the processing'of materials. In many solidification situations,

such as growing chysta]s from the melt, the state of the molten material
greatly influences the solidification process. It is therefore necessary to
consider the'liquid.State aspects of the solidification process, primarily
convection, the contamination of a liquid by its container, and diffusion

of molecules in the liquid and the effects these have on the process.. Since .
convection and contamination problems in Space Processing are being investi-
gated elsewhere [1,2], it was decided to concentrate on diffusion and thermo-
dynamic questions relating to solidification from the melt. A method of
treating 1iquids analytically is to employ one or more of the liquid state
models.[3] which have been developed during the past 80 years, and the Free
Volume Model.of Turnbull and Cohen [4 - 7] provides a conceptually and
mathematically simple picture of the kinetics of solidification. In addition
to approaching the solidification problem from the liquid state point of

view, it is instructional to consider what similarities and differences

B-3
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may exist between solidification processes in microgravity and the same

processes carried out on Earth but in the presence of magnetic fields.

This approach is suggested by several experimentally observed effects
[8 - 12] which magnetic fields .produce in solidification processes and which - v

are qualitatively similar to effects anticipated in microgravity solidification.

oL

The work reported here is an elementary attempt to deduce from the Free Volume

Model what. changes, if any, will occur in the diffusion coefficient and solidifi-
cation rate of a material which solidifies either in microgravity or in the

presence of a magnetic field.

FREE VOLUME MODEL EQUATIONS

The rate of :growth of .a rough interface into an undercooled melt [13] where

molecules are added to the interface by diffusion is given by Turnbull [5]

as

1

0
=2 [ =—
(o .Ro

bk . s

where k is Boltzmann's constant, T is absolute temperature, aG is the Gibbs
free energy of solidification, R° is the molecular diameter and f  1is the
fraction of lattice sites in the liquid-solid interface to which molecules
can be attached. Strictly speaking, D is the kinetic constant for solidifi-
cation. But Turnbull finds that, in molecular liquids, this kinetic constant
may be replaced with the 1iquid self-diffusion coefficient with reasonable 1

accuracy [7]. According to the Free Volume Model, the diffusion coefficient

is approximated by [6] ;
]'_V_*
D=§ U vre ¢ (2)

B-4




where ¢ is a parameter relating the distance traveled by a molecule between
collisfons to the average specific volume, v, of the liquid, and v is an
overlap factor lying between %=and 1. v* is the critical. value of free

volume for the onset of diffusion, U is the diffusion velocity given by

- 3T
u e (3)
i.e., the gas kinetic velocity, and vg¢ is the free volume defined as

Ve =V = Vg (4)

where Yo is the molecular volume calculated from the diameter and m is the

molecular mass.

Now if equations 3 and 4 are substituted into 2, one obtains

L L R
paoe v o) - B

1
, 2
where ¢ = v* (9—50? is a constant for a given material and values of ¢ and

of 1——-have been tabu1ated by Cohen and Turnbull [4] for some simple liquids..
The ratio of the available interface lattice site fraction to molecular diameter,

fo/Rys 18 found by Turnbull and Hi11ig [14] to be

f
. _AG
R% = Trov (6)

where o is the surface free energy at the interface, a constant for a given

material [15].

B-5
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FIELD EFFECTS ON Uc» D AND f

From equations 1, 5 and 6, it is seen that solidification rate of a given .
material depends only on the variables D, fos 4G and T while the diffusion
coefficient itself depends on T and specific volume, v, and f, depends on

AG and v. If a prime on a quantity indicates the value of that quantity under
changed field conditions, i.e., in a magnetic field or in microgravity, then

from equation 1 the ratio of the new solidification rate to the unperturbed

value will be

o 0" £ - gAG'/kT.'.)
Ye D, (1-et/K 7
with
o g
e (14 82 e (2 g (8)
L T v (1-v°/v)2 + %1’— (1 - v /v)
and
fo _a8'v _ 26'/a6 (9)
fo 26V T+ av/v ‘

from equations 5 and 6. Here T' =T + A7 and v' = v + Av, where AT and Av

are changes in T and.v due to external field effects. It is worth noting that
using either Fick's law or equation 3, one can show that the ratio of diffusion
coefficients in equation 8 is approximately equal. to the ratio of diffusion
velocities, u'/u, of liquid molecules if %1 << 1, It will be seen that this

condition is realized in microgravity, and to a lesser extent in magnetic

B-6




L Al M Tt R A

AR AR MY the diath B ol e B0 T N bkl e e

fields. Thus _the change in solidification rate, lattice site fraction and
diffusion coefficient due to external field conditions as measured by the
ratios of 7, 8 and 9 depend, for a given material, only on the fractional
changes %!3 $I~and on the change in Gibbs potential, AG'. These parameters
will now be discussed in terms of their ultimate effect on solidification rate

for both the microgravity case and for_the magnetic field case.

MICROGRAVITY CASE

-

From the definition of isothermal compressibility [16], the fractional change

in a volume of a liquid due to a change in pressure, AP is

AV _
v - -8AP (10)

where g is the isothermal compressibility of the liquid. .If a container of
liquid is envisioned as being moved from the Earth's surface into an orbiting
laboratory where microgravity conditions prevail, there will be a change in

the hydrostatic pressure within the liquid of

where o is the 1iquid density,.g is the acceleration due to gravity and z is
the distance of the reference pressure point below the free surface of the
1iquid on Earth. Equation 11 would be exact if the factor g were corrected for

non-gravitational accelerations experienced aboard spacecraft, but since these

6

are on the order of 10‘39 to 10"°g, equation 11 is a good approximation. . Thus

from 10,

B-7.
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From the definition of the thermal expansion coefficient, « [16], one can

write

LEEA (13)

so the temperature change corresponding to the pressure-induced volume change

may he calculated from 12.
Since the Gibbs free energy of solidification is given [15] by
AG = SC 8T , (14)

where Sc is the entropy of solidification (a negative number) ind &% is the

amount of undercooling (Tm - T), external effects must be of &iw form
AG' = AG + AvAP
or, from 10
AG' = 46 - gv (aP)? (15)

with AP given by equation 11 for the microgravity case. With these equations,

the free energy term

(1 - B8'/KTYy /(1 . 8C/KT,

)

the change in available lattice site fraction fy/f,, the diffusion coefficient
change D'/D, and the solidification rate change Ué/Uc may .be calculated for

any material if.the characteristic parameters are available for the liquid

B-8
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state of the subject material, . Table I 1lists values of the paraneters
required for calculations in both the microgravity case and in the magneétic

field case for four representative materials.

MAGNETIC FIELD CASE

Equation 10 may be used to determine fractional volume changes in a 1iquid

placed in a magnetic field if AP is now the magnetic pressure [17]
0P = - Fug [HS - xHE] (16)

where is the permeability of free space (.1257 dyne/ampz), x is the

M
(]

magnetic susceptibility, Ho is the initial field strength before the 1iquid

was placed in the field and H is the resulting steady-state of the field

internal to the 1iquid. Thus

&= % [H2 - 1. | (a7)

To estimate Av/v without having to specify boundary conditions of a particular
system, one may assume that for paramagnetic or diamagnetic liquids, H = Ho.

Since x is on the order of 10'7 for such liquids,

AV . .

vo© %‘3“0.(]'X)H2 ) %‘B“OHZ . (18)
An alternative method for calculating the volume change would be to use the
theory of magnetostriction. According to the theory [18], the fractional change
in volume due to the magnetostrictive form effect is a function of demagnetizing

factor, bulk modulus of elasticity and the square of magnetic field strength.

B-9
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The dependence on H {s in agreement with equation 18, and'ez-is generally
positive, even for values of H beyond those applying to the form effect

in solids.. But demagnitizing factors are not available for liquids, so.a
quantitative comparison between equation 18 and the theory of magnetostriction

is impossible, even though both predict a positive Av in a magnetic field.... .

In his paper describing magnetic field effects on the dissolution and ..
solidification rates of paramagnetic crystals in solution, Schieber [11]
derived the following expression for the change in temperature of a solidifying
system due to the application of a magnetic field, H

)”2

%I'.: (XQ'X '4_0- (]9)

S
where.xl.is the magnetic¢ susceptibility per unit volume of the liquid, Xg is ..
the susceptibility of the solid and Q is the latent heat of solidification.

Thus the temperature at the interface of a solidifying material in a magnetic

field can increase or decrease depending on whether the material .is diamagnetic

or paramagnetic and on the relative magnitudes of x, and x.

The Gibbs free energy of a material in a magnetic field is given by Wood [19]

as
G'=G-vA M (20)

where M is the magnetization, xA. Thus the change in G at the interface with

a magnetic field applied will be

B-10 -
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AG' = AG - V(XQ.XS)HZ (21)

It is easy to show that, as long as SC 6T > 4Qv and the difference Voot

is positive, the free energy term

(] - eAG'/kT'.) / (] - eAG/kT)

is less than unity while if‘x2 - Xg is negative, the free eneray term is greater
than one. The same conditions on Xy = Xg determine whether AT is positive
or negative, thus yielding a somewhat more comp:licated criterion for determining

whether solidification rate increases or decreases than was found by Schieber

[117.

DISCUSSION OF CALCULATION RESULTS

From equations 12, 13, 15, 18, 19 and 21 and the parameter values given in
Table I, the various terms in equations 7, 8 and 9 can be calculated and used
to determine values for fé/fo},D'/D.and Ué,’UC for both the microgravity and
magnetic field cases of -altered external field conditions. Note that the
references for the input data are indicated under the appropriate va]ues

in Table I. Estimated values of vV, and i——-were determined from atomic and
fonic radii shown on the Sargent-Welch Table of Periodic Propérties of the .
Elements (1968). In such estimations, a 50% composition for InSb is assumed.
Values of the variable parameters which were assumed for the -examples. presented
here-are given below the table. A magneti¢ field strength of 10° Oersteds
was chosen because it is in the range of high field measurements made by

Carruthers and Wolfe [12] and by Schieber [11].
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Table Il presents the values for Ué/UC, pD'/0, f(')/fO and the free energy term

which were computed from equations 7, 8 and 9. For numbers as close to unity

as these, the percent change in a quantity X is approximately 100(%; - 1) where.....
X' is the perturbed value. Expressed this way, the changes in.both diffusion
coefficient and solidification rate are in the range of 107%% for the micro-
gravity case and 0.1 to 1.1% for the magnetic field case. The diffusion
coefficient is seen to increase slightly, except for mercury in a magnetic

~ field, while the solidification rate decreases insignificantly in microgravity.
but increases slightly in magnetic .fields. The decrease in diffusion coefficient
for mercury in a magnetic field is due primarily to the Tow value of the parameter
yv*/v for Hg. If the magnetic field strength were increased sufficiently, however,
this would cause D'/D to be greater than one for mercury as well as for the other
materials. Mercury is also the only material to exhibit a negative difference
in.magnetic susceptibility, and thus the free energy term for Hg is greater than
one, as expected.. Neither of these deviations produce a significant effect

on the solidification rate of Hg. The data in Table II also show that the free
energy term is insensitive to external field changes, but that the diffusion .
coefficient is sensitive to changes in magneti¢ field. This is due to the more
direct dependence of the diffusion coefficient on field-induced vziume change
and.to the fact that volume changes are much larger (by factors. proportional

8

to Hz) in magnetic fields than microgravity where %x-is on the order of 107°.

The percent changes in diffusion coefficient and solidification rate derived
here can at best be considered only order-of-magnitude éstimates for three

reasons. First, in the magnetic field case, approximations were made based on
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the relative magnjtudes of H and Ho,,and in the microgravity case, the change

in gravitational (or other) accelerations was an approximation, Second, each
calculation contained at least one parameter which was estimated rather than
being obtained from experimental data, as well as three parameters which were
assumed in order to carry out example calculations. Finally, the Free Volume
Model does not consider any possible effects of bulk fluid motion (convection)

on solidification rate. The .convection problem in multi-component 1iquids, which
is the primary reason for studying solidification processes in microgravity or | |

magnetic fields, 1is best handled by other theoretical methods [29]. Thus the

o

data of Table II can be interpreted as providing an indication of the direction
of change in D and U. due to external field effects and a rough estimate of its

magnitude. 4
CONCLUSIONS -

From the foregoing discussion it appears, within the framework of the Free

Volume Model, that reducing the acceleration (gravitational) forces on a

soli1ifying system has only an insignificant effect on the d. fusion coefficient
(and thus also the diffusion rate) and on the solidification rate. This of course
does not mean that microgravity has no effect on the wverall solidification process,

but only that acceleration forces have very little direct effect on D, U and U..

Indirect effects such as those caused by gravity-driven convection have, as was
mentioned, not been considered. On the other hand, magnetic fields have a small
but significant effect on the three properties of interest, causing them to
increase for all materials considered if the field strength is sufficiently high.

That this increase in solidification rate is a measurable effect has been
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confirmed by Schieber [11]. Schieber's experimental observations agree

qualitatively with the results derived hére.

Qualitatively, the effects of microgravity and magnetic .fields on diffusion
coefficient and solidification rate are identical, insofar as. the mathematical
formalism of equations 7, 8 and 9 are the same and the effects are dependent on
changes in temperéture,,vo1ume and free energy. The major difference between
the two cases is in the magnitude of the effects, with microgravity causing
infinitesimal changes and magnetic fields producing small, but finite changes..
In the magnetic field case, the amount of change could he increased since .
there theoretically exists the capability to increase the field strength and
thus the important. ratio, %I, beyond the values in the examples reported

here. By showing that microgravity has almost no direct effect on diffusion.
coefficient and solidification rate, this analysis supports the thesis that

the primary benefits of materials processing in space arise from the suppression
of convection by the elimination of as many acceleration forces as possible,
and from the reduction of contamination by containerless, free suspension

processing.

B-14

et el “ a ' i

ek

[P N




= Y o
1 - . P LI T CREETRTTIT T T TR T e T T Ty S T S T l
- Scan L auioaaie e ted T ..l.i«ql! 4

SaN{eA PIJLWLYSI wmpmu*v:@ 3

r

W { 3q 01 paunsse St Z

Rathin sh

%.0L 99 01 paunsse st 19

TR I TN e

(wo/dwe eopxom.mv Sp315430 mc~ mn 031 pounsse SL H «
72 | e 3 ¥ ¥4 92 2 | e 9 {2 . | @oudddsay
‘ €60 | 19€ | 9°v2 | €41 9€27| ,0LXL0TL-| 820007 |, ULXILE"L OLxe0° L |, 01X968"Y ;-01X658°G BN
b2 vz | 3 v 2 £2. £2 12811 92 9z | @uesu
, (gL | w2z | 9wl | §°8 | G€60°| ,0LX8°6- 8LO00T | ,, OLX6'E OLXeG"L ;g 01X8eL 2- | ¢-0LX99¥ ¢~ bH
: , . , o : , w©

sz | 52 3 1 22 82 82 12811 02 02 | 3dua4333y| L
| /5°G {00zt | 0°€L | 8°9 | €0 | gOIXEVY 2| ¥£GL0007 | |, OLX6L™L | JOLXSL"C ,-oLxszL9- |, 0LXe06°v= - 3y
. 52 sz | 1 1 12 82 82 [23LL 02 02 . | aousudsay
” ev-9 | €60 | 2°8L | 8°uL| €0 | GOLXLLZ"9 LPEOCO | |, OLXSL7E gOLX69°2 |, 0LXZ19"L ,-01¥918°9- qsug

2 | Yo ajow | ajou Y 3L 0u ano aukp w g U0 - M

6 1w | [ 1 “/6as " /o /1o | WINILYN

»mhom_.._u_u @1314 ON1LYINIVI ¥04 aIsn Sylawvivd 1318Vl




—

(o't | ec1zo't | €rovess’ LLL66" 16666666 " 1000000° L | 86666666 | 8666666 eN

200°1 | 50866 066€866° | 6£500° L GE666666° | £000000°L | S6666666° | £866666° By |
| 4 L © |

oot | vz900°L | 6682566° | /8666 68666666° | £000000°L | €6666666° | L666666° 39 | o

oot | 25220t | sciozssc | c6666° 09666666 50000001 | 08666666° | 666666 qsul
T | R Wi3L 1,

win | as.a /% A9YINT >n/2n a/.a /% AS¥INI <Hm
334 3344 1,

3ISYD 13I4 IILINOVM ISYD ALIAVE90YIINW Ly

i

STVIILYW IATLYINISINAIY NO SI103443 Q1314 TYNYILA 11 18Vl

NPy




\ﬁ&mg:.n - ey

ACKNOWLEDGEMENTS

The authors wish to thank Dr. L. L. Lacy of NASA,
Dr;.B. D. Lichter of Vanderbilt University and
My. H. E. Manning and Mrs. Charlotte Wiser of
Boeing who made significant contributions to

this work.

B-17

AL n i




10.

11.

12,

REFERENCES

-S. V. Bourgeois.and M. R. Brashears, AIAA Paper .No. 74-205, AIAA 12th

Aerospace Sciences Meeting, Washington, 0. ¢, (Feb. 1, 1974).

R..T. Frost, H. L. Bloom, L. J. Napaluch, E, H, Stockhoff, and G, Wouch,

Electromagnetic Containerless Processing Requirements and Recommended

Faci11ty Concept and Capabilities for Spacelab, Final Report on Contract

NAS8 -29680, General Electric Company (May 13, 1974).

R. I. Miller, A Summary of Liquid State Models for Materials Processing
in Space, Boeing Document D5- 17268 (Aug. 15, 1972)

M. H. Cohen and D. Turnbull, J. Chem. Phys., 31, 1164 (1959).
D. Turnbull and M, H, Cohen, J. Chem. Phys., 34, 120 (1961),
D. Turnbull and M. H. Cohen, J. Chem.. Phys., 52, 3038 (1970).

D. Turnbull, Trans. TMS-AIME, 221, 422 (1961),

A. F. Witt, C. J. Herman, H. C. Gatos, J. Materials Science, 5, 822 (1970).

H. P. Utech and M. C. Flemings, J. Appl. Phys., 37, No. 5, 2020 (1966).
P. R. Sahm, J. Crystal Growth, 6, 101 (1969)
M. Schieber, J. Crystal Growth, 1, 131 (1967).

J..R. Carruthers and R. Wolfe, J. Appl. Phys., 39, No. 12, 5718 (1968).




T R R TUR  TRTTRATESTV R T LT

K. A. Jackson, J. Crystal Growth, 5, 13 (1969).
W. B, Hi1lig and D. Turnbull, J. Chem. Phys., 24, 914 (1956)..

0. Turnbull and M. H. Cohen, in Modern Aspects of the Vitreous State,

edited by J. D. Mackenzie (Butterworths, Washington, 1960) p. 38.

M. W. Zemansky, Heat & Thermodynamics, (McGraw-Hill, Inc., New York, 1957)
pp. 28, 29.

E. S. Shire, Classical Electricity and Magnetism (Cambridge University -

Press, 1960) pp. 187, ff. .

S. Chikazumi and S. Charap, Physics of Magnetism, (John Wiley & Sons,

New York, 1964) pp. 176, ff..

. _.R. Wood, Chemical Thermodynamics, (Appleton-Century-Crofts,,New York, 1970).

V. M. Glazov and S. N. Chizhevskaya, Soviet Physics - Solid State, 6, #6,
1322 (December 1964).

R. Hultgren, R. L. Orr, P. D. Anderson and K. K. Kelley, Selected Values

of Thermodynamic Properties of Metals and Alloys (John Wiley & Sons,
New York, 1963).

V. 1. Davydov, Germanium, Trans. by A. Peiperl, (Gordon & Breach, New York,
1966).

American Institute of Physics Handbook, (McGraw-Hi11 Book Co., New York,

1963) Second Edition, pp. 2-176 and 4-75.

B-19




24,

25,

26.

28.

29.

R. R. Miller and L. F..Epstein, in Liquid Metals Handbook. edited by

C. B. Jackson (U. §. Atomic Energy Commission and Bureau of Ships,

Department of the Navy 1955), p-24, ff.

V. M. Glazov, S. N. Chizhevskaya and N. N. Glagoleva, Liquid Semiconductor:.

(Plenum Press, New York, 1969).

International Critical Tables, edited by E. W. Washburn (National Research

Qounci], McGraw-Hi]] Book Co., New York, 1929) Vol. 6, p. 365, ff.

R. Dupree and E. F. W. Seymour in Liquid Metals - Chemistry and Physics,

edited by S. Z. Beer (Marcel Dekker, Inc., New York, 1972) p. 475.
R. 1. Miller, Met. Trans., 5, 643 (1974).

R. 1. Miller, J. Crystal Growth, 20, 310 (1973).

B-20

hn R A e e el kent



