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Introduction

This is the third annual report of the research activities con-
ducted at the Materials Processing Center under the Materials Pro-
cessing Research Base of NASA Grant #7645 during the period October 1,
1981 through September 30, 1982. Research projects conducted under
the auspices of this grant include work in the areas of nucleation
and rapid solidification, fluid flow and crystallization processes,
and adaptive mater{fals processing.

NASA's initia) and continuing funding of the Materials Processing
Research Base has contributed significately to the research and indus-
trial activities of the Center to develop and mature in an expeditious
manner. The actual dollar support provided by NASA has been effec-
tively leveraged to promote research and industrial interactions in
areas of nationa) interest and of particular relevance to the Space
Program.

Since its inception in 1979, the Materials Processing Center has
sustained very rapid growth. The Center's staff has grown to some 15
faculty members, 30 research staff, and 56 graduate students, all
drawn from a number of MIT Departments, including Materials Science
and Engineering, Chemical Engineering, Mechanical Engineering, and
Electrical Engineering and Computer Science. The total funding level
has grown to $3.425M, of which $1.267M is derived from industrial
sources.

A very important activity which came to fruition in 1982 was the
creation of the Materials Processing Center/Industry Collegium, which
has provided an excellent focal point for close interaction with
industria) organizations. Founced on November 1, 1981, the Collegium
currently has more than forty industrial members and has a goal of




one hundred members for 1983. The Collegium promotes information and
technology exchange through its Collegium Reports and Workshops. The
Collegium also facilitates personnel exchange between industry and
government agencies and MIT. In addition, the Collegium provides
fellowships and scholarships to focus attention upon and attract top
students to materials processing research. There are currently three
fellowships for the 1982-1983 academic year, with commitments for four
1983 summer scholarships and ten full-year fellowships for the 1983-
1984 academic year. The Collegium also provides seed research funds,
assists in acquiring necessary equipment, and supports the development
of new "urriculum and text books.

Research efforts within the Materials Processing Center strive to
control the structure, shape, and properties of materials at acceptable
economic and social costs, through the effective utilization of the
scientific and engineering base. The research activities of the Center
may be divided into the following two broad categories:

1) the Materials Processing Research Base, that is, work which
is directly supported by NASA; and

2) the overall materials processing research effort, which is
supported by other governmental or industrial sources.

The present report describes individual projects completed under the
Materials Processing Research Base. Information pertaining to the
general research effort will be contained in the 1982 Materials Pro-
cessing Center Annual Report. While very substantial in its own right,
the Materials Processing Research Base has further served as an
extremely important nucleus for facilitc*ting the growih of research
efforts in related areas.

The work described in this report, while involving research in
the broad field of materials processing, has two common features:
the problems are closely related to space processing of materials and
have both practical and fundamental significance. An interesting and
important feature of many of the pircjects is that the interdisciplinary
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nature of the problem mandates complementary analytical modeling/experi-
mental approaches which are best undertaken by several investigators.
The joint projects of Professors Brown and Witt, involving crystal
growth, and Flemings and Szekely, dealing with rapid solidification

and grain refining, are excellent examples of such cooperative efforts.
Very close ccllaboration L ~tween investigators occurs in many other
instances, although this may not appear formally in the project des-
cription. Inaeed, the facilitation of such close cooperation is a
major function of the Center.

Another important aspect of many of the projects funded under
the NASA grant is the increasing use of mathematical modeling tech-
niques as one of the research tools. The predictive capability of
these models, when tested against measurements, plays a very impor-
tant role in both the planning of experimental programs and in the
rational interpretation of the results.

Finally, and perhaps most important, many of the projects des-
cribed in this report will have a space experiment as their ultimate
objective. Allowing for the realities of the 1980's, thes¢ space
experiments cannot be undertaken lightly, but require extensive
ground-based preparations. Mathematical models are proving to be
extremely valuable in projecting the findings of ground-based experi-
ments to microgravity conditions.

Of the projects funded by NASA, the Grain Refining/Rapid Solidi-
fication program directed jointly by Professors Flemings and Szekely
is the closest to realization as a space experiment. The space
apparatus has been designed (on the basis of very extensive ground-
base measurements and sophisticated calculations) and a formal pro-
posal for the space experiments is being submitted. A formal proposal
for space experiments on electromagnetically-driven flows in trans-
parent media (Professor Szekely) will be submitted to NASA during the
early part of 1983. Other space experiments on crystal growth under
conditions of microgravity (Professors Witt and Brown) and electro-
lytic processing (Professor Sadoway) are also being contemplated.
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Nucleation and Rapid Solidification

Basic Study of the Role of Convection in Grain Refining
bPrinclpal investigators: Merton C. Flemings

and
Julian Szekely

RESEARCH SUMMARY

The scientific aim of this program is to obta:n a better understanding
of fluid flow, nucleation, grain refinement and structure in undercooled
melts. Work under Professor J. Szekely has the following principal components:

(i) Calculation of the electromagnetic force field, the fluid flow field
and the temperature field in levitation melted (positioned) specimens both
under earthbound and zero gravity conditions, and the verification of these
through a comparison with experimental results.

(ii) The use of the above techniques for the rational design of in-flight
experiments, fully utilizing the unique features available in a zero gravity
environment.

(ii1) Fundamental studies of electromagnetic force field-turbulence inter-
actions.

(iv) The interfacing of these results with the undercooling studies
conducted under Professor Flemings' direction.

(v) The broad dissemination of the fundamental findings through potential
applications in metals processing.

Work under the direction of Professor M.C. Flemings and Dr. Y. Shiohara
is in the following four areas:
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(1) Emulsification studies on undercooling and levitation melting Sn-Pb
alloys.
(2) Fine droplet studies on iron and nickel base alloys.
(3) Thermal and structural measurements on levitation melted droplets
of iron and nickel base alloys.
(4) Emulsification studies on iron and nickel base alloys.
To date, a total of 3 publications have resulted from this work; these are

listed at the end of this section of the report(7'9).

The Mathematical and Physical Modelling of Electromagnetically Driven Fluid

Flow and Associated Transport in Contained and in Containerless Melts

(i) Electromagnetic Force Field and Fluid Flow Field Calculations
Concerning lLevitated Specimens

A formulation has been developed to represent turbulent, recirculating
flow as driven by the combination of buoyancy and electromagnetic forces in
levitated specimens. The general vectorial form of the governing equation
is given as:

Veu = 0 (1)
equation of continuity

vy -0 - e oF (2
where Ver is the turbulent stress tensor and Fb is the body force field, which
in general will include both the buoyancy and the electromagnetic forces. The
electromagnetic component of the body force was calculated using the technigue
of mutual inductances(]). The buoyancy component, which is of relevanc2 oniy
for ground based applications was obtained through the simulataneous solution
of the thermal energy balance equation.

The thermal energy balance equation takes the following form:

UVT = vkvT (3)

T
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The system of equations (1-3) was solved numerically, utilizing the k-¢
model to represent the components of the turbulent stress tensor. An extensive
set of the computed results pertaining to ground based conditions has been
pub]ished(1’2'3). Here we shall present a selection of the computed results
concerning zero gravity conditions. In the presentation of the computed
racylts emphasis will be placed on the application of these to the interpretation
of previous experimental measurements, notably the SPAR 1 series and on their
use in the design of the Space Shuttle experiments, which involve scale-up.

SPAR 1 Experiments

In the SPAR 1 experiments zero gravity (actually 10'59) conditions were
produced, for brief time periods, say 5-7 mins. by using a rocket. In the
studies beryllium spheres, 9 mm in diameter were levitated, using a spherical
coil, sketched in Fig. (1). The coil was made of copper tubing, 2.5 mm in
diameter. The coil consisted of two turns, each hemisphere wound on a 16 mm
diameter sphere. The aximuthal angles formed by the two turns of the coil are
46° and 74° respectively. The power supply was a 107 kHz radio frequency
generator, which drew 1.2 kW, DC from a battery. The coil current was 300A
and it was estimated that a power absorption rate of about 46 watts produced a
mean sample temperature of 1400°¢.

Fig. 2 shows *.e computed electromagnetic force field and the heat
generation pattern, while Fig. 3 shows the computed velocity and temperature
fields. It is of interest to compare these results with the corresponding
values computed for earthbound conditions using a coil assembly sketched
in Fig. 4, for a steel sphere, 6 mm in diameter, given in Fig. 5 and 6.

It is seen that vigorous circulation exists in both cases, but for
the zero gravity case we have four, rather than two recirculating loops
in each half sphere. This significant difference between the two flow patterns
is not due to the absence of gravity, but rather attributable to the difference
in coil configuration and the actual position of the sphere within the field

!
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and hence the actual force field induced within the sphere which was depicted
in Fig. 3 and 5. This point will be discussed subsequently.

Fig. 7 and 8 show the computed values of the turbulent kinetic energy
and the ratio: effective viscosity/molecular viscosity for the zero gravity
beryllium run and the earthbound steel run respectively.

It is seen that in both cases the turbulent kinetic energy and the
turbulent viscosity are higher in the center than at the outer surface,
however there are marked differences in the details of the behavior. In the
zero gravity case the isopleths are symmetrical, furthermore, the ratio of
the turbulent viscosity to the molecular value is much higher and varies
much less than in the earthbound case. The behavior of the turbulent kinetic
energy parallels that seen for the turbulent viscosity.

Space Shuttle Experiments

In the proposed space shuttle experiments a variety of materials will
be examined, but for the purpose of comparison beryllium will be used in
the present example. The same spherical coil design will be used as for
SPAR 1, buc the linear scale will be increased by a factor of two.

In scaling these systems the following principal factors have to be
considered.

(i) A twefold increase in the linear dimension will provide a fourfold
increase in the surface area of the specimen over which heat is dissipated.

(11) Approximate circuit analysis indicates that this scaie-unr wil?
also increase the energy absorption due to the induced current by a facter
of four.

(iii) The above would indicate that the system could be operated at the
same current, however due to impendance losses associated with the larger
coil a higher coil current would be r23uired.

Calculation have shown that a coil current of 500A%/2x300A would give

an energy input of 255W, which in turn would give the desired 1400°C specimen
temperature.

PRy
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Fig. 9 shows the computed electromagnetic force field and heat generation
pattern for this larger coil, which is quite similar to that computed for the
smaller spherical coil.

Fig. 10 shows plots of the computed velocity and temperature field- e
four recirculating loops, characteristic of the spherical coil desigr e
readily apparent, but the numerical value of the absolute velocity sma!ler,
by about a factor of four than that found for the larger coil.

Fig. 11 shows the computed turbulent kinetic energy and the ratio:
effective viscosity/molecular viscosity. It is seen that the flow field is
highly turbuient but there is very little spatial variation of these properties.
The important findings assocated with these results are that there are
significant differences in the fluid flow fields in levitation melted droplets
under earthbound and zero gravity conditions.

More particularly for a zero gravity condition and the coil configuration
employed we found a symmetrical circulation pattern and four recirculating
Toops in contrast to a asymmetrical circulation pattern and two circuiation
loops predicted for the earthbound conditions.

The actual dimension of the drop was found to play a major role in
determining the structure of the turbulence. For the small, earthbound
system there was & marked damping of the turbulence on approaching the free
surface, due to the changes in the angular momentum (the ¢-ntrifugal and the
Coriolis forces). In contrast for the larger, zero gravity systems the spatial
variation in the turbulent kinetic energy was greatly reduced.

Examination of the larger system (1.e. the planned Space Shuttle
experiment) has shown that notwithstanding the increase in the absolute value
of the coil current the actual linear velocity would be significantly reduced
(by a factor of four compared to an identical geometrical arrangement but
having half the linear dimension).




Our ability to quantify these effects is thought to represent significant
contribution to the fundamentals of fluid mechanics and at the same time is
an important asset in the rational planning of the in-flight experiments.

(1i) The Design of Space Shuttle Experiments

The principal scientific trust of the proposed space experiments is the
extension of the ground based experiments to a zero gravity environmen®. The
actual concept of these experiments has been defined as a result of the prior
ground based studies; the feasibility of accomplishing the measurements during
in-flight conditions has been as certained as a result of discussions with
Dr. T. Frost of the GE Space Science Center, in Valley Forge, Pennsylvania.

While essentially the same equipment will be used for both the fluid
flow and the undercooling studies, the details of the experimental objectives
will necessarily differ.

The purpose of the experiments is to determine the n 1t velocities on
the free surface of levitated specimens at various current levels and thus
enable a direct comparison of these experimentz]l measurements with the theore-
tical predictions that have been developed as part of this program.

In essence the experimental procedure will involve the levitation melting
of tin spheres, 1.84 cm in diameter, at various current input levels. The
point values of the velocity at the surface of the tin specimens will be
determined using tracer particles, the location of which would be followed

using a cine camera, with a frame speed of 48 s'].

The specific experiments to be performed on tin would include:
(a) the determination of the steady velocity, corresponding to a
particular current input level at several current inputs.

(b) the rate of velocity decay, once the driving force has been drastical-
1y reduced.

10
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Significance of the Experiments

Fluid flow in levitation melted and positioned specimens is an interesting
class of problems in electromagnetically driven flows, because it involves

a curvi linear coordinate system.

The proposed measurements would enable us to critically test the theore-
tical representations that have been developed, through verifying - i
(a) the predictions made regardi. the flow patterns and the velocity | %
fields. ! :
(b) the dependence of the velocity field on coil current. : j

(c) the turbulent - lamipar transition.
(d) the decay times, once the driving force has been discontinued.

' These experiments could not be carried out in an earthbound environment,
berause under the conditions of the earth's gravitational field there is a
very narrow 1imit of coil currents, which allows one to attain levitation,
almost invariably this corresponds to turbulent flow. Furthermore, one is
limited in the size of the snpecimens that may be levitated. Un<er earthbound
conditions it would be impossible to:

(1) measure the cur-ent dependence of the velocity.

(i11) measure the decay times.

(iii) determine the laminar -turbulent transition.

(iv) ascertain the fundamental difference ir the circulation patterns

that have been predicted for earthbound and zero gravity conditions.

In addition to testing the theoretical predictions pertaining to zero
gravity levitation and positioning, the proposed experimenttal program would
make an important contribution to the fundamentals of electromagunetically
driven flows - a domain where accurate measurements are difficult to make.
Thus the verification of the modelling equations should find rather wide-
spread application in a number of related fields.

Last but not least, the experimcntally ind theoretically predicted
velocity fields will represent an important contribution to the characteriza-
tion of the temperature and velncity fields needed inthe modelling and quanti-
tative description of the undercooling experiments.

1]
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(iii) Fundamental Studies of Electromagnetic Force Field - Turbulence
Interactions

The containerless processing program inherently involves the interaction
of electromagnetic fields and fluid fiow fields. One level of these interac-
tions, namely electromagnetically driven flows has been discussed in preceeding
sections, in connection with levitation melting. However, there exists
3 anothar, more subtle level of interactions namely the possible damping of
3 turbulence by an electromagnetic field.

In order to examine this problem an apparatus has been constricted to
study heat and fluid flow phenomena in a Woods Metal melt, generated by the
passage o~ an electric current between two electrodes. The apparatus is
1 sketched in Fig. 12. An important component in this project is the use of
a hot film anemoneter for the measurement of the velocity and of the turbulent
fluctuations. A hot film anemometer assembly usable in molten Woods Metal
has been developed for this particular app]ication(s)

The calibration system for the hot film anemometer is given in Fig. 13;
this is seen to consist of a shallow boat, containing the molten Woods Metal,
through which the probe is being dragged at a predetermined, steady velocity.
; Quite sophisticated signal processing is required, the arrangements for which
i are shown in Fig. 14. A typical calibration curve is given in Fig. 15,

indicating the drift, which is often associated with hot film anemometry in
molten metal systems.

Finally Fig. 16 shows the caiibration curve with drift correction. which
is quite satisfactory.

W T

Having established the feasibility of hot film anemometry in molten
Woods Metal, the work is now continuing with systematic data gathering regarding
velocity and turbulence paramenter measurements. The results of this work
should be quite important in the containerless processing program, but should

also find rather more widespread application in the general field of metals
processing.

12
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(iv) The Interfacing of the Heat and Fluid Flow Work with the Under-
cooling Studies

]

é An important component of the modelling program is its association with
the undercooling studies, conducted in Professor M.C. Flemings' laboratory.
The detailed description of this work is available in Sections of this
report. This effort is primarily experimental with the major thrust of
examining undercooling, the subsequent recalescence of various alloy systems
under a varietv of conditions. Particularly noteworthy features of this
work are that very significant undercoolings have been achieved, furthermore
the thermal history of the recalescence process has been recorded, and very
interesting metastable phases have been produced.

bbbl i il ekt el "

Work is in progress regarding the modelling of the heat flow and the
recalescence and metastable phase formation in these systems. The fluid
flow and heat flow calculations, reported in the preceeding sections are of
course closely related to this effort; more specifically work is in progress
to define the fluid flow conditions both earthbotnd and for zero gravity
in these undercooling experiments. Furthermore joint work has been initiated
regarding the mathematical modelling of the recalescence process.

(v) Industrial Applications of the Heat and Fluid Flow Calculations

The tackling of the heat and fluid flow problems in containerless
processing operations has lead to the development of very powerful computa-
tional t-ols capable of predicting the electromagnetic force fields, fluid
flow fields, heat and mass transfer in a variety of metals processing opera-
;i tions. An important, but of course not dominant component of our research
{ % program is to disseminate these results broadly to the metals industry,

| thus providing direct industrial applications of the NASA sponsored basic
{ : research program.

Examples of this work include the study of fluid flow in induction
] i durnaces, and other steel processing operations, described in the preceeding
- report of the Center for Materials Processing.

13
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A more recent industrial application, which is illustrated in the o
following has been the prediction of the velocity fields and mass transfer Co
rates in a 4 ton induction furnace holding molten steei.

Fig. 17 shows a schematic sketch of the furnace, while the computed
electromegnetic force field and the velocity fields are given in Fig. 18,
19 respectively. Fig. 20 depicts the experimental arrangement used for

measuring the velocities in the melt, which essentially relied on the
deflection of an immersed rod.

iriadic a0 Sfantat

Finally, Fig. 21 shows a comparison of the
experimentally measuraed and the theoretically predicted dependence of the
Tinear melt velocity on the coil current. Tne good agreement, for pilot
scale type operations, is readily apparent.

AP T P  TT SPSR

Studies were also made to predict the rate at which graphite rods,
immersed in the melt would dissolve, and Table 1 shows a comparison

between the predictions and the experimental measurement - here again the
agreement is excellent.

UNDERCOOLING EXPERIMENTS ON TIN-LEAD, AND IRON AND NICKEL BASE ALLOYS

Emulsification Studies on Sn-Pb Ailoys

Emulsifications are prepared using a high-speed stirring device patterned

after Perepezko et al., Fig.22. Some of the emulsifications were reheated

and the metal droplets then resolidified at controlled cooling rate in a DTA.
With the droplet sizes and experimental technique explained, undercoolings

of about 95 to 105°C were typically obtained. Other samples were rapidly

solidified in the device shown in Fig.23. Thus in these cases, undercoolings

of not less than about 110°C were combined with rapid cooling rates (calcuiated ;
to be in the range of 10° O¢c/sec.). -

The nucleation temperatures of the different alloys studied, when cooled

at 10°C/min. are shown in Fig. 24, Tn represents nucleation of a tin-rich
phase, and Tn' of a lead-rich phase.

14
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Sn-5 wt% Pb dropelts, undercooled and rapidly solidified in the agitated
bath, show "featureless" structures, Fig.25, which are supersaturated solid
solution. A lead-rich pahse precipitates in the solid state after extensive
holding at room temperature or heating above room temperature, Fig.26.

Having a cold bath temoperature for quenching is essential to obtain the super-
saturated structure, Fig.27.

In Sn-Pb alloys of _ompositions where two phases nucleate, structures
are obtained that are strongly sensitive to cooling rate, such as that of
the Sn-45 wt% Pb alloy in Figure28. When rapidly quenched, the solidification
structure is composed of a dendritic, lead-rich phase (white, with dark solid-
state precipitates) and a dark tin-rich pahse. When slowly cooled (10°C/min.),
the lead-rich phase coarsens as shown in Figure 28 on the far right.

Analytical studies are now underway as part of this research to under-

stand and model the nucleation, solidification and heat flow behavior of
these undercooled droplets, and there will be reported at a later date.

FINE DROPLET STUDIES ON IRON AND NICKEL BASE ALLOYS

We have developed a method for obtaining high undercooling in metal
alloys by mixing fine metal powder with glass powder, and then heating and
cooling the composite. To date, we have achieved 475°¢ undercooling in
316 stainless steel in this way - a substantially higher undercooling than
has been obtained by any other worker for an iron base alloy. The former
maximum reported for Fe base alloys was 295°C, Table 2.

As undercooling increases and particles size decreases, structures
obtain~d in 316 tend to go from dendritic FCC; to "featureless FCC"; to
mixed FCC/BCC; to full BCC. Figure 29 (top) shows the dendritic FCC micro-
structure characteristic of very low undercoolings. Figure 29 (bottom)
shows the "featureless" microstructures characteristic of higher undercoolings.
Dark particles are BCC; lighter ones are FCC. Mixed FCC/BCC structures are
also obtained, Figure 30. (BCC structure surrounds the smaller FCC area).
These results are in generai agreement with expectations, and calculations
confirm that in this allov, the BCC structure can be formed (metastably)
at undercoolings greater than about 120°¢.

15




THERMAL AND STRUCTURAL MEASUREMENTS ON LEVITATION MELTED DROPLETS OF IRON
AND NICKEL BASE ALLOYS

Extended experiments have also been carried out on levitation melting,
n solidification of levitation melted droplets, and on structures of
droplets produced in this way.

In current work, iron and nickel base alloy droplets are floated in
rolten glasses to achieve higher undercoolings. Surface temperatures of
ecalescing, and of subsequently cooling droplets are being measured to
provide high-speed data for modelling studies. Figure 31 is a schematic

illustration of the equipment, showing the sample, the high speed sensing
device, and the digital oscilloscape.

Figure 32 is an example of short time thermal profiels obtained in a
Ni-32.5 wt% Sn (eutectic) alloy. It is an interesting and startling
observation that the total recalescence time (at least of the surface of
the sample) decreases sharply with increasing undercoolings. Figure 33
shcws longer time thermal profiles (up to 10 sec.) for these droplets;
this figure ,-ovides an indication of the time required to complete recales-
cence. Note that the rapid surface cooling rates are obtained immediately
aftar solidification (> 102 oC/sec.) even in these very large droplets
(% mm = 5,00C um). This rapid cooling is due to extraction of heat from
the recalesced droplet into the much cooler glass. Much more of these data
are being obtained and being used as foundation for developing a mathematical
mode! both ¢. solidification of these large droplets, and of the smaller
droplet= 5-50 um) studied in other portions of this work.

ORIGINAL PAGE 1S

_MPLICATIONS FOR SPACE EXPERIMENTS OF POOR QUALITY

(1) Fine Metal Droplets Suspended ir Glass

Tne fine droplet approach of mixing metal powder with glass and heating
1s an effective way of obtaining higher undercooling, in spite of one experi-
mental probelm. That problem is coarsening or agglomeration of the particles.
For example, starting with an initial average particle size of 15 ym, the

16
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typical average particle size after melting and resolidification is approxi-
mately 90 um, an increase in droplet volume of over a factor of 200. This
size increase, we believe, is much too large to be accounted for by diffusional
coarsening. It most probably results largely from agglomeration due to gravi-
taticnal settling in the glass, both before and after the glass is molten.

Further experiments are perhaps necessary to confirm this probable
gravitational cause of agglomeration. Assuming this is the correct mechanism,
an important space experiment becomes self-evident; that is, the carrying
out of similar experiments in space. The absence of a gravitational field
should permit retaining very fine particle sizes inside the glass, thereby
obtaining much higner undercoolings than we have yet been able to achieve.

(2) Levitation Melted Droplet in Glass Blanket

Qur current large diameter dorplet work (5 mm dia.) is on nickel base
alloys levitated with a glass slag. Thus far, undercoolings obtained have
been appreciably less than undercoolings obtained in the fine droplets, but
the technique has great interest for us because we can measure the surface
temperature of the droplet during recalescence using high speed optical
methods.

Performing this experiment in space would permit eliminating both
gravitational convection and induction stirring (since the power would not
be needed to maintain levitation). Thus, we would have to be able to achieve
increased undercoolings in this space experiment and could also measure
the rates of recalescence in samples at these undercoolings, recording on
telemetering the digitized information.
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. Table I

Amotmmmnmlymodmdthcmuiuuy 4
: predicted mass transfer coefficients. Rod 10 cm from wall, coil ~
current 2800 A

S T R TR e T

5_7
Trmersion depth Npe Tu Mass transfer coefficient
a (m/3)x120° ,
‘

3 -| measured turbulent .|
| .05 10800 0.28 1.2 1.87 0.7 ,
| i
.10 5385 0.7 2.5 2.46 0.49 ‘
’ .20 4005 1.1 2.4 2.79 0.43 |
3 2
| .40 4315 1.] 2.4 3.18 . | 0.45
;
.60 4285 1.0 2.4 2.7 0.44
| .80 7932 2.8 2.4 1.62 0.595 a
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Schematic sketch of the levitation coil

used in SPAR 1 experiments.
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Fig. 2. Computed electromagnetic force field
and heat generation distribution for
a 9 mm beryllium sphere at zero-g.
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Fig. 3. Computed velocity field and temperature
distribution for a 9 mm beryllium drop

at zero-g.
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earthbound calculations. ]
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Fig. 5. Computed electromagnetic force field and
heat generation distribution in a 6 mm
iron drop at earthbound gravity for a coil
current 250A.
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Fig. 6. Computed velocity field and temperature
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e 2l e iadhci o Akt o S S

i 25
1 - )

T T VT T T D T e R S .




Fig. 7.

SRR T R S I G I Hl DAL A A Al 'S e
r:-—v
" )

ORIGINAL PAGE 18

oF POOR QUALY

i
Y
1
;
) j
Plot of computed contours of the turbulent
kinetic energy (¥10" m2/s2 ) RHS and wa/uy
LHS for 9 mm beryiiium drop at zero-g.
{
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Fig. 8. Plot of computed contours of the turbulent
kinetic energy (x10* m2/s2) RMS, and ue/u
LHS for 6 mm iron drop at earthbound grav%ty.
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Fig. 9. Computed electromagnetic force field and
heat generation distribution for an 18
mm beryllium drop at zero-g.
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Fig. 10. Computed velocity field and temperature
distribution for an 18 mm drop at zero-g.
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Plot of the computed contours of the
turbulent kinetic energy (x10%m2/s2)

RHS and ug/ug LHS for an 8 mm beryllium
drop at zero-g.
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ELECTROOE !

HOT FILM
ANEMOMETER

MERCURY

JACKET
ELECTRODE It

T COOLING WATER

Fig. 12. Schematic sketch of the apparatus designed
for measuring the electromagnetically driven
velocity field in the Woods Metal system.
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Fig. 14. Sketch of Data Processing Scheme.
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o-----0 FIRST CALIBRATION

&2 SECOND CALIBRATICN
(DRIFTED)
(2 DAYS LATER)

N 1

i 1 1

Fig. 15.

7 8 9 100 H 12 I3 14 15
ELOCITY (CM/S)

< OF

Calibration curves showing drift.
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o FIRST CALIBRATION
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Do
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Fig. 16. Calibration curves with drift correction.
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Schematic sketch of a
induction furnace. three phase
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Fig. 18. The computed olectromagnetic ferce F, for
a 4 ton induction furnace. Coil current

2800 Amp.
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Fig. 20.
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sketch of the velocity

probe

arm

spring plate
strain gauge
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computed near surface velocity as a function
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Electric motor
{(ca I80Qrpm)

T

— p ~——— _—
{F Argon gas inet
- r ¢
Thermocouples Pyrex glass cove
| J— Pyrex glass crucibie

.. Heating element

| —- Qil metal muxtyre

Shearing dblade
-— Ingulation

Fig. 22. Schematic diagram of the experimental apparatus
for emuicifying droplets of mclten low-melting-
point alloys.
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Fig. 23. Schematic diagram of the experimental apparatus |
for rapid quenching emulsified droplets.
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QUALITY Composition of lead (at%Pb)
Sn 20 40 60 80 Pv
— 1 ' 1

8

Temperature (°C)

8

OAI.ILlllL
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Composition ot lead (wt*Pb)

Fig. 24. Composition dependence of nucleation temperatures
for Sn-Pb alloy droplets observed in DSC measure-
ment with 10°C/min cooling rate.
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Figure 25

Microstructures of droplets of Sn-5wtiPb alloy
rapicdly quenched in a bath at -25°C, 1000X.
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Figure 76 The same droplets shown in Figure 25, after one
month at room temperature, note the subscantial
precipitation of lead-rich phase, 1000X.




(a)

(c)

Bath Temperature: -4 C (d) Bath Temperature: -25C

S G R ———

(%]
~d

Figure ficrostructures of droplets of Sn-5wtiPb alloy
superheated 50°C and rapidly quenched in bath :

at temperatures shown, 5000X.
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Table 2
Previous Undercooling Results for Iron and Nickel Base Alloy

Alloy Undercooling (°C) Investigators Sample Size
Ni 319 Cech, Turnbull 50 - 100 pum
Ni 365 Ward 1.5 gm
Fe 295 Cech, Turnbull 30 - 100 um
Fe 295 ~ scheil Bulk melt
Fe-25%Ni1 300 Kattamis, Flemings 50 - 500 gm
Fe-25%Ni-0. 3%S 225 " "
AISTI 4330 Steel 200 " "
440 C. Steel 150 " "
Ni 200-290 Lux, Haour, Mollard 12mmg x 10cm
Ni-35%Co 200-240 " "
Ni-12%Co~-15%W 130-145 " "
Ni-13%Al (NijAl) 10-15 " "
Ni-42450%8n <138 Kobayashi, Nakao 3 gm
Ni~-52%Sb 229 " "
48
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Fig. 29. (a) SEM micrograph of cross-sectioned and
etched particles of the as-received
316 stainless steel powder.

(b) Optical micrograph of cross-sectioned
and etched 316 BCC and FCC particles
after undercooling experiment. (FCC
particles are lighter in color).

49



ORIGINAL PA:2 W
OF POOR QUALIL Y

Fig. 30. SEM micrograph of a cross-sectioned and
etched particle of 316 after high under-
cooling. Both the BCC and FCC phases
co-exist in the same particle.
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Fig. 32. Eutectic recalescence time profiles for
three different undercoolings.
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The Structure and Properties of Rapidly Solidified,
Highly Ailoyed Aluminum Materiais

Principal Investigator: Nicholas J. Grant

I. THE STRUCTURE AND PROPERTIES OF RS-PM 2024 A1 + LITHIUM ALLOYS

RESEARCH ABSTRACT

This study has been completed and a series of publications are in
preparation. One phase of the study was concerned with Alloy 2024 modi-
fied with additions of 1 to 2% lithium. Further alloying modifications
permitted study of the effect of the Cu:Li ratio on the resultant me-
chanical oroperties. Alloy 1, incorrectly treated at 500°C for hydrate
decomposition, was the high Cu, high Cu:Li ratio alloy, and was nega-
tively influenced by formation of coarse CuA]2 precipitates (in excess
of solid solubility at all temperatures). Alloys 2 and 3 showed excel-
lent combinations of both nominal and specific strength and modulus of
elasticity. Fatigue properties, notch toughness and crack propagation

rates were all significantly improved over I-M 2024 and RS 2024 without
1ithium additions.

A publication covering this study has been accepted 7or the Second
International Conference on Al-Li Alloys, scheduled for April 1983.

RESEARCH SUMMARY

Table 1 lists the Cu and Li compositional variations, Young's Modulus

and the shear moduius values, which in turn are transposed into percent

54
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increases in both modulus values corrected for specific gravity. These
increases are of significant value and interest.

The major strengthering phases in these three alloys are summarized
below for aging conditions of 20°C (T-4) and 190°C (T-6):

Aged at 20°C Aged at 190°C
Alloy 1 GPB and GP zones GPB zone, s', v', 8' and o"
Alloy 2 GPB zone GPB zone, s' and y'
Alloy 3 GPB zone GPB zone, s' and y'

Alloys 2 and 3 are similar in structure but otherwise differ signifi-
cantly in properties. One would expect higher levels of E and G, and of
specific modulus values in favor of Alloy 2 with the higher 1ithium con-
tent, which is confirmed in Table 1. Yield strength values for all three
alloys are closely matched at about 68 to 69 ksi; however, the UTS is sig-
nificantly better for Alloy 3 in spite of having the Towest 1ithium con-
tent. Perhaps even more importantiy, the ductility at fracture is sharply
better for Alloy No. 3. The combination of excellent YS, UTS and ductility
shown by Alloy 3 is related to its lower content of oxide derived from the
RS powders. The fracture surfaces showed a cleaner, finer, dimpled struc-
ture. Alloy 1, which had very coarse CuAl2 precipitates due to initial
overheating of the RS powders gave pocr strength and ductiiity values and
is not further discussed.

The density corrected values for Alloys 2 and 3 are excellent; the
best combination is that for Alioy 3 for the T-6 condition. See Table 2.

The notch tensile properties and fracture toughness values are shown
in Table 3. Again Alloy 3 shows %4e best values.

Figure 1 is a plot of stress amplitude (reversed bending) versus
cycles to failure at room temperature in an air atmosphere, and compares
data for I-M 2024, RS-splat 2024 (no Li), and for Alloys 2 and 3. There
is a significant improvement for Alloys 2 and 3 (uncorrected fcr density)
compared to both I-M 2024 and RS-splat 2024. In the case of Alioy 3, the
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improvement at 107 cycles, over I-M 2024, is more than 35%.

PrrT T

Figure 2 plots fatigue crack growth rate versus stress intensity
range for Alloys 2 and 3 versus that for I-M 2024.
¢ excellent values.

Again Alloy 3 shows

Alloy No. 3, with only about 1% Li, and apparently with lower oxide
content than is frequently the case with RS-PM and RS-splat based alloys,

E shows excellent properties in all tests performed, including the sharp,
; precracked notch tests. Corrected for density, this alloy is clearly
E better than I-M 2024 in terms of its mecharnical behavior.
f
é Table 1. Modulus of Elasticity of RS-PM Aluminum Alloy 2024 + Li
§ Alloy No. | Cu Li £ G Percent Increase in Values
vs. 1-M 2024
g 5 | psi x 108 | psi x 10| aE aE 26 26
o x 1074n. p X 1074n.
I-M 2024 | 4.5 -- 10.4 3.9 -- -- -- --
1 5.92 | 1.29 11.3 4.3 8.7 10.8 10.3 12.9
; 2 3.78 | 1.63 11.7 4.5 12.5 18.3 15.4 20.5
:p 3 4.16 | 0.96| 11.3 4.3 8.7 12.5 10.3 12.8
OR _
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Fig. 2. Crack Growth Rates Versus Stress iIntensity
Range for Alloys 2 and 3 Compared to that for
IM 2024-T4.
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II. THE STRUCTURE AND PROPERTIES OF RS-PM Al-Mg-Li ALLOYS

RESEARCH ABSTRACT

In terms of anticipated gains in specific strength and elastic modu-
lus, the Al-Mg-Li system is particularly attractive. Even though the 1it-
erature shows that A1-Cu-Li alloys have better strength values (nominal
and specific), the substitution of 2 to 4% Mg for 4 to 6% Cu in the Al -

1 to 3% Li alloy is expected to be particularly beneficial to specific
modulus. Rapid sclidification, which has not been researched to an impor-
tant extent for Al1-Mg-Li alloys, was applied in this study in order to pro-
duce extruded bar stock for test purposes. The first alloy and test results
for an RS-PM alloy look quite promising.

RESEARCH SUMMARY

The composition of the hot extruded (30:1 ratio) Al-Mg-Li alloy was
(in weight percent): 6.74Mg - 1.64Li - 0.19Cu - .27Cr - .21Ti - .13Fe and
.15Si. Solution heat treating temperatures of 300° to 540°C were studied,
along with aging from 20° (T-4) to 190°C (T7-6).

Cendrite arm spacing values for USGA powders (helium quench) varied
from about 0.5 to about 2umover a powder size range which varied from
about 1 or 2 um to 250 um, indicating a quench rate of about 105 K/s.

Aging in A1-Mg-Li alloys is essentially based on formation of the
8 (A13Li) phase; the magnesium serves primarily to enhance solid solution
strengthening. As a secondary effect, the magnesium decreases the solu-
bility of Li in Al, thereby increasing the amount of &' phase on aging,
for a given lithium content.

i The results of exploratory aging studies for the Al1-Mg-Li alloy are

plotted in Fig. 1. Briefly, solution temperatures below about 300°C do
not induce important aging benefits. Natural aging results in no change
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in hardness. Best results are for a solution temperature of 510°C plus
aging at 135°C (curve 7, Fig. 1). Of some interest but not pursued, solu-
tion temperatures from 400 to 510°C, with aging at 165°C, result in a nar-
row spread of hardness values. In this respect, solution temperatures
from 400 to 510°C are apparently sufficient to achieve suitable supersat-
uration; however, aging at 165°C leads to overaging after about 10 hours.
Aging at 135° to 150°C seems preferable.

In all cases the §' (A13Li) phase was identified after aging, although
some A12Mg phase is expected for this 6.7% Mg alloy.

With an addition of only 1.64% Li, the density of this alloy is
2.523 g/cm3, compared to 2.768 for I-M 2024; this represents a density de-
crease of 8.85% for the Al-Mg-Li alloy compared to I-M 2024. In turn,
Young's modulus for this alloy is 11.2 x 106 psi, yielding a value for the
specific Young's modulus of 12.2 x 107 in. These are quite attractive val-
ues.

Table 1 Tists room-temperature tensile data including specific
strength values based on the noted decrease in density. Measured strength
and ductility values, in general, are better than those for I-M 2024 -
T-4; corrected for density the values are excellent and are as good as
those reported for Alloy 3 in Section I above.

Figure 1 indicated optimum hardness on aging at 135"C; this is borne
out in Table 1 in terms of yield strength; however the ultimate strength
is not the highest among the tests which were made, largely due to consid-
erably lower ductility values for this aging condition. Aging at 150° or
165° results in lower yield values, equaily high ultimate strength values
and progressively improved ductiliy. In fact tion at 450° plus aging
at 165°C yields the best combination of strenc... and ductility while pre-
serving a Notch Yield ratio of 1.0. Crack growth rates were the poorest
among the group of allovs discussed in Sections I and II, for reasons

-

which are not now apparent.
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Nevertheless, it is clear that further studies of RS-PM Al-Mg-Li
alloys are warranted, in particular in compositions which will provide an
additional hardening effect to that provided by ¢' precipitation in this
alloy.

Table 1. Tensile Properties of Al - 6.74Mg - 1.64Li Alloy at 20°C ?

Solution and Aging| 0.2% YS| UTS | Elong| RA | Spec. YS Spec. UTS ;
Conditions '
o Ksi | Ksi| % % |o x 10%n. | < x 10%n.
510°, 1/2 h, WQ + 64.0 75.71 5.5 5.0 70.4 82.3
135%, 170h
510°, 1/2 h, WQ + 63.4 74.6 | 7.0 {10.0 68.9 81.2
150°, 15h, WQ
510°, 1/2 h, WQ + 60.2 75.11 8.9 |10.0 65.4 81.6
165°, 10h, WQ
450°, 1/2 h, ¥Q + 61.2 76.7 {11.0 | 15.0 66.5 83.4
165°, 10h, WQ
400°, 1/2 h, WQ + 61.6 77.0} 8.0 | 10.0 67.0 83.7
165°, 10h, WQ

I11. MODIFICATION OF STRUCTURE AND PROPERTIES OF RS-PM 7075 ALLOY
CONTAINING 1% ADDITIONS OF Zr AND Ni

RESEARCH ABSTRACT

In general, a great deal of the alloy studies using RS particulates
Teads to small compacts weighing between 1.5 and 5 kg, measuring 4 to 15
cm diameter to produce hot extrusions typically 12 mm diameter to 12 x 35
mm cross section, and representing extrusion ratios (area) of 16-30:1.
This is often an inadequate amount of hot working to disperse oxide films
on the particulates, or to break down occasional trapped impurities. In-
dustrial R & D powder billets, in contrast, will weigh 50 to 100 kg and
will receive considerably greater hot reduction. Using USGA powders, a
35 kg batch of powders will be hot extruded to achieve from 60 to 100:1
extrusion ratios (area). Various subsequent cold and hot work cycles will
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be tried in order to achieve finer and more uniform dispersions of oxide
films and dirt which may accidentally be included in the powder batch.

RESEARCH SUMMARY

Excellent structures and mechanical test data were obtained from small
extrusions (5 kg) of an RS 7075 alloy containing 0.7% Zr and 1% Ni. Yield
strength values in excess of 90 Ksi, UTS values in excess of 100 Ksi and
ductility values in excess of 10%, combined with excellent fatigue, frac-
ture toughness, and notched tensile data qualified this alloy for further
studies to evaluate the role of total reduction on structure and subsequent
properties. The USGA alloy powders have been produced an¢ 3ire currently
being canned in preparation for extrusion from an 18 cm round to a 5 cm
round (13:1 area reduction). The 5 cm extrusion will be cut to selected
lengths and variously processed to smaller cross-sections, for example:

a) Hot re-extrude to 1.2 cm: total final reduction equals 225:1

b) Hot upset the 5 cm round to obtain an alternate grain, oxide, and
inclusion pattern at very high reduction

c) Other TMT's including intermediate cold work, hot rolling and cross

rolling, etc.

Based on expected beneficial effects, an alloy much more prone to de-
velop heavier oxides, such as a 2 or 3% Li alloy, will be similarly proc-

essed.
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Deveicpment of Rapidly Soliditied, Oxidation Resistant Alloys

Principal investigator: Gregory Yurek

ABSTRACT

A fine-grained rapidly solidified 18-8 stainless steel (AISI 3.3)
exhibited enhanced resistance to oxidation under isothermal conditions
compared with a conventional wrought alloy of the same composition. The
enhanced resistance to oxidation is attributed to three factors: (1) The
formation and growth of protective scales is promot~d by the fine al y
grain size (<10um) and probably by the presence of a dispersion of fine
MnS precipitates in the steel matrix, {2) scale adherence is increased by
the formatinn of intrusions of ouxide from the external scale into the alloy,
which form along closely-spaced alloy grain boundaries and probably around
the dispersed phase, and which act to key the scale mechanically to the al-
loy, and (3) growth stresses in the scales are reduced by the formation of
scales of uniform composition, which are promoted by the uniform composi-
tion of the alloy. Modification of the microstructure of 18-8 stainless
steels through rapid solidification prccessing appears to allow an increase
in operating temperature of about 75°C under isothermal conditions.

INTROBUCTION

Very fine grained alloys are typically obtained by compaction of alloy
powders produced by rap.d solidification processing. In a number of cases,
the fine grain sizes (<10um! remain stable at elevated temperatures. The
grains in these alloys are apparently pinned by very fine nonmetallic in-
clusions that are formed in the alloys during rapid solidification and/or
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during subsequent compiaction of rapidly solidified products. The com-
bination of a stable, fine alloy grain size, a fine, uniform dispersion
ot nonmetallic inclusions and a homogeneous alloy composition should
provide an excellent alloy microstructure for oxidation resistance, pro-
vided the alloy composition is adjusted properly.

The objective of this program of research was to determine the e’-
fects of rapid solidification processing on the high-temperature oxi-
dation behavior of alloys. It was demonstrated in a previous in‘esti-
gation [1] that a f ' e-grained, rapidly solidified 18Cr-8Ni stainless
steel exhibited superior resistanceto oxidation at 9GJ°C under cyclic
conditions comparea with a conventional, wroucht allr - of the sane com-
position. The present study focussed on the cxidot.on behavior of the
same rapidly solidified alloy under isothermal conditions over the tem-
perature range of 800-1100°C.

EXPERIMENTAL METHODS AND MATERIALS

The material selected for this investigation was a fine-grained rap-
idly solidified 303 stairless steel (designated herein as 30°RS), which
contained a fine dispersion of MnS precipitates. Rapid solidification
of this alloy was carried out by forced convective cooling (in helum)
of centrifugally atomized metal droplets to achieve cooling rates on the
order of IO5 °C/sec. The resultant powder, which was 5 to 200 microns in
diameter, was sieved to -140 mesh, enclosed in a stainless ste:l can, and
consolidated to a fully dense one-inch diameter rod by hot extrusion at
900°C and a 10:1 extrusion ratio. According to Kelley and Vander Sande
[2], the 303RS alloy comprised a duplex grain structure of 5-10 mizron
grains surrounded by heavily dislecated grains that were less than one
micron in diameter. The alloy contained about 1vol% o< MnS i, the form
of a uniform dispersion of fine precipitates (0.C1-0.2 microns in dia-
meter).

The oxidation behavior of the 303RS was compar:d to that of a con-
ventional wrought 304 stainiess steel (designated herein as 304W). The
nominal composition of both steels, which are given in Table 1, are vir-
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tually the same, except that the 303RS has a higher content of sulphur
and silicon. A wrought 303 stainless steel was not used as the stand-
ard for comparison because that materiai contains very large Mn3 preci-
pitates which would disrupt the oxide scale and cause rapid oxidation.

TABLE 1: Compositions of Steels
Composition, Wt. Pct.

Steel c Mn P S Si Ni Cr

304W 0.04 1.62 0.033 0.0156 0.13 8.78 18.28
303RS 0.059 1.60 0.028 0.34 0.62 8.68 17.21

The oxidation specimens were disks approximately 1mm thick and 16
and 11.5mm in diameter fcr the 303RS and 304W alloys, respectively. These
disks were sealed in an evacuated quartz capsule and annealled for 2h at
1100°C. The specimens were then ground thrcugh 600 grit SiC paper, pol-
ished with 6 micron diamond paste, ultrasonically cleaned and then fin-
ally rinsed with distilled water and metnanol. After the stabilization
anneal, the av rage grain sizes of the 303RS and the 304W were 6.5 and
85 microns, respectively. The MnS precipitateswere 0.2 to 0.4 microns
in diameter, indicating that particle coarsening occurred during anneal-
ing.

Oxidation experiments were conducted using a thermogravimetric
apparatus that employed an Ainsworth Semi-Microbalance as the weighing
unit. Experiments were conducted at 800. 900, 1000 and 1100°C in an
atmosphere of dry oxygen at 1 atm pressu.;e. Temperature control was
t5°C as measured by a Pt/Pt-10%RH thermccouple placed approximately 5mm
from the specimens. The microbalance was interfaced with a strip-chart
recorder that produced a contini. s record of the weignt gained by the
snecimens as they oxidized. +ie z-~curacy of the balance was 102 gm.
The weight gains (/m) measured by the balance were then normalized by
dividing by the specimen area (A).

Scanning electron microscopy (SEM) was used to examine the surfaces

and polished cross-sections of the c..idized specimens in order to deter-
68




mine the oxide morphology. The relative proportions of the elements in
the oxides were determined from the ratios of the Kc peaks in EDX spectra.
An electron microprobe was used to measure concentration profiles on the
polished cross-sections of oxidized alloys.

RESULTS

Values of (Am/A) are plotted as a function of time in Fig. 1 for the
isothermal oxidaticn of 304W and 303RS steels at 800-1100°C. The total
times of exposure varied, but the tendency was to terminate the tests after
breakaway oxidation occurred. Two tests were conducted on the 303RS mat-
erial at each temperature. The data discussed throughout this report are
from whichever of the two tests resulted in the largest weight giins.
Figures 2 and 3 show the complete sets of data for both tests at each tem-
perature. Reproducibility of results was poor at 1100°C, but at all lower
temperatures the results of the two tests were within ¥ 20% of each other.
Data for the 304W steel were produced by a single test at each temperature.

The kinetic data show that the 303RS alloy was more resistant to oxi-
dation than the 304W alloy over the entire range of temperatures tested.
The general trends may be summarized as follows. The 304W formed protec-
tive scales at 800 and 900°C; at 1000°C a protective scale formed on 304W
but soon broke down as thick iron oxides began to grow on the surface and
pitting occurred. At 1100°C, breakaway oxidation began almost immediately.

By comparison, the 303RS alloy formed protective scales at 800, 300,
and at 1000°C. Even at 1000°C there was no evidemce of pitting or scale
breakdown. At 1100°C, the oxidizing conditions were too severe and break-
away oxidation set in quickly. The most significant difference vetween
the two alloys is that the J03RS was resistant to oxidation at temperatures
up to 1000°C, while the 304W was only resistant to oxidation up to 900°C.
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DISCUSSION OF RESULTS

Oxidation of 304W Alloys

The maximum recommended temperature for the use of a wrought 304W
stainless steel under isothermal oxidation conditions is 925°C [3].
Therefore, it was expected that the 304W would show adequate oxidation
resistance at 900°C and below, but not at 1000°C and above.

The scales observed on specimens oxidized at 800 and 900°C consist-
ed of thick, relatively iron-rich oxides over the grain interiors and thin,
relatively chromium-rich oxides over the alloy grain boundaries. A protec-
tive chromium-rich oxide also formed beneath the iron-rich oxides over the
grain interiors and was subsequently exposed when many of the oxide mounds
spalled during cooling. When the stainless steel was initially exposed to
the high-temperature, oxidizing atmosphere, oxides of every metal in the
alloy probably formed, including the rapidly growing wustite, "Fed". MWustite :
can grow so quickly that a thick, Fe-rich scale formed first, followed by the
formation of the underlying protective chromium-rich scale at the alloy sur- |
face. The formation of wustite in the early or transient stage of oxidation
was apparently responsible for the rapid initial weight gains ¢~ the 304W
specimens (Fig. 1). The chromium-iich oxides at the grain boundaries were
able to form rapidly enough tec prevent the formation of thick iron-rich oxides
at these sites. This phenomenon is attributed to the preferential nucleation ]
of Cr203 at the boundaries and to the rapid transport of Cr to the alloy sur- i
face by grain boundary diffusion. -

I — ik

Oxide-filled pits that occasionally developed on the 304W/900°C specimen i:
were able to reform a protective Cr-rich layer at the base of the pits. The
formation of such pits is generally attributed to local cracking or spalla- :
tion of the protective scale [4,5]. Once formed, the pits can continue to 55
grow until they reach a depth in the alloy where the chromium concentration
is above the critical level for the formation of a protective film [5]. Be-
cause there were relatively few pits and a protective scale reformed at
the base of the pits, this steel is sufficiently oxidation resistant to be
useful up to 900°C.
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At 1000°C the 304W beaan to passivate, but then breakaway oxida-
tion kinetics set in as iron-rich oxide mounds and pits began forming
over a significant portion of the surface. These pits usually did not
reform a protective scale at their pase, indicating that the underlying
alloy no longer had a high enough chromium concent:ation to reform a con-
tinuous layer of Cr203. In addition, the very steep chromium concentra-
tion profile in the alloy near the interface (Fig. 4) and the high propor-
tion of iron in the scale (30-70 wt%) indicate that the supply of chromium
to the surface was probably insufficient to maintain a protective scale.
That is, the oxidation conditions were so severe that the scale degraded
to a less protective structure or composition even in the absence of crack-
ing or spallation. Therefore, catastrophic dearadation of the alloy is ex-
pected and observed at this temperatiurs ard at higher temperatures.

ORIGINAL PAGE 13
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The 303RS alloy exhibited much better oxidation resistance than the
304W, although both had the same nominal composition. The 303RS specimens
had a relatively smooth Cr-rich protective scale at temperatures up to 1000°C,
although at temperatures of 900°C and above the scale was dotted with oxide
mounds that were rich in iron and chromium. However, even the scales with
the oxide mounds were distinctly more uniform than the scales found on the
304W alloys. The coxide mounds appeared to be the ~=mnants of rapidly grow-
ing iron-rich oxides that formed during the inity tages of oxidation.
Polished cross-sections of the specimens revealed that all mounds that
formed on 303RS at or below 1000°C were undercut by a proiective chromium-
rich scale. The formation of pits was commonplace on 304W at 1000°C, but
they were not observed at all on the 303RS specimens.

The preferential formation of a uniform chromium-rich scale on the
303RS alloy is attributed to its fine grain size and the presence of a fine
dispersion of MnS in the alloy matrix. Grain boundaries and second-phase
particles that intersect the surfaces of allcys may be sites for the prefer-
ential nucleation of Cr203. Since the 303RS exhibits both a fine grain size
and a uniform dispersion of MnS L.ecipitates, it is expected that there would

A



be a high density o€ closely spaced Cr203 nuclei on the alloy surfaces

during the initial stages of oxidation. Therefore, relatively little
sideways growth of these nuclei would be required to form a continuous,
protective chromium oxide scale. The grain boundaries are also paths for
rapid diffusion of chromium to the surface of the alloy. This increases
the availability of chromium in the vicinity of the grain boundaries and
promotes the formation of protective chromium oxide films in these areas.

The protective chromium-rich oxides formed over grain boundaries in
the 304W stainless steel at 800 and 900°C were approximately 10 microns
wide. Since the grain size of the 303RS alloy is only 6-8 microns, the
presence of a 10 micron wide protective film along the grain boundaries
would cover the entire surface of the alloy.

Maintenance of Protective Scales on 303RS Alloys

The 303RS alloys were more effective both at forming and maintaining
protective Cr-rich oxide scales on their surfaces. The breakdown of Cr-
rich scales may occur by spalling or cracking or by chemical destabiliza-
tion caused by chromium depletion of the base metal and the simultaneous
incorporation of iron or manganese .nto the scale, which causes a trans-
formation to a less protective scale.

The uniform ccmposition of the 303RS alloy appears to promote the for-
mation of external scales of uniform composition and thickness, which would
tend to decrease stresses and stress gradients in the scales, thereby en-
hancing the ability of the scales to resist spallation. The 304W alloys
tended to oxidize nonuniformly, which probably contributed to breakdown
of protective scales and promotion of the growth of iron-rich oxides.

Although the tendency for cracking of a chromium-rich scale may be
reduced on 303RS, it would be expected that occasional breaks in the scale
would Lccur. However, no pitting of the alloy surface or rapid growth of
Fe-rich oxide mounds was observed at 1000°C and below. Therefore, it is
assumed that any breaks in the scale that may have occurred were rapidly
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healed by the formation of a new protective scale. Apparently, the inter-
face of Cr content of the 303RS alloy (13.7 wt%, see Fig. 5) was not be-
Tow the critical level for reformation of a protective scale at 1000°C.
Rapid transport of Cr by grain boundary diffusion in the 303RS alloy,
which had retained its fine grain size, apparently accelerated reforma-
tion of the protective scale relative to the rate of reformation of protec-
tive scales on 304W.

Development Si0, Subscales and Spinel Layers on 303RS

2

The protective scales on the 303RS alloy were enriched in Si at the
alloy/scale interface and in Mn at the scale/gas interface. Beth of these
effects are commonly observed on commercial stainless steels.

The kinetic data and EDAX analyses of polished cross-sections in-
dicate that the formation of SiO2 subscales was mere prevalent on 303RS
than on 304W and occurred more readily at higher temperatures. These ef-
fects were expected since 303RS has both a significantly higher concentra-
tion of silicon (0.62 vs. 0.13 wt%) and a finer grain size (6.5 vs. 85
microns) to enhance Si transport to the outer surface.

The silica subscales were highly convoluted and formed intrusions into
the alloy along the alloy grain boundaries where the transport of oxygen
and silicon is believedto be more rapid [1]. The silica intrusions have
been observed to increase the adherence of oxide scales to tne cubstrate
[1,6]. Both the subscale and the intrusions decreased the oxidation rate
since further cxidation was dependent upon the transport of reactants
through the silica scale as well as through the chromium-rich outer scale.

Analysis of the kinetic data for the 303RS specimens oxidized at 900
and 1000°C demonstrated that the rate of oxidation during approximately the
first 40h was controlled by diffusion in Cr203, followed by a transition
to an even slower rate of oxidation. This transition is believed to be
caused by the deve'opment of the 3102 subscale on these alloys.
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The manganese-enriched outer scales frequently had the approximate
composition of the manganese-chromium spinel, MnCr204. The formation of
this spinel probably consumed some of the protective Cr203 and produced
the faceted crystals that were observed on the 303RS alloy surfaces. The
spinel also appears to have spalled frequently upon cooling, particularly
at 1000°C.

The formation of a manganese enriched outer scale layer on the 303RS
is due to the high affinity of manganese for oxygen and the rapid diffusion
of Mn through Cr203 [7]. The preferential transport of Mn through the chro-
mium-rich outer scale may be assisted by the presence of an S1'02 subscale
which serves as a differential diffusion barrier to inhibit the transport
of chromium [1] while allowing the flux of manganese and iron [5] to con-
tinue unabated.

Long-Term Oxidation Resistance of the 303RS Alloy

The protective oxide scales which form on the 303RS alloy are expected
to exhibit very little cracking or spallation during long-tarm oxidation.
The uniformity of thickness and composition apparently minimizes internal
stresses in the oxide, thereby limiting the incidence of cracking of the
scale. At the same time, the oxide intrusions which key the scale to the
alloy help prevent spallation.

In the event of scale breakdown after the ailoy has been in service
for a long pericd of time, continued resistance to oxidatioh requires that
the alloy be able to reform a protective surface scale. Therefore, it is
essentia. that the alloy retain the microstructural characteristics which
were responsible for its original oxidation resistance. In the case of
302RS, these characteristics include a fine dispersion of MnS precipitates
to pin the alloy grain boundaries and to serve as heterogeneous nucleation
sites for Cr203, and a fine grain size to promote both heterogeneous nucle-
ation of Cr203 and Cr transport from the bulk alloy to the surface.

Optical microscopy was performed on the 303RS specimens to determine
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the grain size after oxidation at 900, 1000 and 1100°C (Table 2). The
measured grain sizes indicate that the alloy strongly resists grain
coarsening at 1000°C and below, and less strongly at 1100°C. Transmis-
sion electron microscopy studies of the alloys after oxidation were not
performed, so the size and distribution of MnS particles is not know.
Hoviever, Yurek et al. [1] observed that the MnS partiicles in a 303RS alloy
did not noticeably coarsen during 300h at 900°C, hut remained 0.2 to 0.5
microns in diameter.

Olson et al. [8] presented a model for the growth of grains in alloys in
which the grain boundaries are pinned by second phase particles. This
model predicts that the grain coarsening process will obey a cubic rate
law of the form:

- ¢1/3
(r-r, ) =kt

where r is the size of the grains, s is the original grain size, k is a
constant, and t is time. The grain growth which was measured during the
oxidation tests (Table 2) was used to calculate k for 900, 1000, and 1100°C.
The model was then used to predict the 1lloy grain size expected after 1000
and 10,000 hours at each of these temperatures. The rasults are also pre-
sented in Table 2. The model predicts that a relatively fine grain size
(13.9 microns) will be maintained in the 303RS alloy even after 10,000
hours at 900°C, so the enhanced oxidation resistance of this alloy should
be maintained for relatively long periods of time. At 1000°C grain growth
proceeds more rapidly, and after 10,000 hours a grain size of approximately
28 microns is predicted. This large degree of grain growth will almost
certainly have an adverse effect on the long-term oxidation resistance of
the alloy, but the magnitude of the effect cannot be predicted. It should
also be noted that the silica intrusions at the surface of the alloy will
still serve as mechanical pegging points even after grain growth, and will
actually 1imit the severity of grain growth that is possible in the near-
surface region.
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TABLE 2: Predicted Grain Growth of 303RS

Measured Predicted Grain Size
: Thermal History Grain Size k 1000 hrs. 10,000 hrs.
E 900°C/200 hr 8.5 micron  0.34 9.9 13.9
[ 1000°C/135 hr 1.7 1.01 14.9 28.3
1100°C/50 hr 22 4.48 46 92

(The initial grain size was 6.5 microns)

R

; Improvements in the long-term oxidation resistance of rapidly solid-
ified alloys may be achieved if the fine grain sizes inherent in these alloys
can be stabilized. Recent work at M.I.T. [9] demonstrates that the control
of small quantities of impurities in these alloys, which eventually yield
very stable, complex oxide precipitates that are very effective in pinning
grain boundaries, may be of paramount importance in the processing sequence.
More studies in this area would be beneficial because additional knowledge
of how to control altoy microstructure, and hence alloy properties, through

rapid solidific~*ion processing would help significantly in the develop-
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ment of new alloys with improved properties.

ORIGIN WL PARGE T
OF POOR QUALITY

76

R T T T




B e e e e

ORIGINAL PAGE IS
OF POOR QUALITY

j“_ 1 v T v T T I '
| 304w-1100 °C
30K -
- 303RS-1100°C
304W-1000°C ]
2.5t —
NE 20 -
(&)
~
on
£
- 303RS - 1000°C
< |5}
E <304 W-900°C
< /303RS-900°C__ )
10 -
{
304W-800°C
05 [ -
——— “_303RS-800°C
O " l P | A l 2 l 2
0 40 80 120 160 200
Time, hours

Figure 1. Kinetics of the isothermal oxidation of 303RS
and 304W steels.
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Figure 2. Kinetics of the oxidation of 303RS at 800 to
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Figure 3. Kinetics of the oxidation of 303RS at 1100°C.
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Processing nf Sendust-Type Soft Ferromagnetic Alloys

Principal Investigator: Samuel A. Allen

RESEARCH ABSTRACT

Super Sendust is a quaternary iron-base with 5.3 w/o Si, 4.2 w/o Al
and 3.1 w/o Ni. It was developed from a ternary iron-silicon-aluminum
alloy, Sendust, with the aim of improvements both in soft ferromagnetic
properties and in mechanical ductility. The present study focussed on
processing of Super Sendust by a combination of melt-spinning rapid-
solidification, deformation, and thermal annealing techniques. The
objective was to obtain material in the form of thin ribbons, with
modest ductility, and excellent soft ferromagnetic properties.

The melt spinning of Super Sendust was shown to give ribbon
geometries that was strongly dependent on nozzle geometry of the melt
crucible. The most rapidly cool ribbons were ductile in the as-cast

mdition. As cast, the ribbons had a coercive force H. of about 1.9
Oe. Two-stage heat treatments were devised that enabled H. to be reduced
to 0.5 Oe, but in addition embrittied the material., The optimum
annealing schedule consisted of one hour at 1200°C, cooling at
-10°C/minute to 690°C, holding at 690°C for three hours, and air
quenching., Transmission electron microscopy was used to study micro-
structures of the as-cast and annealed ribbons., A phase transition
from the B2 to D03 superlattice structures was found to occur on cooling
at about 680°.L. Magnetic properties of sampies with the B2 structure
were superior to those with the D03 structure.
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INTRODUCTION

The Sendust composition, Fe-9.6 w/o Si-5.4 w/o Al, has long been
recognized as an all~ny witi exceptional characteristics as a soft ferro-
magnetic material. These are: High permeability, low coercivity, high
electrical resistanc:, and reasonably good saturation magnetization.

These excellent properties result primarily from the fact that the com-
position has near-zero magnetostriction as well as near-zerc magnetic ani-
sotropy. Unfortunately, the material is also very brittle and applica-
tions in the past have been limited mainly to cast shapes and to forms
made from compressed powder.

Two recent studies give promising results with respect to
processing-related improvements for these alloys. The first is a report
by Tsuya et al, [1] of the use of a melt-spinning rapid-solidification
technique to produce Sendust alloy ribbons of fine grain size. As cast,
these ribbons were ductile enough to be rolled to 25% of their original
thickness. After annealing trecatments to optimize magnetic properties,
however, the material was embrittled. The second study, by Yamamoto and
Utsushikawa [2] focussed on alloy modification through 3 w/o additinns of
nickel to an Fe-6 w/o Si-~ w/o Al alloy. Although the mechanical proper-
ties to the Super Sendust alloy were not studied, there is reason to
expect that it will have better ductility than Sendust: Nickel additions
to soft ferromagnets are generally believed to contribute to both magnetic
and mechanical softness. Also, Super Sendust has approximately one-third
less aluminum and silicon, each of which embrittles iron.

The aim of the present study was tu employ rapid solidification
techniques to produce Super Sendust alloy ribbons, and to study
processing-stru-.:.re-property reiations of the resulting material in order
to optimize soft ferromagnetic properties. The results of the study are
reported in detail in the Master's thesis of Eric P. Kvam [3].
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Alloy Preparation and Melt Spinning

Super Sendust alloy buttons were prepared by vacuum arc melting.
The ingots were then remelted and cast in a melt spinning apparatus onto
either the inside or the outside of a rapidly rotating drum. Rihbons
rangeed in thickness from 30 to 100 um, and in width from 2-5 mm. Ribbon
quality proved difficult to control. Frequently, ragged edges were
obtained and ribbon surfaces were rough. A ribbon of typical quality is
shown in Figure 1. It was generally difficult to produce continuous
long straight segments of ribbon, and although process parameters like
wheel speed, distance of the nozzle from the wheel, and degree of
superheat of the melt were varied, no particular combination of parame-
ters were found that consistently produced smooth uniform ribbons.

Figure 1. Macrogiraph ot
ribbon showing
typical appearance
of surfaces and
edges. Roughness
of as-spun Suger
Seindust ribbons
could not be
eliminated.

Effect of Processing on Magnetic Properties

The magnetic properties of the ribbon material were studied. Our
efforts centered on developing processing schedules to mini~“ze the coer-
cive force of the material. As a target value, the lowest value of coer-
cive force reported for the ternary Sendust composition is about 10 mOe [4].

As melt-spun, the coercive force of the Super Sendust ribbons w#as

approximately 1.9 Oe, which is comparable to the value reported for as-
85
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spun Sendust ribbons prior to thermal annealing treatments. [1] Two types
of processing treatments have been used in an attempt to dramatically
reduct coercive force in the Super Sendust ribbons: thermal annealing
treatments, and combined deformation and annealing treatments.

A variety of thermal annealing treatments were used. Annealing tem-
peratures, times and quench rates were varied. The lowest values of H¢
were obtained from ribbons annealed for 1 hour at 1200°C, (T} temper-
ature), cooling to 690°C at -10°C/min, holding at 690°C (T2 temperature)
for 3 hours, and finally air cooling to ambient temperature. This treat-
ment resulted in a reduction of Hc to 0.5 Oe. The influence of temper-
ature Ty} and Ty on measured values of Hc is shown in Figure 2.

% o 10 OGN . T
<O- 1 OF POCR QUALIT
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Figure 2. Coercive force cf Super Sendust ribbons after two-stage
annealling treatments at temperatures Ty and Tp. H¢ is a
minimum for T2 slightly above the critical temperature T.
for the B2-DD3 phase transition.

Rolling of as-melt-spun ribbons was done to reduce suface roughness
of the ribbors in an attempt to provide further reductions in H.., After
thermal annealing of the ro.led ribbons, Hc was still at the 0.5 Qe
tevel. This compares unfavorably with the 0.01 Oe value obtained for
Sendust ribbons [4].

Effect of Processing on Microstructure

An order-disorder ohase transformaticn from the B2 (CsC1) nigh tem-
perature phase te the N03 (BiF3) low temperature phase was fc. ’ to occur

7
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at 680°C by electron microscopy examination of Super Sendust samples
annealed over a range of temperatures from 570°C to 800°C. The primary
defects in these phases are antiphase boundaries (AP3s). Because
antiphase domain sizes which are of similar scale to magentic domain wall
widths (~0.1ym) can interfere with magnetic domain wall motion, we
studied the kinetics of antiphase domain coarsening. The measured kine-
tics for thee Super Sendust alloy fit a coarsening model! developed by

{ Allen and Cahn [5]. A 4-hour annealing treatment at 670°C produced an
antiphase domain size in the D03 phate of about 1.4um, which should be
coarse enough to minimize this particular source of resistance to magne-

[ a2

tic domain wall motion in specimens with the D03 structures.

The minimum coercivity measured in our alloys after heat treatment
at 690°C thus corresponds to equilibration at a temperature just slightly
above the B2+D03 phase transfcrmation, in the single-phase B2 phase ;
field. OQur results show that sample with the D03 structure have higher
coercivity by comparison, %

" i

Grain size of the as-spun ribbons was found to increase with

j increasing ribbon thickness. A 30 um thick ribbon had a 1.5 um grain

' size, while a 100 um thick ribbon had a 10 um grain size. Amnealing at
temperatures over 900°C produces nearly complete grain growth (so that
the grain size was limited by ribbon thickness) in cne hour. Only those
ritbons with the smallest grain sizes were found to have sfgnificant duc-
tility.
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Fluid Flow and Crystailization Processes

———.——

Heat Flow and Segregation in Directional Solidification

Principal Investigator: August F. Witt

RESEARCH ABSTRACT

The thrust of thls research program continues to be the optimization
of heat transfar control in melt and solution growth of elemental! and
compound semiconductor systems. Focus Is placed on thc development of an
optimized crystal growth facliity which will permit a meaningful explora-
tion of the potential of reduced gravity for growth of electronic
materials. Significant developments during the past year include the
fol lowing.

(1) A computer controlied, heat plipe based Bridgman growth
facllity has been complet »d and Is currently under~-
going sxtensive thermal characterization.

(2) A two-dimensional heat transfer analysls for Brldgman
growth, cased on boundary conditions which are
realizable In the constructed facility, has been
completed and is used for the optimization of critical
gradient zone configuration In this facliity; It Is
also used as a basic criverlon for cruclble ard
ampoule design.

{(3) The heat transfer contro! concepts developed In this
research program had a major Impact on Army end NRL
sponsored research and have led to the submisslion ot a

ag R ¢ _INEnFRsALLY BLANE
PRECEDING PAGE BLANK NOT FILMED




patent disciosure (wi+h joint NASA-Army sponsorship)
on a "heat exchange system for optimized contrul of
Interdependent thermal parameters in crystals grown by
LEC and the conventlional Czcchralski technique™. The
extenslon of the heat transfer control concepts devel-
oped for Bridgman growth to industrial Czochralskl
growth is considered by many as a major breakthrough.

(4) NRL sponsorshlp for the preparation of a flight exper-
Iment involving CdTe has been ascertained.

(5) I+ has been detsrmined that, contrary to essertions In
the STAMPS report, transverse magnetic flelds of up to
> kG applled to vertical Bridgman growth will not
establish diffusion controlled segregation durling
growth; the effective distribution coefficient for
growth In the presence of a magnetic fleld Is not
significantly larger than ihat in the absence of a
magnetic fleld. For growth systems with a diameter of
more than 1 cm, magnetic flelds are no substitute for
reduced gravity environment,

(6) During the past year this research program enjoyed two
supporting graduate fellowships from IBM and BTL.

(7) The ressarch conducted during the past year is docu-
mented In seven pubiications (one published, two In
print and ° .r being prepared for publication), one
Ph.D. thec  and one Masters thesls.

This research program has now reached & phase where preparatica of
fiight experiments for Iimpiementation In the Shuttie program can and
shouid be Initlated. !n this context it |s aiso suggested to conduct a
detalled anaiysis of The ceveloped growth facillity with regard¢ ro (ts
suitablilty for fiight operation.
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(Basic elements of submitted patent disclosure
on heat transfer control in Czochralski growth.)

Heat Exchange System for Optimized Control
of the Following Interdependent Parameters:

e Crystal temperature (range 500 °C-1120 °C)
o Growth interface .norphoiogy
e Temperaturc gradients about the growth interface

« Thickness of encapsulating B,05 layer

o Radial thermal syminetry in the vicinity of the
growth interface

¢ Radial thermal gradient in growing crystal

1 @0 ®

(D Inconel Heat Pipe v ith Operating Range
from 500 °C - 1170 °C

@ Peltier Heating / Cooling System

(@ Thermal Insulat on.

@ Auxiliary Heat'ng Element.

® Axial Positior of Heat Exchange System (adjustable)
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YERTICAL BRIDGMAN TYPE CRYSTAL GROWTH:
A HEAT TRANSFER ANALYSIS

JINTRODUCTION

Semiconductor crystal growth experiments carried out in a reduced
gravity environment using a conventional Bridgman confliguration revealed
def'clencies In crystaliine and chemlcal perfection which have been
attributed primarily to Inadequate heat transfer control during growth.
Since this growth technique is of Importance for the growth of electronic
materlals on earth and, moreover, Is a viable technique for the explora-
tion of the potential of growth In a reduced gravity envirorment, a
comprehensive, NASA sponsored effort has been made for Its optimization.
Thls work addresses the thermal characterlstics of crystal growth by the
vertical Bridgman method to (1) evaluate its inherent iimitations and (2)
to develop an understanding of the primary parametric behavior necessary
for a cognizant appraisal of thermal design alternatives. The first part
of the thermal analyses, concerned with the axlal temperature distribu-
tion of the charge, has been discussed In the 1981 Materlals Processing
Center Annual Report; a brief summary of these results Is included here.
Presently, focus is placed on the radial temperature variatlons within
the charge. A complute account of both thermal analyses Is contained in
the Ph.D. thesis of T. Jasinskl, Department of Mechanlical Englneering,
1983.

The basis for the thermal models is an experimental growth system In
which well defined thermal boundary condltions are achleved through the
use of coaxlal heat pipes, A schematic of this conflguration is shown In
Fig. 1.1. The gradient control region located between the hot and cold
heat pipes Is envisioned as providing a degree of flexibllity for the
thermal boundary conditlons of the furnace near the growth Interfaco.
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Fig. 7.1. The experimental vertical Bridgman
crystal growth system.
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The one-dimensional thermal model considers the charge and crucible
to be a fin moving through the boundary condirions Iimposed by the fur-
nace. This model Is hereafter referred to as t+he maving fin model. The
axlal temperature distribution s described by a second order, ordinary
differential equation within each axial reglon of unlform furnace
boundary condltions and charge thermal properties. Given the assumptions
employed by the one-dimensional model, there are four such reglons. Thre
L solution for the axial temperature distribution Is readily obtained by
computer. Carrying out the anaiytical solution, however, ylelds rela~-
tively simple expresslons for (1) the axlal temperature gradient In the
iTquid at the growth Interface, G|, and (2) the axlal position of the
growth Intcrface, {j. These expressions include the efrects of the
thermal coupling between the hot and cold zones and the charge, gradient
zone length, thermal conductivity change and generation of latent heat at
E the growth interface, charge lowering rate, and charge diameter. Crl-
i terla are also developed which indicate under which conditions the
| affects of the lowering rate of the charge, gereration of latent heat and
finite length of the charge may be neglected. Finelly, the effects of
the crucible and radial thermal resistance within the charge ore shown
analytically to result in a decrease of the effective thermal coupling
beiween the furnace and the charga.

G i

e

THE TWO-DIMENSIONAL THERMAL MODEL

Thermal criterla for satisfactory Bridgman crystal growth includs
requirements for the shape of the solidification temperz . ‘e Isotherm,
The moving fin model does not permit evaluation of the 1sotherm shape
since it neglects radlal temperature variatlons within the charge. For
this purpose, a two-dimensional model of the Bridgman growth system Is
developed in the present section. Results from the two~dimensional mode!
are used in Section 4 In ordar to establish the causes of radlai tempera-
ture variations within the charge and to study their dependence on the
thermal parameters of the Bridgman growth system.
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3
3 Ihe Copcentric Fin Approach
;

The present two-cimensional thermal modei of vertical Bridgman
growth treats the entire system as 2 set of coaxlal fins. Radlial temper-
ature varlations are thus accounted for by differences In the fin temper-
atures at the same axlal location, The model can therefore be conslaered
a hybrid between a continuous description in the uxial direction and a

finlte d!fterence description In the radial direction. This approach,
rather than a complete finlte diffe-ence or finite element formulation,

ook i S i e o kel

Is taken for several reasons:

(1) The primary cbjective of the two-dimenslional model is to
develop Insight Into the origin and behavior of radial

temperature grzilents near the growth interfac for the .
purpose of controllilng the shape of this Interface
through system design. The Increase¢ accuracy achlevable
using a fine grid network In a finite difference or

finite element mode! (s not conslidered essential for thls

systems for wnich reliable thermal property data are no’

NI W BT AT

4
|
obJectliva and, furthermore, does not appear warranted for ?
i
{

yet available. The present model Incorporates all tie

critical thermal effects; It Is expected, therefore, tc

be able to predict the radlai gradient behavior at |east
: to first order approximations. (By utlllizing cnough ;
i coaxlal fins, the present model should, In principle, be
| as accurate as a finlte difference model.)

T

(2) The present model Is easlly Implemented on tb> computer
e and Is a simple extension of the one-dimensiona: moving

firn model.

(3) Even with the simplifications Inherant to *he concentric
fin approach, the added complexiiy of a two-dimensional

formulation necesslitates the use >f a ccmputer to calcu~
jate the two~-dimensional temperature distribution of the
charge. The concentric fin mode! can be simplifled,

A et ot
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however, wlthout lcss of pertinent Information, to a
point which permits presentation of some Important
resuits in analytical form,

Iie Describing Equatlons For The Cop-antrlc Eln Model | .

The factors of concern for the development of the concentric fin
mode! of the Brlidgman growth system depicted in Fig. 1.1 are Indicated In
Figs. 3.1 and 3.2, The two-dimensional thermal model incorpcrates the
following assumptions. ) 5

(1) Radlal temperature varlatlons within the cherge are
accounted for by modeilng the charge as two radially
dls*inct fins, The Inner fln .s acylindes of dlameter
Din and has an axiai temperature dlstribuvion Tip(2).
The outer fin Is an annulus of Inrer and outer d!ameters,
Din and D, and has an axlai temperature distributlion
Tout(Z). The diameter D|, is chosen so that the Inner
and outer fins have equal cross sactlunal area. The
temperature of each charge fin Is not considered a vunc-
tion of radius. The difference In femperature between
Tin and Tout+ Is Indicativa o. radial temperature varla-
tiens within the charge.

(2) The cruclble is modeled as a coaxial annular {in !n f i
coniact with the outer charge fin. The cruclbie fin ‘
temperature, Tep(Z), Is not = function of raclus.

(3) As oppocad to the ~orresponding assumpricn in the moving
fin model, the gradient zone 's not s=dinbatlc. This
assumption Is relaxed In the two~dimensional mocel so
that the effect of radial heat transfer betweun a non-
perfectly Insulating gradient zone and the churge =»r be o4
studled. i
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The portion of the furnace In the gradient zone & con~
sldered to be an annulus of conductlivity kg and cross-
sectional area Ag located coaxlally with tha charge and
c-ucible. The temperature of the gradient zone arnulus
Is assumed constant In the radiai directlion; 1ts axlal
temperature distribution, Tg(Z), depends on Its thermal
interaction with the charge and crucible. Temperature
houndary conditlons are used at the ends of tha gradlient
zone annulus anc no heat loss Is assumed at Its outer

diameter.

Hot and celd zone furnace temperatures, T¢ «: ani T¢ ¢
respectively, are uniform, reflecting the heat pipe
behavior. The lengths of the heat plipes are assumed
Infinite.

The system Is at all times In a quasi-steady state; ..e.,

transients are neglected.
No heat transfer by natural convection in the meit.

Heat exchange between ithe furnace and the outer cruclble
surface Is described by a heat transfer coefficient, h,

which Is constant within each zone.

Therma! properties do not depend on temperature except
for a difference In conductivity between the melt and

crystal portlions of the charge.

Assumptions (5) through (9) are also used In the moving fin model.

On the basis of the above assumptions, each of the concentric fins

Is analogous to the moving thin rod treated by Carslaw and Jaeger (1]:

2

4T 4T
h pw.:;ii - A!\/fc? 3?? *-cl = 0

(3.1]
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where: k = thermal conductivity of a fin

Ax = cross sectlonal area of a fin
T = fin temperature
Z = axlal coordinate measured from the center of the
gradient zone toward the cold zone
V = |owering rate
§ = mass density of a fin
Cp = speclfic heat of a fin
q = heat transfer per unit length to the fin from Its
surroundings

In Appencdix A, the q term of eq. [3.1] Is approximated resulting In the
following set of coupled ordinary differential equations for the axlal
temperature distribution of the fins:

d° d
—d%_ —pe\oc% N AI (¢cr - ¢m - ¢03 =0 [3.2a]
d %y ddk.

T~ e g A (400 8e) *A (- d) =0 Dz
d

J?l + As (‘?Scr - ¢cﬁ) =0 £3.24]

where: C: = dimensionless axlal coordinate, Z/D
CP 2 (T- Te,c)/(n‘,u ‘T!;,c)
¢m! f( ¢ou§ * ¢iﬂ)
¢i "if( d%ut = qph\)
Pelvc = VDfC\’ /k\oc
Peu = VD(fC? /h)cv‘
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subscript "loc" refers to local charge propertlies or
zone heat tvansfer coefficlent
subscript ®*.-"% afers to the cruclble

The coefficlients Ay, Ay, Az, As, =2nd Ag depuenc on the radlal thermal

resistance between the concen*ric f'ns. Thoy are given by:

A = e '—7': {*_—" X [3-353
2
AZ - __gm S [3.3b]
A
= ! (3.3¢]
AL K\oc(gl_\)
2 |
A, = ) ' [3.34d]
4 K‘u(S"'O ﬁz. . QM(, i ,Y‘
00, K L+ &7
Ay = Al D (3.30]

an,‘oc

whore: § = Dcr/D
Der = cruclible dlameter
D = charge diameter
K\o«:ﬂl kaiR\Ot.
BL\oc = »\\N,D/h\oc.
Réﬁm,i k@Aa/hutA

The fin equations tor ¢4 and ¢ have been added to and subtracted
from one another 'n order *o producs eags. [3.2a) and [3.2h] for $,, and @,

respectively. Siace the cross ssctional areas of the 'nnar and outer
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charge fins are equal, ¢, Is interpreted as the mean cross sectional
temperature of the charge; d% Is a measure of the radial temperature
differance within the charge. Within the hot and cold zones, the furnace
fenperafure,4* , Is the temperature of the hot and cold heat pipes,
respectively, and eq. [3.2d] for the gradient zone annulus In not needed.
Within the gradient zone,4§ Is ldentifled with ¢,(C) and eq. [3.2d] has
no Peclet term since the grad!ant zone annulus I|s stationary.

Solutlon Of The Concentric Fin Equations

The set of eqs. [3.2] has constant coefficients if a separate set of
equations is employed for each axial reglon of uniform thermal properties
and furnace boundary conditlions. As In the moving fin modeil, four such
axial regions are present In the concentric fin model: the hot and cold
zones and the liquld and solid portlons of the gradient zone. (it Is
assumed "rhaf the growth interface is in the gradlient zone.,) The hot and
cold zones are therefore described by egs. [3.2a], [3.2b] and [3.2¢c]; the
two reglons within the gradient zone include, In addition, eq. [3.2d],
representing the gradlent zone annulus.

The solution of eqs. [3.2] within a particular axlal reglon Is
described In many texts {e.g., [2,3]). A system of p second order

differential equations can be changed to an equivalent system of 2p first
order differential equations by the definitlion:

¢'= de¢ /4L [3.4]

Performing tinis ftransformation and putting the result In matrix nctation,
eqs. [3.2] become:

aA . [3.5]
X _ex-F
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where: ¢.' Bn
¢‘ ¢b
x _ ¢, Pee
A e T e
| ¢ L2
hot and cold zone b,
J#5a

gradlent zcne
(Variables In boldface denote matrices.) The eiements of P and F are
found by direct substitution. |In the gr-.lent zore, F 1s an empty
matrix.
The solution of eq. [3.5] Is of the form:

4’( ::‘:lii‘fi i * Cﬁ.iizesd -

The values of w are commonly called the eigenvalues of the matrix P and

W.
+ ch Zpe lP (3.6]

the values of E are commonly called the elgenvectors ot P. The eigen-
vaiues and eigenvectors are easlly found by standai d computer subrou-
tines. The coeffliclents denoted by ¢ In eq. [3.6] are the unknown con~
stants of integration. x, denotes the particular soiution of eq. [3.51.

Equation [3.6] Is written for each axial region. The hot and cold
zones each contribute six unknown constants of integration; +the |iqulid
and solld parts of the gradient zone each contribute elght unknown con-
stants of Integration. There are, therefore, 28 unknown constants of
Integration which must te determined by using boundary conditions of (a)
equal ity of temperature and (b) continuity of flux between corresponding
fins of adjacent axial regions as well as (c) heat transfer coefficlents
&t the ends of charges of finite length and (d) Imposed temperature
soundary conditions at the ends of the gradient zone annulus. Appiica-
tlon of the boundary conditlons results in a set of 28 simultaneous

|inear algebraic equations whose unknowns are the required constants of
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Integration. The solutlion of these simultaneous equations Is easlily
accomp | Ished by standard computer subroutines.

Approximation For The Growth lnterface Boundary Condltlon

The solutlion of the fin equations requires a trial and error prcce-
dure when the extent of each axial region Is not initiaily known. For
example, the moving fin model shows that the interface location, §;j, and
the non-dimensional Interface temperature, el’=(T]'Tf,c)/(Tf’H'Tf'C),
are functionally related. When ©; Is chosen as the independent variable,
CL must be found by [teration. When G; 1s taken as the Independent
variable, the location of the Interface boundary conditions Is known
apriori resulting in a direct solution for 6, as well as the entlire
axlal femperature distribution.

Figure 3.3 shows that the ax'al position of the growth interface In
the Inner and outer charge fins is, In general, not the same; t-ey are
the same only when the interface Is flat. The correct application ot "he
concentric fin mode! requires that a separate set of eqs. [3.2] be
written for the short reglon between the axlal locations of the Inter-
face. In thls case, the Interface temperature, 9;, Is coupled with the
interface locations within both the inner and outer charge flns,Ciﬂn
and ; ot respectively:

'F (QL)CL,Ln, C’L,wt\ =0 [3.7]

Since thils functional relationship Is not known a priori, It Is not
possible to choose Initlal values of Cg;n and Cgoo* which satisfy
eq. [3.7]; l.e., fin boundaries at the Interface are not Inltlally known
and therefore the solution requires an Iterative procedure in order to
locata these boundaries. The remainder of this sectlion describes an
approximate mode! of the Interface which precludes the use of a trial and
error solutlion for the concentric fin model.

The length of the region separating the Interface In the Inner and
outer charge fins Is normally small since It Is desired to have an
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Approximated Interface
Locotion

) Crucibie

Outer charge fin

inner charge fin

- ,

Actual Interface
LLocation

Fig. 3.3. Approximation for the interface
boundary conditions used in the
concentric fin model.
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Interface of small curvature. The present mode!l neglects this axlal
region and appll!es the boundary conditlions of the interface at the same
axlial location for each of the inner and outer charge fins. The axlal
location of the interface Is taken to be the location where the mean
charge temperature, ¢m, Is equal to the Interface temperature, 6; (see
Fig. 3.3). In this sense, the axial locatlion where ¢g='91 denotes an
*average" Interface position (l.e., between the actual Interface posi-
tlons of the Inner and outer charge fins). The value of ¢ at thls
location, #,(&;) , Is Indicative of the curvature of tha Interface.

The use of the above approximation for the Interface boundary condi-
tion permits the a priorl choice of the "average" interface locatlon and,
therefore, the solutlion for the temperature fleld In the charge Is not a
trial and error procedure. The approximation Introduces no error 1f the
thermal conductivities of the melt and crystal are equal and in the
absence of the generatlion of latent heat, or If the interface Is tlat.
Otherwlse, when the interface curvature is small, the error should |ike=-
wise be small and the predictions of the present model concerning the
radlal temperature variations in the charge are expected to be correct to
8 tirst-order approximation.

The Interface fiux boundary concditlons, assuming that the melt/
crystal conductivity change and the generation of |atent heat occur at
the same axlal locatlion in each of the charge fins, are:

Rx [—%—%’L\)L = P Ry+ (Aqb”' \)s [3.8a]

Re(32). = (52, 0.0
(Q_)L - (_é_i?_cz)s [3.8¢]
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a I¢ [3.8d]

(32, - (58,
where: R, = kL/ks

Ru = ARer/es (Thu-Tp )
AHslz latent heat of solldIfication

(The subscriots " ang "S" refer to the melt and crystal side of the
interface, resnec*ivaly.) Equation [3.8a] assumes that the solldifica-

tlon rate s equa!l tc +the 'owering rate, V.
q g
BADIAL. TEMPERATURET VARIATIONS W' THIN "“E CHPRGZE

Rad'al Tempe-a™u. 2 verlarions near the growth Interface are shown In
this sectlon +c -esuy t from severa'! effects usually present In Brldgman
crystal growth, lrstems with an adlabatlic gradlent zone, first studled
by Chang ard wi.cux 750, addresses only one of these factors. The other
factors have not “cen adeguatiey conslidered in the |lterature: non-
perfectly fnsule®'na aracient zone (hg # 0), and tharmal conductivity
charge and/or generztion oi !atent heat at the growth Interface In the
presence of & crucible. Computer solutlons of the concentric fin model
are utlilzed to grephically Iliustrate the parametric behavior of the
radlal temperalure varletlons. Special attention ' glven, however, to
the develonwent of approximate analytlical expressions which serve to
emphasize the relative Importance of the various growth parameters on
radlai temperature varlations.

The variable ¢, deftined by the concentric fin model of section 3 Is
used to indicate the radlal temperature variations within the charge.
Tie results tor ¢, to be shown in this section are convenlently approxi-
mated to the interface shape by the tulilowing relation developed In
Appendix B:

Nz - - (d¢mldC) [4.1]
T e @
A
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where N |s the radius of curvature of an Isotherm at a particular axlal
location In number of charge radli. (N is negative for an Interface
which Is concave toward the melt as shown In Fig. 1.1.) Accordingly, the
degree of fiatness of !sotherms s enhanced by large axlal temperaiure
gradlients (44#,./3() and small radlal temperafure gradients (¢,).

A system defined by the following parameter values Is used as a
reference system against which changes In Individual parameters can be
comparad:

1. Equal heat transfer coefficients In the hot and cold
zones.

2. Axial convection of heat due to charge motion is
small; l.e., Pe Is neglljidle. Thls condlition Is
shown by the moving fin modei to be satisfied [t:

Pe /4(be=)" <1

where Bi** s called the affective B ot number. BI**
Is reiated to the Blot number, Bl, additionally
accounting for the presence of the crucible and
radial thermal resistance within the charge on the
axial temperature distribution of the charge.

3. No generation of latent heat; l.e., PegRy = 0.

4, Equal thermal conduc ivities In the melt and crystai;
l.e., R¢ = 1. WIith condition (1) above, Bly = Blg.

5. Equal charge lengths In < e hot and cold zone; I.e.,
A=A where Nis the dimensioniess axlal length of
a furnace zone, L/D.

6. Temperatura boundary condltlions on the ends of the
gradient zone annulus which satisfv @, (-DA,J2) +

q’c,()‘(‘/Z) = 1.
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A system which has the above parameter values Is referred to a5 a
symmatric system. The temperature distributions of a symmetric system
are of the following form:

G (L) + Pu(-&) =1
¢’cr(C) + Qf(“) a |
6 (8) + b6 (-L)=1
G (5) + #(-Z)=0

Accordingly, It is seen that it Is only necessary to nonslcger one-half of
a symmetric system, elther { < 0 or {> O.

Causes Of Radlal Temperature Varlatlons within The Gradleni Zone
Subtracting eq. [3.25] from eq. [3.2al, and assuming inat the Peclet

term Is negligible (one-dimenslional resuits indicate that the Peclet term
lc small for ftyplical semiconductor crystal growth conditlions), y ®'ds:

d 2
e e.23

The particular soiution of eq. [4.2], denote¢ oy @P, may be solved by
using the approprliate Green's function:

G(C,x)=--z-kv; exp(-Ast|g-xl) [4.3]

Using eq. [4.3], the particular solution of eq. [4.2] Is:

S (0)= l KCC [‘3—‘?’*1 exp (- 7.6316-x)dx [4.4]

T V526
Cu
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where the value of Az given by eq. [3.3b] has been used, x |s a dummy
variable of integration, and G. and C, are the axlal locations of the
cold and hot ends of tite charge, respectively. (Note that eq. [4.4] is
not the complete sclution for ¢§ slince 4; and ¢, are not Independent by
virtue of the coupled nature of the fin equations. Nevertheless, the
actual distributions for %{ and ¢, must satisfty eq. [4.4].)

4%, /aL* 1s ncn-zero when the combined axial heat conduction within
the inner and outer charge fins is not constant with axial position;
l.e., when there is heat addition to or removai from the :harge. Equa-
tlon [4.4], therefore, clearly demonstrates that radlal temperature
gradlents within the charge are caused by heat exchange between the
charge and its surroundings. Such heat exchange occurs:

{1) if, In the Ideallzed case of no crucible, there ls a
difference between the temperatures of the outer charge
fin and the furnace, and the heat transfer coefflcient
between them Is not zero.

(2) 1f, when a .. uclble Is present, there Is a difference
between the temperatures of th~ cruclible and the outer

charge fin,

Equation [4.4] expresses ¢f at a particular axlal location as the
superposed effects ot heat transfer to the charge along Its entire
length. However, the effect of heat transfer to the charge at one ioca-
tion, x, on the radlal temperature gradient at another locaflon,C R
attenuates rapidly with the distance petween the two locations, belng
proportional to the factor exp(-7.63|6 - x!). For example, when |\§ - x|
= 1, the value of tis exponential function Is 0.00049. The:efore, the
radial varlation in temperature at the location [ is primarily affected
by heat exchenge wlth the charge within the range L t| (l.e., one
charge dlameter to either side of the glven {ocat!on).
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Analysls ot Radlal Temperature Varlatlons In the Gradlent Zone

The total solution for ¢’A(c) Includes, In addition to eq. [4.4], the
homogenous part of the solution:

¢A(C) - C‘e-»?.ﬁbc . Clelbbﬁ . @r [4.5]

[

Equaticn [4.5] 1s appliled separately to each region of the charge of
uniform properties; given the assumptions of ths concentric fin model,
there are two such reglons -- the tiquid and the solid portions of the
charge. The coefficlents Cy and C> In eq. [4.5] are tound by applyling
boundary conditions at the ends cf the charge and at the growth inter-
face.

Radial temperature variations near the growth Interface are of
primary concern. Since the Interface Is assumed to be In the gradient
zone, eq. [4.5] Is applied, In the remainder of this section only to the
gradient zone; l.e.,-r\./z(C‘ M./l . It Is also assumed that there Is

at least one diameter of charge I both the hot and cold zones:
/
Z;H <_(>‘6/2 - |) [4.68]

As noted earller, heat exchange with the charge at distances greater than
about one diameter from the ends of the gradient zone contribute |ittie
to the radlal temperature variations In the gradient zone. Equations
[4.6] thus permit the 1imits of Integration In eq. [4.5] to be contracted
If deslired, and further, the effects of the boundary conditions at the
ends of the charge on @&, can be neglected.

When the solld and 1iquld thermal propertles cf the charge are

equal, l.e., Rk = 1, eq. [4.5] need be appliied only once to the entire
length of the charge. The homogenous part of the solution dlsunpes s
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under the restrictions of eq. [4.6] and the total solution for & (z)
within the gradient zone becomes:

$y(6)s- — X: B:{‘“ exp (-2.6312- x)dx (4.7]

15.26

where:

“Xal2 €0 s XN, /2
R = !

When R # 1, eq. [4.5] must be appiied separately to the liquid and
solld portions of the charge using the following boundary conditlions at
the growth interface:

[ (2], = [ (2)]; [4.8a]
\ ; , C4.8b]
Ru \Ajzg;.)k P:E(C')L e we e

Applying these boundary conditions ylelds:

ZIS it R\(‘? I\_ ; -3 i .
i‘h‘»ml‘_: (Q)RK(*\ ) (C)eios(; 9, 1.0 [4.9]

where: - A\, [2<( €,

-(Re-DT5 K +2 will\G;) -3 -T
B”‘““g‘ (R lhp\ti)‘ ReI () ens(; %), I, (0) [4.10]
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The variables 1| (§) and ig{t) represent the respective contributions of
radial heat exchange with the liquid and solld pourtions of the charge to
the value of ¢ at any axial location§ within the gradient zore. They
are defined as follows:

Go( e \
T.(&) =~ : Sh:{'lexp(ﬂu\c—x%)c\x C4.11a]

1S5.20
Cu

Celata, |
Is(C)=— \5§2(’ gc EAA:" }eXP (~ ?03\5_“)3)( [4.”0]

The first term in each of eqs. {{4.9] and [4.10] represents a contri-
bution to @, () which Is produced at the growth interface and which
attenuates with distance from the Interface. This contribution Is apsent
when Rx = 1.

The value of @, at the Intertacs, &) (5;) , 1s determined from elther
eq. [(4.9] or eq. [4.10]:

b, &) = Ri\ [IS(Q,-) + R I, (,;'.)] [4.12]

An attractive possibllity for the quantitave utilization of eqs.
[+.9] and (4.10] Is to provide Jzﬁ_‘/‘;d‘ from the results of one-
dimensional modeling. In this way, a two-dimensional temperature dlstri-
bution Is obtained only through these equations and a one-dimensionai
mode!. The error In % calculated in this manner would be due to approx~
imations in (1) the one-dimenslonal model which estimates qu_/'ac‘and
(2) the concentric fin model which provides eq. [4.27.
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One-dImenslonal models do provide good approximations for the charge
mean temperature distribution, Taking two derivatives of such a distri-
bution In order to ubtain a good approximation for Aﬁé./ad‘ Is more
|tkely to be unreliable. Results presented iater in this section, In
fact, demonstrate that the presence of a crucible produces a distributlion
of radial heat exchange with the charge which Is not predicted by a one~
dimensional mode!; therefore, the use of J:¢n/¢j£," calculated from one-
dimenslonal models Is not appropriate for use In eqs. [4.11]. Neverthe-
less, even in these cases, the Green's functlion approach developed in
thls section may be used to obtain a qualitative understanding of the
behavlior of radial temperature varlations within the charge.

Penetration Of Radjial Temperature Yariations into The Gradient Zone
Erom The Hot And Coid Zones

Heat transfer to the charge in the hot zone and from the charge in
the cold zone must occur so that the required axlal temperature gradlent
at the growth interface is obtained. Such heat exchange, according to
the results of section 4.1, produces radial temperature variations
witstr the charge which, even within an adiabatic gradient zone,
intluence the shape of the growth interface.

Fu and Wiicox [6] studied the penetration of radial temperature
varlations into an adiabatic gradient zone for sysiems without a crucible
through tre use of a two-dimenslional finlte difference model. Isotherm
shape /ndlcate, for various Bl and Pe, that radial temperature varlia-
ti. s within the charge in the hot and cold zones attenuatza rapidly from
rne ends of the gradient zone. |f the gradient zone Is sufflicientiv
long, there exists a region within which the shape of isotherms are quite
flat.

xystems Without a Crucible
Figure 4.1 shows the variation of d% In an adlabatic gradient zone,
obtained by the concentric fin model of section 3 for systems without a

crucible. (Note that the vertical scale of Fig. 4.1 changes from
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logarithmic to |Inear at 104 so that both negative and positive values
of 45 may be plotted In the same figure.) Accordingly, It Is seen that
¢° attenuates at a rate approximately proportional to exp(-7.645%) where
L*®Is measured from the ends of the gradlent zone. It is also seen that
#, in the gradlent zone Increases with the Biot number of the hot and
cold zones reflecting greater amounts of radlal heat transfer to the
charge In these zones,

The variation of the radius of curvature of Isotherms for the same
cases ccnsidered In Fig. 4.1 Is shown in Flg. 4.2. These curves were
calculated using eq. [4.1] along with values of & and d@ /I, determined
from the concentric fin model. Accordingly, there is a centrzl reglon of
the gradient zone where the Isotherm shapes are quite flat. To obtalin an
interface which is slightly concave toward the crystal, l.e., small but
positive N1, requires that the interface be located slightly to tne hot
side of The center of the gradient zone. Also seen In Fig. 4.2 Is that
Isotherms are more curved as Bl increases. Therefore, for the parameter
values conslidered, Increasing the Blot number of the hot and cold zones
has a greater effect on Increasing q% than upon Increasing the axla!
temperature yradlent of the charge in the gradient zone (c.f., eq.

[4.1D.

The effect of unequal hot and cold zone Biot numbers In an otherwlise
symmetric system Is shown In Flg. 4.3. As the hot zone Blot number
Increases relative tc the constant cold zone Biot number, di becomes more
positive in the hot portion of the gradlent zcne. In this reglon, there-
fore, lsotherm shapes become more concave toward the crystal and the
focation of the flat isotherm shifts slightly toward the cold zone. The
etfect of changing thermal conditions In the hot zone attenuates rapidly
‘rom the end of the hot zone and effects oniy slightly the radlal
temperavure verlations near the cold end of the gradlent zone.

Figure 4.4 shows the varlatlion of 4% In systems which are symmetric
except Ry ¥ 1. In the systems conslidered, the cold zone Biot number
remalins constant; the hot zone Blot number therefore changes with RK
(B!H = BIC/RK). As RK Increases, It Is seen that ¢k In the hot part of

115



[ d
3
)

ORIGRAL Pt b
OF POOR QUALITY

lo' BIH = BIC -
Pe = 0.00I
RK= .0 -
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Adiabatic gradient zone
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_Io'3 -
i concentric fin
- model
O egs.[49],[4.10],(4.14]
-1072F
{ . L I l 1 1
-5 0 5
hot end C in gradient zone cold end

Fig. 4.1. Variation of ¢, in an adiabatic gradient zone
without a crucible. The system is symmetric.
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Fig. 4.2, Variation of isotherm shapes for the

same cases considered in Fig. 4.1,
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Fig. 4.4. Variation of ¢, in an adiabatic gradient
zone without a crucible. The system is
symmetric except Ry # 1.
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the gradlent zone decreases whereas ¢A In the cold part of the gradlent
zone |s little affected. This behavior Is similar to that of a changing
value of Bl exhibited In Fig. 4.3. Further, a disturbance appears at
the Interface which Increases as Ry Increases and which dies out with
distance from the Interface. Thls disturbance represents the first term
In eqs. [4.9] and [4.10] where It Is shown that It appears only when

R # 1.

An analytlical expresslion for the variation of ¢A in an adlabatic
gradient zone may be obtalned by using the mean temperature distribution
determined by the moving fin model in order to describe Az¢,‘/AC‘ In egs.
[4.i1]. In order to distinguish between the mean temperatures predicted
by the moving fin and concentric fin models, 9... is used to denote the
former whlie ¢m continues to denote the latter. The charge Is assumed
Infinlte in length; in this case, 9,,‘ Is described by a simple exponential
furction In both the hot and cold zones. Further, the Peclet number is
assumed small enough to be neglligible; in this case the argument for the
exponential function Is glven by 2(81")1/2.

hot zone: [ < - >‘C1 /2

Tiea (- w\a(r
O (L) = [1- 8- Maf2)] exp [2(3:8)2 5+ A, /2] Co13e]
cold zone: C > )‘6/2

Om(L) = Bm(hal2) expl2 (B2 (0/2-5)]

[4.13b]

Substituting the second derlvatives of eqs. [4.13] Into eqs. [4.11] and
2
noting that 4 5../85.»1 = 0 In the adlabatic gradient zone, ylelds:

B - O, (- .
L&) 3.32@.&“2((&#3}11 expl-263(CeXg )] 1
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B B (M) )
IS (C) x - 3.%2‘.{?‘ os f.Az‘—(IE .;‘_)T/—;T eXP[-?,('S(AG/Z -C )] [4.140]

where: -\ /2 < < )\, /2

Equation [4.14a] represents the effect of radlal heat transfer between
the charge and the furnace in the hot zone on the radial temperature
varlations in the gradient zone. The effect of the hot zone dles out
exponentially with distance from the hot end of ‘he gradient zone at
approximately the same rate observed In Fig. 4.1. Equation [4.14b] has
an analagous interpretation with regard to heat transfer in the cold
zone.

Substituting eqs. [4.14] Into eqs. [4.9] and [4.10] produces the
desired approximation for @ In the gradient zone due to the generation
of radial gradients in the furnace zones. Evaluating egs. [4.14] at
C =0, and substituting the result Into eq. [4.12] ylelds {k at the
growth interface.

The one-dimensional results required by eqs. [4.14] are the effec-
tive Blot numbers and the mean charge temperatures at the hot and cold
ends of the gradient zone. Ffor a system with Big = 0 and which has a
negligible Peclet number, the axlial temperature gradlent In the gradlent
zone, G, Is constant except for a step change at the growth Interface.
The temperatures at the ends of the gradient zone are therafore glven by
the followling expressions:

Bm(-Xa2) = 8L - G+ (Nof2+L;) [4.15a]

BmNaf2) = 6 +GL()‘4,/2‘£;) [4.15b]
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The non-dimensional Interface temperature, 6;, G , and Gg are glven by
the moving fin model.

The circled polnts In Figs. 4.1, 4.3, and 4.4 indicato ve'ves of ¢

calculated through the use of eqs. [4.14]. it Is seen t the valuss
of ¢, obtained by the two methods agree very clossly Ird! i3 that the
moving fin model provides a good approximation for'd?"A, for the

systems consldered. The largest difference occurs for the largest value

of Bl reflecting a decrease in accuracy of the affective Blot number as
Bi Increases.

Systems With a Crucible

The effect of the presence of a crucible on radial temperature
variations In an adlabatic gradient zone are shown In Figs. 4.5 and 4.6.
The systems examined are symmetric 2nd Infinite In length; Fig. 4.5
conslders variable § (with Kg=1) while Fig. 4.6 considers variablie K¢
(with § = 1.5). The primary effects of the cruclble are seen to be a
reduction in the value of 45 at tire ends of tne gradient zone &and a
reduction in the rate at which d% attenuates toward the center of the
gradlent zone.

The reduction in the value of ¢% at the ends of the gradient sone
when a crucible Is present |s attributable to the effect of the crucible
on the effective Blo* number, Bl**. In most cases, the presence 5f a
cruclble decresses BI** compared to a charge without a crucible. A
reduction In the heat axchange between the charge and furnace is there-
fore expected, resuiting In decreased radial temperature variations
within the charge. The Individual curves of Figs. 4.5 and 4.6, labeled

with thelr respective values of BI**, demonstrate the correlation between
* %
@, (T2} and BI™ .
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The reduction in the rate of attenuation cf ¢4 when a crucible Is
present results from radlal heat exchange between the cruclible and the
charge near the ends of the gradient zone. Such heat transfer occurs
when the crucible and the charge temperatures are not egual. A value of
zero for the local Blot number Is no longer suffi~lent to eliminate heat
transfer to the charge In the gradient zore.

The variation of ¢, ~¢, near the hot end of the giadient zone, Is
shown in Fig. 4.7 for the case of § = 2 from Fig. 4.5. It Is seen that
the difference in the crucible and charge temperatures created by heat
transfer In the hot zone furnace extends into the adiabatic gradient
zone. The resultant effect on radial heat exchange with the charge Is
indicated by the distribution of a'®./d&G* in Fig. 4.8 (lower solld
curve). It is seen that Aﬁ¢h/agz Is not zero In the adiabatic gradient
zone; the effect of the crucible Is to extend radial heat transfer taking
place In the hot zone into the gradient zone. Analysls of eqs. [4.11]
verifles that this extension of radial heat exchange serves to decrease
the apparent rate of attenuation of ¢z at the ends of the gradient zone.

Assuming that the Pe term Is negligible, the one-dimensional moving
fin mcde! predicts:

Azem .
-jz—z- = - 4%\.\*‘: (9{-"““9»«) [4-16]

Since BlG = 0, the moving fin model therefore predicts that JlQM/ACl= 0
In an adlabatic gradient zone, whether a crucible Is present or not. The
dashed curve of Fig. 4.8 Is the distribution of ¢332,/3C‘deferm!ned from
the moving fin model. The moving fin mode! |s unable to account for the
particular nature of radial heat transfer between the charge and crucible
caused by the abrupt change In furnace boundary conditions at the ends of
the gradlent zone. Although the error Is of minor consequence in calcu~
lating the distribution of eh, results from the moving fin model, In

particuler Jlem/Al,". are |nadaquate to describe the locai varlation of
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radial heat transfer near the ends of an adiabatic gradient zone when a
crucible is present.

Tabie 4.1 compares vaiues of ¢A at the end of the hot zone (i.e.,
C= -0.5) calculated by eq [4.14a] (i.e., with the use of the moving #In
modei) and by the concentric fin model for the cases shown In Figs. 4.5
and 4.6. 1t appears rat eq. [4.14a] praedicts well the qualitatirve
tronds as K and change as well as peirg, to a certain degree, quantita-
tively accurate, This conclusion providaes furilher avidence - the
correlation between BI** and ®(*AL/2) notices tn Figs. 4.5 and 4.6.
Such a favorable comparison may seem, however, surprising in view of the
limitations in the moving fin model discussed [t the pr :ceeding para-
graph. This apparent anomoiy Is expiained by a closer examination of the
distributions of d'%, [dg* and 4. [dC? shown [n Fig. 4.8.

The abrupt change In 4°6,,/dZ2 predicted by the moving fin model at
the end of the gradlient zone becomes smoothed vut in the distritution of
A%m/dc," given by the concentric fin modei. The moving fin .odel over-
predicts the heat transfer to the charge In the hot zone while under-
predicting the heat transfer In the gradlent zone. The overpredicted
heat transfer in the hot zone contributes to ¢A while the lack of
heat transfer In the grad'ent zone reduces @, ; i the effects of
the two errors in AXBN/AL" approximately balance, the moving fin model
provides a good estimation of ¢ (tA./2). The balance of the two errors
Is 1llustrated by the dotted curve in Flg. 4.8 which Is plotted by
reflecting the section of the curve for AI¢M/3§’* labeled "a" about the
axial location C= -0.5 =-X‘./z and adding to the section of the same
curve labeled "b". |f the distritution of d°B,/db? calculated by the
moving fin mode! were to exactly match the dotted curve, the value of
¢4(~)\le) from eq. [4.14a] would equal that given by the concentric fir
model. Fligure 4.8 shows that these curves, while not exactly coinciding,
are nevertheless close. Therefore, the use of the moving fin model
approximation for c‘ztﬁm/AC" can be expected to provide a reasonable esti-
mate of ¢A at the end of an adiabatic gradient zone. Table 4.1 indi-
cates that thic conciusions is valid at (east over the range of K,.. and §
examlned.
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predicting

3

at the end of the gradient zone.
are symmetric with an adiabatic gradient zone.

IABLE 4.1

Comparison of eq. [4.14a] with the concentric fin model In

The systems

moving fin mode! @ (- )“./2)
concentric
Kloc S BI** 38,./d4G 9.(*5‘*) eq. [4.14a] | fIn model
1.0 1.001 0.4M -0.407 0.703 0.00407 0.00407
1.0 1.5 0.291 -0.350 0.675 0.00284 0.00263
1.0 2.0 0.205 -0.312 0.656 0.00216 0.00193
1.0 5.0 0.n619 -0.199 0.600 0.000797 0.000683
0.25 1.5 0.357 -0.374 U.687 0.00331 0.00318
0.50 1.5 0.356 -0.374 0.687 0.003351 0.00310
2.0 1.5 0.200 ~0.309 0.654 0.00212 0.00197
4.0 1.5 0.121 -0.258 0.629 0.20141 0.00132

Bi = Blg = Bly =

Symmetric system

A =

(' 1.0
A

H

N

0.5

9
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1n The Prasence Qf A Crucible

The axlal temperature gradient Iin the chargs, dqﬁ“/AC, must undergo
an abrupt change at the growth interface when PegRy # 0 or when Rg ¥ 1.
(c.f., ©q [3.82]). The axial gradient In the cruclible, on the other
hand, does not change at the growth interface. Flgure 4.9 shows that
such conditions produce a difference between the charge and crucibie
temperatures at the Interface which diminishes with distance from the
interface. The exchange of heat between the charge and the crucible
which results from this temperature difference has a profound effect on
the distribution of ¢, in the vicinity of the interface.

Figure 4.10 shows the variation of 4, in an adlabatic gradlent zone
for systems which are symmatric except Rx ¥ i. The presence of a
crucible Is Indicated by a value of 1.5 for the diameter ratio §. As Rg
Increases, It Is seen that the distribution of ¢, , and more Importantly,
the value of ¢, at the Interface, becomes more negative, causing Isotherm
shapes to be curved in the adverse direction (concave toward the melt).
Even a small difference in melt and crystal thermal conductivities (e.g.,
Rk = 1.1 In Fig. 4.10) has a pronounced effect on ¢,(g;) .

Values of Rk greater than unlty, being typical of semiconductors,
have been considered in Fig. 4,10, The variation of ¢, which occurs when
Rk Is less than unity Is similar to that shown In Fig. 4.10 except that
the curves would be displaced toward more positive values of ¢, compared
to the symmetric case of Rx = 1.

The effect of the generation of latent heat at the growth Interface
on ¢ In the gradlent zcne is shown in Fig. 4.11. The systems considered
are symmetric except that PegRy # 0. It is seen that as Ry i cresses,
%((’.;} becomes more negative, similar to the effect of Rx > 1 shown !n
Fig. 4.10.

Although the curves of Fig. 4.11 are plottec with Ry as a parameter,
It must be noted that the effect of the generation of |latent heat Is
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Rk # 1 and/or PegRy # O.
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proportional to the product PegRy. The curves of Fig. 4.11 may also be
Interpreted as indicating the effects of changing Pe with a constant
value of Ry. The value of Peg = 0.05 used In Fig. 4.1] has been chosen
so that PegRy would be sufficlently large to have an effect on for
typical vaiues of Ry.

The generatlon of racial gradlents at the Interface Is due to the
presence of a crucible. Figure 4.12 shows the effect of the crucible
diameter ratio, &, on ¢A(C) for systems which are symmetric excep+
Rk = 2. Accordinglv, very *hin crucibles are required to eliminate the
Interface effect.

Figure 4.13 shows the effect of changing the locatlion of the inter-
face on the distribution of ¢h In the adlabatic gradient zone for systems
whichk are symmetric except that Rx = 2. As the interface approaches the
hot zone, the value ot ¢5 at the Interface becomes more positive due to
the Influence of radial temperature varlatlons created In the hot zone
(c.f., sectlion 4.2), For the systems considered In Fig. 4.13, however,
the dominant tactor Is clearly the conductlivity change at the Interface.
In general, the Importance of radial! temperature variations generated at
the interface depends on thelr relative magnitude compared to radlal
temperature variations created by other effects.

The Two-fin Thermal Model

In order to obtain from the results of section 4.1 a useful analyti-
cal relation which expresses the primary effects of the therma'! parame-
ters on the radlal! temperature variations near the growth Interface, a
simple and accurate analytical expression for Jz¢m/ch2 Is necessary.,
Radial heat exchange between the charge and crucible In the vicinity of
the Interface Is not accounted for In the one~dimensional moving fIn
mode|; approximating d*&m/dG2 by 4’8, /dG*, therefore, Is not accurate
near the Interface when a crucible is present. The concentric fin model
Is too complex to yleld a simple analytical solution for d'd»../dﬁ‘ . This
sectlon describes a thermal model of the heat transfer near the interface
which provides a simple approximation for J%,,/JC'.
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The new thermal mode! Is equlvalent to the concentric fin model
described In section 3 except for the fol'owling:

(1

(2)

(3)

g s e L

The charge Is modeled as a single fIn as shown In Fig.
4,14, Since there are only two concentric fins -~ the
charge and the cruclibl!e =-- the present thermal model Is
called itne ™wo-fin" thermal model. The reprs:antative
radial location for the charge temperature is taken as
Din/2, as first defined In Fig. 3.2, since this location
divides the charge equd'ly with regard to !ts cross
sectio>nal ‘rea. The represe:.+silve radial location for
the crucible temperature Is again D3/2 ‘c.t., Fig 3.2).

The Peclet number Is assumed nsgliglible.

The gredient 2one Is assumed adiabatic; hence the
gradient zone arnulus fin !s neglected.

Oniy the reglon In the vicinity ~¢ *he inierface Is
modeled. This reg:on extends ~ + : 3 Interface, in
elther direction, at leasi the distance reju'red for tae
interface effect to significant!y die out. The effect of
the remainder of the growth system Is Included only
through Impesing the average charge/cruclibls axlal
temperature gradlents In the gradient :one, Gy and Gg, In
the llquld and sollid respectively. These parameters are
obtalned from the one-dimensional moving fin model.
Radlal temperature gradients generated by other factors
are neglected.

A T;,f Tm'T;r -
kcr Acr dz? Rmcr,\oc =0
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for the charge and crucible are:
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The thermal resistance, Ry.r joc, detining the thermal coupling between
the crucible and the charge, Is given by [4];

$t4l Ve
Rocr lnc = LJ2 - i"_( 2 )w [4.19]
Mc(, nC 2vh\.‘ L Ecr

Detine the toliowing non-dimenslonal temperatures:

& E h\ﬂAwm‘ kw AGJ ¢cr )
hkx A + huy-.Acr [ 4.20a]

@ v w B - P [4.200]

v

{s tha average charge/crucibie temperature welghted by their respective
axlal thermal conductances. Using eqs. (4,197 and [ 4.20] in eqs. [4.17]
and [4.18], any non-dimensionallzing, results In the toilowing form for

the two-tin model tin equations:

‘ -
3(; = 0 (4.21]
d'
‘—:‘,gf’“ - Wi b, =0 [4.22)
|
8|1+ % ]
\«/,1 _ K\g_g( gi+1) [4.2%]

o = \ S+l (V2
Q“J: + K, EM( 3 )

oc

tquation [ 4.21] Indlcates that 6 varies llnearly in the gradient

sone under the present assumptions, The axlal gradient of f. G and Gs
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In the liquid and solid respectively, are assumed known from the results
of the moving fin model.

The general solution to eq. [4.22] Is:

In the liquid: ( <

(q)m,cr\L = C—\\_ exp ('WLC ) + Ca (Wx. ) [4.242]

in the sollid: C >Ci

(¢n,uss = C|s CXP (*WSC) + C‘es exp (wsc,) [4.24b]

where the coefficlients denoted by C are tThe unknown constants of
Integration.

The assumptions of the two-fin model require that &,., -0 as
{+o; therefore, Cy = Cpg = 0. Continuity of temperature at the
Interface requires (B = (¢m,or\:s ; therefore Cp = Cys. Finally,
continuity of flux In the cruclible fin at the Interface requires

(de,/dB), = (A,,,“/AC)S; this boundary condition yields:

GL - Ga
= = 4,25
C\S CZL Ws Re WL C ]
* 3
|+ K (82-1) Ry + Ko (82-1)
The difference between G_ and Gg Is, In dimensionless form:
G.- Gg = PesRu - Gu (Re -1) [4.26]

| + h% (Sl -|)

Substituting these results into eqs. [4.24] produces the solution for

¢M,¢f :
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(¢m,c/ )L = C EXp [- W, (C. -G )] (4.272]
(¢M,cr)$ = C CXP [" Ws (C - C'l )} [4.27b]
where: C= PQ‘R“ - C‘n_( ,‘\\ ) \
Wy . —ReWy P+ K (82-1)
Lo Ke(82-1) R +K (821 [4.28]

The constant C defined by eq. [4.28] includes In the numerator the
superposed effects of the generation of latent heat and change In charge
thermal conductivity at the interface. The axial gradlent in the liquld,
G, Is always negative; If R > 1, as Is typical of semiconductors, these
two effects reinforce each other, causing a larger disturbance at the
Interface than would occur by elther effect acting alone. On the other
hand, If Rk < 1, It may be possible to eliminate the Interface
disturbance by choosing a value for the product PegRy that would make the
numerator of eq. [4.28] equal to zero. This could be accompiished by
changing elther the lowering rate (thus changing Peg) or the temperature
difference between the hot and cold zone furnaces (thus changing Ryl.
Elther possibility, however, has potentiaily harmful side effects on the
constitutional supercoolling requirement,

Radial Temperature Yac!ations Near the Growth Interface
Substituting egs. [4.27] Into the non-dimensional form of eq. [4.18]

ylelds an expression for d*¢, /JC? due to the heat exchange between the
charge and the crucible near the Iinterface:

sz’u.l. _ W K (82-1) _
4G T R+ K, (80 CeXP‘-. WL(C:‘C;)\ [4.29a]

Iy _ _Wsl(82) , .,
G T K (52 C exp~wq (C-C;)] [4.295]
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Using eqs. L4.29] in eqs [4.11] and [4.12] produces the value of ¢, at
the Interface:

BL)e- S KeE DT Rewt _ we
at 1Y R+l [ Re+rKo(83) |+ Ko(s2-0

] [4.30]

The value of ¢, at the Iinterface determined by eq. [4.30] 1Is
compared to the results shown previously in Figs. 4.10 to 4.13 In Table
4.2. In general, the comparison is favorable, Indicating that the two-
fin model provides a reasonablie approximation -‘orJzats,.,/JC2 fn the
vicinity of the Interface. The largest differences occur for those cases
which exnibit effects not included In the two-fin model. For example,
the cases considered In rig. 4.11 use a larger Peclet number, 0.05,
compared to that used for the other figures, 0.001, Iin order to
accentuate the |lberation of latent heat. The effect of the larger
Peclet number,‘nof included in the two-fin model, is to create a8 more
negative value of @, (Z;).

A small error in eq. [4.30] compared to resuits from the concentric
fin mode! is also apparent for the cases of smali & consloered In
Fig. 4.12. This error Is attributable to the neglect, by the two-fin
modei, of the radial gradients generated in the furnace zones., In order
to apprcximate the attenuation effect, the value of ¢A(C;) determined by
eqs. [4.9], [4.10], and [4.14] Is simply added tc that determined by egq.
[4.30]. The results of this approximation, shown In the last column of
Table 4.2, are seen *o Improve the estimation of ®,(G;) for small vaiues
of § As § incrsases, the contribution to Q(C;) due to the attenuation
effect pecemes less Impartant.

Tatle 4.2 alsc demonstrates that eq. [4.30] is unable to account for
the effects of the changing interface iocation on 43((;;) . Thls error Is
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IABLE 4.2

Comparison of the approximate methods of calculating &,(g;
to results of the concentric fin model
consldered In Figs. 4,10 to 4,13,

for the casss

¢A(Ci)
eq. [4.30] plus
varfab'e conceniric attenuatlion effect
Figure | parameter fin model eq. [4.30] from eq. [4.9],
[4.10], and [4.14]
4,10 Ry = 1.0 .000000 .000000 .000000
1.1 -.000493 ~.020464 -.000464
1.25 -.00110 ~.00114 -.00114
1.5 -.00186 ~-.00176 ~-.00175
2.0 -.00274 ~.00261 -.00260
4.0 -.00343 ~-.00330 -.00329
4.11 Ry = 0.0 -.000023 .000000 .000000
0.25 -.000219 -.000179 -,000179
0.5 -.000416 -.000358 -.000360
1.0 -.000810 -.000716 -.000720
2.0 -.00160 -.00143 -.00144
4,12 $ = 1,000 -.000021 -.000002 -.000021
1.001 -.000040 -.C00021 -.000039
1.01 ~.000214 -.C00183 ~.000201
1.05 -~.000818 -.000730 -.000744
1l -.00136 -.00122 ~-.00123
1.25 ~.00227 -.00207 -.00207
1.5 ~.00274 -.00261 -.00260
4,13 4, = 0.0 ~.00274 -.00261 -.00260
-0.1 ~.00245 -.00258 ~.00248
-0.2 ~.00210 -.00254 -.00231
~0.3 ~.00166 -.00252 ~.00200
~0.4 ~.00108 -.00249 -.00138

eqs.

The values of G
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and ©{ requlred for use tn
[4.14] and [4.30] are listed In Tables 4.3 and 4.4,
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agalin =tftributable to the relative importance at the Interface of radial
gradients generated in the hot and cold zones compared to those generated
at the interface. As the interface approaches the end of the gradlent
zone, the influerce of radial gradients generated In the adjacent furnace
zone becomes Increasingly important.

The last column of Table 4.2 provides an approximation for the
effect of changing Interface location on ¢,(¢;) . The correction provided
by these values to the results calculaied by eq. [4.30] (i.e., the second
column of Table 4.2) assumes that the radlial gradients generated in the
hot and cold zones attenuate at a rate proportional to exp(-7.634). The
actual rate of attenuation is, however, smailer when a crucible Is
present (c.f., section 4,2). 1t Is expected that vse of the actual rate
of attenuation would produce a better correction to eq. [4.30] for the
effect of changing interface location. Unfortunately, a simple
analytical expression for the attenuation of ¢, from the ends of the
gradlent zone In tha presence of a crucible Is not avallable.

Correction to the Axial Temperature Gradlent ln the Liqula
At The Growth Interface:

The moving fin model predicts the vaiue of 6 =d¢.[dl for the
axial temperature gradient In the Illquid at the Interface. The
constitutionai supercooling requirement, however, depends on the value of
(c\qan(AC,\L at the Interface. The difference between these temperaturc
gradlents Is approximated from tne results of the two-flin model.
Differentiating eqs. [4.20] with respect to C‘- and solving for (Aq,/A(.)\_
ylelds:

C‘¢M(C1) = KS(SI‘\\ [ddﬁ‘g{—f(an) 4.3 ]
K dg L G+ R+ Kq(82-9) 4g L H

Differentiating eq. [4.27a] with respect to § and ='bstituting Into
eq. [4.31] ylelds:
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The second term on the right side of eq. [4.32] Is a correction to be
applied to G In order to account for the effect of radlal heat transfer
near the Interface on the axlial gradlent In the charge at the Intertace.

(4.32]

The axlal temperature gradient in the liquid at the Interface
calculated by the moving fin model, G, and by eq. [4.32] are compared to
results from the concentric fin model In Tabie 4.3 for the cases
consldered in Figs. 4.10 to 4.13. |t |s seen that eq. [4.32] provides an
excel lent approximation to [dctm(ci)/dC]L even though the correction term
may be signiflcant (e.g., 13rge Rk or large Ry). The approximation Is
most In error as the Interface apprcaches the hot zone {(c.f., C,— = ~0,3,

-0.4 in Fig. 4.13) due t~ the additional Influence of radlal heat
transfer In the hot zone.

Correction To the Intertace Temperature:

The moving fin model predlcts for the interface temperature the
average charge/cruclibie temperature; l.e., 0. Is Interpreted as 5(4:).
The difference between ¢m(;,')and B; found by the two-fln mode! may be
used as a simple correction to §:

B - Pm(Z) = [43 (&) - 45...(4;)] [4.33)

Rearranging eqs. [4.20] ylelds:

Ks (Sl ‘\)
Ric+ K (82-1)

18- )] =- Poner () [4.342]

Y Ks(82-1)
[¢‘€5 ) CP"‘(;;)‘L =T |+ K(s(S‘—l) ‘Pm,cr (C‘.) [4.34b]

Since ¢,.,.“(C,.-) and ¢,,(;,-) are equal In the liquid and solld at the
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JABLE 4.3

Comparison of the approximate methods of calculating A¢,,/ag
to results of the concentric fin mode! for the cases
consldered In Figs. 4.10 to 4.13.

axlal temperature gradient In the
Ilquid at the growth interface
moving fin
variable concentric mode|
Figure | parameter fin model G, oq. [4.32]
4.10 Rg = 1.0 -.351 -.350 -.350
1.1 -.332 -.340 -.332
1.25 -.308 -.326 -.307
1.5 -.275 ~.306 ~-.275
2.0 -.228 -.272 -.228
4.0 -.140 -.190 -.140
4.11 Ry = 0.0 -.351 -.350 -.350
0.25 -.344 -.348 -.344
0.5 ~-.338 -.345 -.338
1.0 -.325 -.339 -.325
2.0 -.300 -.328 -.300
4,12 § = 1.000! -.251 -.25¢ -.252
1.001 -.251 ~a252 -.252
1,01 -.251 -.252 -.251
1.05 ~.249 -.256 -.249
1.1 -.247 -.260 -.246
1.25 -.240 -.267 ~.239
1.5 -.228 -.272 -.228
4,13 G; = 0.0 -.228 -.272 ~.228
-0.1 -.225 -.269 -.225
~-0.2 -.222 -. 266 -.223
-0.3 ~-.217 -.262 -.220
-0.4 -.211 -.260 -.217
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Interface, eqs. [4.34] imply that [5(6.-)]\_1‘ @(‘i)]s; that is, the two-fin
mode! predlicts a step change In # at the Interface. Thls Is due to the

definition of J which averages the charge and cruclble temperatures
according to thelr respactive axial thermal conductances.

In order to approximate the effect of radial heat transfer near the
Iinterface on the Interface temperature, the cor-ection term within
brackets In eq. [4.33] will be taken simply as the arithmetic average of
eqs. [4.34a] and [4.34b]. Using eq. [4.27] evaluated at { = G, ylelds:

V=6 += I LACR) Ks (§2-1)
¢~(g’) 6L+2 C\.i*‘(s(g") v R\(+Ks(3‘-l)‘l (4.35)

The Interface temperature determined by eq. [4.35] Is compared to
that found from the concentric and moving fin models in Table 4.4 for the
cases considered in Figs. 4.10 to 4.13. |t Is seen that the moving fin
model, provices a reasonable estimation to the interface temperature, & ’
without the correctlicn afforded by eq. [4.35]; this indlicates that
radial heat transfer at the Interface between the charge and the crucible
has a relatively small effect on the interface temperature or location.
Utiliz!ng the correspording values of G |isted In Table 4.3, the moving
fin mode!l would mislocate the Interface by at most 0.1 charge dlameter
for the cases conslidered (c.f., Rk =4 from Fig. 4.10). Results calcu~
lated from eq. [4.35], however, do compare yet more favorably to those of
the concentric fin model.

Diabatic Gradlent Zone

Two additional parameters are required by the concentric fin model
when heat transfer In the gradient zone Is considrred: Blg and Rg. The
Blot number In the gradient zone Indicates the " hermal coupling between
the griedient zone annulus and the charge. Rg Is the ratlo of the axial
heat conducting capacities of the gradient sone annulus and the charge
(c.f., eoqs. [3.3]). A dlabatic gradient -ore approaches abladatic condl-
tlons as elther Big or Rg approach zuro. Otherwise, the temperature
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Comparison of the approximate methods of calculating &,(z;)

to results of the concentric fin model

considered In Figs. 4.10 to 4.13.

for

.he cases

temperature of the growth Interface

varlable concentric moving fin
Figure | parameter fin model mode| eq. [4.35]
6,
4.10 R¢ = 1.0 500 .500 .500
1.1 .506 507 .509
1.25 522 518 522
1.5 .540 534 .540
2.0 570 .561 572
4.0 .648 .634 «651
4.1 Ry = C.0 517 .500 .500
0.25 522 .504 .505
0.5 .527 .508 .509
1.0 +536 516 .519
2.0 .554 5332 «537
4.12 § = 1.0001 .619 .619 .619
1.001 .619 .618 618
1.01 .617 617 617
1.05 .610 .610 611
1.1 .603 .602 .604
1.25 .587 .584 .588
1.5 .570 .561 572
4,13 ;= 0.0 .570 561 572
-0.1 .602 .593 .604
-0.2 .633 .624 «635
-0.3 .664 .655 .665
-0.4 .693 .685 .695

The values of G redulrad for use In eqs. [4.35] are

|isted In Tables 4.3.
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difference between the gradient zone annulus and charge (d}’ -9, ) pro-
duces heat transfer which affects axial temperature gradienrs and also,
as shown In this section, radlal temperature gradients within the charge.

Results From the Concentrlic Fin Model

Flgures 4.15a, 4.15b and 4.15¢ show the varliatlon of ¢ In a
dlasbatic gradlient zone as calculated by the concentric fin model. Tha
systems In these fligures are symmetric and do not conslider a crucible.
Since the systems are symmetric, the curves have been plotted only for
the hot side of the gradient zone. Each flgure considers a constant Bliot
number throughout the furnace while the separate curves In each figure
conslider various values of Rg. The graphs inserted In each figure are
axial temperature distributions of ¢G and ¢, corresponding to the Indi-
vidual curves of ¢A As a reference, the distribution of @ In an
adiabatic gradient zone (l.e., Big = 0) is also Included In each figure.

According to Figs. 4.15, the value of Rg significantly affects the
distribution of # In the gradient zone. When Rg Is small, heat exchange
between the charge and the gradlent zone annulus occurs only near the
ends of the gradient zone; toward the cen'lter of the gradient zone ¢c, Is
nearly equal to w,. In such cases, the distribution of ¢, Is only
slightly altered from that In the corresponding system with an adiabatic
gradient zone. As Rg increases, the temperature difference & - @, Is
more pronounced Increasing the razdial heat transfer to the charge; as a
consuquencs, ¢° Increases as well. For sufficliently large values of Rg,
¢.isapproxlma1'ely ITnear; further Increases I[n Rg do not affect
elther g-% or ¢A but serve only to conduct more heat from the hot to
the cold zone furnaces through the gradlent zone annulus.

Figure 4.16 demonstrates the effect of increasing Big for systems
which have a |inear varlation of ¢G as calculated by the concentric fin
modei. A |lnear variation of has been obtalned by choosing a large
value of Rg (l.e., RG=1000). Increasing Blg has a slight effect on the
axlal temperature distribution In the gradient zone, tending to reduce
the driving force for heat transfer In the gradient zone, & -4 . This
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PN G = 1.0

XH = XC = QO

‘0 homeanmbmade b
-5 0
hot end center
L in gradient
zone

Fig. 4.15a. ¢p. ém» and ¢g in a diat.tic qradient
zone. Bi = 0.05, no crucible and
synmetric system.
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Biy=Big=Big=0.5
No crucible
Symmetric system

10~2

-5 0
hot end center
( in gradient
zone

Fig. 4.15b. ¢p, ¢y, and ¢g in a diabatic gradient

zone.
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Bi = 0.5, no crucible and

symmetric system.
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Symmetric system

)sG-LO

"

1072

T

-5 0
ot end center

G in gradient
zone

Fia. 4.15c. ¢, oms and ¢; in a diabatic gradient
zone, Bi = 5.0, no crucible and
symmetric system,
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O linear: Rg
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= 10°

C, In gradient
zone

Fig. 4.16,

SL
-5 C, 0

$as dm and &g in a diabatic aradient
zone for increasing Big, No
crucible, symmetric svstem and
linear Ag.
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effect, however, I[s more than offset by the augmented thermal coupling
between the charge and gradient zone annulus represented by the |arger
Big. As shown in Flg. 4.16, the result Iis that ¢A increases with Big.
The curve for Big = 5 shows, for example, that 45 Increases, rather than
attenuates, from the end of the gradient zonre when the gradlent zone Blot
number s greater than those in the hot and cold zones.

Figure 4,17 shows that the effect on ¢,

gradient zone when a crucible Is present Is simliliar to those systems

of heat transfer in the

examined above wlthout a crucible. (The system considered In Fig. 4.17
{s anaiogous to that of Fig. 4.15b except for the presence of a cru-
cible.)

Analytical Expression For the Effect of a Diabatlc
Gradient Zone Qn Radlial Temperature Variations

The development of an analytical expression for d%(‘) In a diabatic
gradient zone, through the use of the Green's function approach discussed
in section 4.1, requires a simple analytical expression for Jﬁa“/JC‘
within the dlabatic gradient zone as well as within the furnace zones.
The present model assumes that the primary effect of heat transfer
between the gradient zone annulus and the charge Is attributable to
thermal conditions near the axial location of interest. This assumption
Is qualitatively Justified by the high rate of attenuation of the effects
of radlial heat transfer distant from the locatlon of interest; Indicated
by eq. [4.4]. Accordingly, a |inearized description for J%,,./d‘z about
the location of Interest, &, is employed:

et _ d*@uz)| L 4 [c\’abm(ﬂ] - :
el R xg‘(x Z) [4.36]

Substituting eq. [4.36] Into eq. [4.7] yields:

[ 3 bmlz)
qu(L) =T 66.2 dz? [4.37]




Biy = Big = Big = 0.5 GRGINAL PLIE IS
§=1.5 Kg=I.0 OF POOR QUALITY

Symmetric system
Ag* 1.0

XH: XC: ®

hot end center
C in gradient
zone

Fig. 4.17. ¢ps ¢ys and ¢g in a diabatic gradient
zone with a crucible. The other
parameters are the same as those used
in Fig. 4.15h.
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Next, eq. [4.16] Is used to approximate J‘f;/d('; this approximation
k 3

assumes that d6,/4%4* of the moving fin model accurately raepresents

d*®.[dC* of the concentric fin model and that  -Thed (¢ -4,.) varies

linearly near the location of inferest. These assumptlions are not always
velld since:

(1) Bt}ac may abruptly change at the ends of the gradient
2one or at the Interface.

(2) (4],-¢") may not vary eperoximately |inearly at the ends
of rhe gradlent zone, at the interface, or when Rg Is
smail.

(3) When a crucible is present, Azem/agr-*y#‘/d;a at the
ends of the gradlent zone.

Consequentiy, *he expressions which are obtained through tha present
model are suggested for use under the following constraints: (1) quali-
tatively, to indicate the thermal parameters most affecting radial
temperature gradlents causec¢ by a diabatic gradient zone, and (2) quanti-
tatively, as order of maginitude eastimatfions.

Subsitu*ing eq. [4.16] into [4.37] yields:

Bl L2r(&) - &,,(5)]

#(2)2 5T

[4.38]

(Within the gradlient zone, ¢‘. becomes 4}'.) According to eq. [4.38], the

value of4>A at a certaln location,§ , depends only on the local Blot
number and the local temperature difference between the furnace and the
charge.

Constant Interface Shape in the Gradient Zone
Equation [4.38] suggests, In accordance with Its limitations
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dlscussed above, that @ may be maintained at a constant value over a
portion of the gradient zone If the product alg*mﬁ- ¢n) Is constant
over a sufficlently long region near the center of the gradlent zone,
l.e., not near the ends of the gradlent zone. The following set of
"design rules™ il|lustrates how the heat transfer In the gradlent zone can
be "tallored® so that these conditions may be approximately achleved for
systems In which the Interface disturbance Is not present:;

(1) Calculate JB../J(,In the gradient zone, assuming that
Big = 0, by using results of the moving fin model.

(2) Allow Rg to be sufficlently large so that % Is Ilnear.

(3) Alter the end temperatures of the gradient zone annulus
so that dg /4t = d6,/dL . In this way, $ - P ls
constant In the gradient zone, neglecting the effects of
the crucible near the ends of the gradlent zone. In the
present development, It is arbitrariiy chosen to maintain
$ (-)dg/2) = 1 while altering %(M/z). In this case:

b, (Nel2) = )\G dfé: [4.39]
( ¢m) = :lz ( Q &Aea) [4.40]

(4) The desired value of cpdde'rermlnes the required valuc of
Bl&' by substituting eq. [4.40] into eq. [4.38]:

Bi" = 29.1 ¢
G I+ )\61 (Jenléca)

A non-zero value of BIE* leads to a non-symmetric system
and non-constant (¢6' ¢,.), thus contradicting the
assumptions of steps (1) and (3) above. These effects
are shown, however, to be of secondary Importance In the
results which follow.

[4.41]
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{(5) The desired radius of curvature of the Interface, N, Is
next used to eliminate &, from eq. [4.41]. Using eq.
[(B.6]:

[4.42]

B - 22 46m/d4T
@ leN |+ Ac’ (ABn/AKS

Three test cases are employed to demonstrate the procedure described
above. The parameters defining the systems and the resuits of the calcu-
lations of steps (1) through (5) are shown in Table 4.5, Flgures 4.18,
4,19, and 4.20 plot the resultant temperature and Isotherm curvature
distributions as calculated by the concentric fin model: part (a) of
each fligure plots the distribution of @ In the gradlent zone whlle part
{(b) shows the distribution of ¢Gand d>nand the inverse radius of
curvature, N=! of the isotherms In the gradient zone. The deslired con-
stant radlus of curvature chosen for use In e3. [4.43] is N = 20; there~
fore, N-1 = 0.05.

Figure 4,18 considers a system without a crucible and with a
gradient zone length A6= 1.0. 1t Is seen that the distribution of ¢,
and N tend to flatten out near the center of the gradient zone, approxi-
mating the desired values of @, = 0.00127 and N1 = 0.05. It Is expected
that the distributions of ¢° and N will be yet more flat when the
Infiuence from the ends of the gradient zone are even more diminished at
Its center. This Is accomplished In Fig. 4.19 by increasing the length
¢of the gradient zone to }C_’= 2.0. The curves for %and N are quite fiat
In a |arge portion of the center of the gradient zone In this case. Note
that the required value of ¢° = 0,000903 for case 2 (c.f., Table 4.5) Is
larger than actually present as shown In Fig. 4.19, This Is due to heat
transfer to the charge In the gradlent zone, not considered In eq.
[4.40], which causes ¢6 -¢" to be slightly smaller than the value
predicted for a symmetr!c system. Reduced heat transfer to the charge,
and therefore a reduced value of ¢‘ results. |f desired, the value of %
can be adjusted upward by an appropriate alteration in Big.
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"dl -
d B |
b
ok BiH=BiC =0.5 _
Big= 0.0625
No crucible
-|o'4 | Symmetric system except:
dg (A\g/2) =0.593
RG= {0
)\G L |0
S Ag=re= @
-0 " |
-loﬂz 1 4 3 [ l - 1
-5 0 ]
hot end C in the gradient cold end
zone

Fig. 4.18a. Demonstration of the procedure used to
obtain an appoximately constant isotherm
shape in the gradient zone. No crucible,
symmetric system and Ag = 1.0,
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BiH 3 BiC =0.5
BiG=O.0625
No crucible
Symmetric system exceph
¢G(XGIZ) = 0.593
RG =10
XG:I'O
th XC’ o

1-0.2
O-: 3 1 L § { 1 i g Aol
-9 0 5
hot end C in the gradient cold end

Zone

Fig. 4.18b, Demonstration of the procedure used

to obtain an approximately constant
jsotherm shape in the gradient zone.

No crucible, symmetric system and
A = 1.0,
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1073 | -
; ]
1
104 |
$
4 Biy=Big= 0.5
o} Bi =0.0625 -
No crucible
4 Symmetric system except:
-0 |- bg (ng/2) = 0.422 ~
Rg=10
t XHS )\Cs o !
I 1
1073 F -
F
[ 1
2 [ ]
7k S B,
-1.0 o] 10
hot end C, in the gradient cold end

zone

Fig. 4.19a. Analogous to Fig. 4.18a except the
gradient zone is longer; i.e.,
Ag = 2.0,

161



i Lo 23
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lw;‘__..n\i- R w
Big * 0.0625 oF POOR CUAL
No crucible

Symmetric system except:
¢G()‘G/2) = 0.422

RG'IO
XH: )\C: D

O . i 1 1 1 1 1 [l
-1.0 0 1.0

hot end C in the gradient coild end
zone

Fig. 4.19b. Analogous to Fig. 4.18b except the
gradient zone is longer; i.e.,
Ag = 2.0,
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10-4 -
Bi " 0.0735
oOF -
$=L5
K =1.9
-1004F  2gr20
XHI )\c: o o)
Symmetric system except:
f P(N./2) =0.48I
i | GG
: -3 L
"|° 3
RG 10
!
{ _|°'2.~_‘ 1 ] l 1 1 s K
-1.0 0o 1.0
hot erd Cin gradient zone cold end
Fig. 4.20a. Analogous to Fig. 4.,19a except a
crucible is present; i.e., § = 1.5,
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d =1.5 K=1.0

Symmetric system except:
ch(xG/z)- 0.48i

IQG"lO
xHa xc s O
102
0.
-|
N
0
d-0.1
- 4-0.¢
OL I ] ) ) 1 3 3 " '
-1.0 o 1.0
hot end C in gradient cold zore
zone

Fig. 4.20b. Analogous to Fig. 4.19b except

a
crucible is present; i.e., § = 1.5,
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Descriptlon of the systems used In

JABLE 4.5

Figures 4,18, 4,19, and 4.20,

Case
1 2 3
Figure 4,18 4.19 4.20
S 1.0 1.0 1.5
X 1.0 1.0 2.0
Biy = Blg 0.5 G 0.5
BIjf* = 1" 0.471 0.471 0.291
4%,,/4¢ -0.407 -0.289 ~C.259
moving flin model
(Xa/%} 0.593 0.422 0.481
(eq. [4.39))
b~ P 0.297 0.211 0.241
(eq. [4.40]
Big* 0.0625 0.0625 0.0491
(eq. [4.43])
Big 0.0625 0.0625 0.0735
@, 0.00127 0.000903 0.000811

Symmetric system except q%(Aan) #0

>\“= >\c'w

Desired value of N is 20
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Figure 4,20, which considers a system similar to that of Fig. 4.19
except § = 1.5, demonstrates that the presence of & cruclbie Is sde-
quately accounted for In this procedure.

The procedure outlined In this section Is not Intended as a gener-
alized design method leading to optimlized heat transfer for a typlcal
Bridgman growth system. Systems of practical Interest do not behave as
those In rigs. 4.18 to 4.20 due to the generation of radial temperature
variations at the growth Intsrtace (c.f., sectlion 4.3), |ts Intent,
rather, Is to accentuate three features concerning the radial temperature
distribution in the charge:

(1) Heat transfer In the gradient zone Is a useful tool for
altering the Interface shape in the gradlent zone.

(2) Where appropriate, results from one-dimensional models
can be used to help predict radlal temperature variations
In the charge. In the mode! developed In this section,
¢ . [4.38] Is seen to provide at least order of magnltude
accuracy.

(3) Generatlion of radial temperature varlations at the
interface (Rq ¥ 1 and/or PegRy # 0) Is detrimental for
achieving a reglion about the Interface which has a small
and relatively constant isotherm curvature.

DISCUSSICN QOF THE TWQ-DIMENSIONAL RESUL TS

Radlal temperature var’ “lons within the cn.~ge have been chown In
section 4 to attenuate ra;-. . with axlal distance from the location at
which they are generated. This behavior permits the formutation of a
thermal design criteria, leading tc satisfactory Iinterface shape, for
systems in which radial temperature variations created at the Interface
are not present, In summary:
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The Interface should be located In a gradlient zone which
s made approximately adiabatic through the use of a
thermal insulating material (l.e., low kg) placed between
the hot and cold zones and radiation shlelds In the fur-
nace cavity gap to decrease kg. The gradient zone should
be sufficlently long so that radlial temperature gradients
generated In the hot and cold zones have largely attenu-
ated at the Interface location; +this length Is approxi-
mately one to two charge diameters and depends on the
effect of the crucible In reducing the rate of attenuation
of these radlial gradlents (see section 4.2.2). The exact
location of the Interface within the gradient zone Is
chosen so that the shape of the Interface Is slightty
curved toward the solld In order to Inhiblt the propoga=-
tlon of defects generated at the boundary crucible sur-
face. Additionally, smalil amounts of heat transfer o the
charge In the gradlient zcne can be used to alter the
Interface shape as deslred, or to maintaln a liarge axlal
region of nearly constant isotherm curvature (c.f., sec~-
tlon 4.4.3).

The thermal design Is complete at this stage 1f the axlal temperature
gradient in the melt at the Interface is sufficliently large to satisfy
the constitutionaly supercooling requirement. |f the axlal gradlent Is
not sufficlentiy 'arge, however, techniques to Increase Its value can be
investigated while attempting to maintaln satisfactory Interface shape.

Radial temperature varlations generated at the Interface are, how-
ever, the dominant factor with regard to the Interface shape. The proce-
dure out!ined above, theref-re, does not lead to deslirable interface
shapes unless ,ne Interface effect can be eliminated. This issue Is of
partic ‘lar Importance for the growth of semiconductor materials which
have values of Ry greater than unity; for such materlals, the Interface
effect tends *o produce an interface shepe wh':h Is curved In the adverse
direction, l.e., toward the melt,
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Counteracting the Effacts of Radlal Temperature Varlations
Generated at the Growth Interface

The analysis of section 4.1 suggests that heat transfer from the
furnace to the charge tends to produce Isotherm shapes which are concave
toward the soitd. Such heat transfer in the gradient zone thus serves to
make the Interface shape more favorable If It Is originally concave
toward the melt. The gradlent zone, In such a case, resembles an exten-
slon of the hot zone furnace. The potential for completely eliminating
an adverse [nterface curvature may be estimated by comparing the vaiue of
X produced at the Interface due to the Interface effect (eq. [4.30]) to
2 representative value ofﬁ caused by heat exchange with the furnace at
the prevaliing Biot numbers. The value of % at the end of an adiabatic
gradlent zone (see section 4.2) may be used to estimate this latter value
of Q- If radlal temperature gradients caused by heat transfer to the
charge are of comparable magnituce, or larger, than those generated due
to the Interface effect, such heat transfer In the gradient zone may
prove useful In reversing an adverse Interface curvature. |f, on the
other hand, radial temperature gradlents caused by heat transfer to the
charge are less than those generated at the interface, this technique can
not be expected to change the direction of the shape of the interface.

A decrease In the value of § |ikewlise decreases the magnitude of the
radlal temperature gradients generated at the interface, as shown in
Fig. 4.12. The value of §can be decreased by either an Increase In the
charge diameter or by a decrease In the thickness of the crucible. A
decrease In §, while not eliminating the Interface effect, may be useful
In combination with heat transfer to the charge as described In the
previous paragraph.

The ideal method of deallng wlth the Interface effect Is to eiimi-
nate It entirely. If this Is possible, the design procedure for ootain-
Ing the desired Interface shape, described In section 5, once agalin
becomes useful. The cause of the Interface effect is the change In the
axial temperature gradient within the charge at the growth interface
which is not present in the crucible, Efforts to eliminate the Interface
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effect therefore must elther (1) remove the change In axlal gradlient

within the charge at the interface or (2) produce an equivalent change In
axlal gradlent within the crucibla.

Equation [4.26] suggests that the slope change at the Interface
disappears for an appropriate value of the [owering rate, V, when R < 1.
The efficacy of this technique depends, however, on the Interplay between
the value of Vrequired to eliminate the slope change at the Interface
and the effect of V on the constitutional supercooling requirement.
Further, this technique !s not applilicable when R¢ > 1.

The electron potentials are not equal in the sollid and llquid por~
tions of the charge. The passage of an electric current across the
growth Interface produces or asbsorbs heat (depending on the direction of
the current) by virtue of the Peltler effect. Such heat can be used to
eliminate the change In axlal! temperature gradient at the Interface
caused by the change In thermal conductivity and the |lberation of latent
heat. Further, this technl!que also counteracts the decrease In the axtal
temperature gradient in the liquid at the Interface which occurs when
R¢ > 1. Rewriting the heat balance at the Interface In order to Include
Peitler heating/cooling ylelds:

Se T V' D
Re-1)G. = e i £5.1]
( 1 3 \GL .PesR“* ks(.‘}’ --&’c\)

wvhere: G = Gg In order to elimina: +he slope change

at the Interface
Se = Seebeck coefficlient
I" = current per unit cross sectional area
SeT;I" = rate of generation of Peltier heat per unit
cross sectional area
Ty = absolufe solidlification temperature

Using Jermanium as an example (Se = 70 pV/K, T| = 1211 K), eq. [5.1]
shows that the requlired current density Is In excess of 200 amps/cn2 for
typical operating conditions. Such large current densities may be diffi-
cult to attaln experimentally and may produce significant Joule heating
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effects. Although each case shouid be examined Individualily, It appears

that Peltler heating is not a viab'e method for aliminating the slope
change at the Interface.

Peltier heating/cooling has, however, greater potential for modi-
fying the Interface shape In small amounts. For exampie, a flat Inter-
face shape may be made siighlty concave toward the solld by the applica-
tlon of a sma!l emount of Peltier cooling. This technique yleids a
simlilar result as that of transferring small amounts of heat to the
charge In the gradlent zone as described in section 4.4.3,

The Interface effect may also be el Iminated by producing a slope
change In the crucible at the Interface which Is equal to that In the
charge. This may be done by adding the appropriate amount of heat to the
crucible in a very narrow regicn near the axial locatlion of the inter-
face. The remainder of the gradient zone may be adlabatic if desired. A
thin crucible, being to a greater extent thermally one-dimensional than a
thicker crucible, is more desirable In thils respect.

Recommendation For further Research

This work consliders furnace boundary conditions as an Independent
variable which, in combination with the other system parameters, deter-
mines the interface shape. |+ would be useful, however, to be able to
solve the Inverse problem. [.e., what must the furnace boundary condl-
tlons be In order to produce a deslired interface shape? There may be
multiple solutions or no solution at ali. In the flrst case, such
results would provide a direct Indicatlion of the thermal design required
for satisfactory interface shape; In the seccnd case, the knowiledge that
no set of furnace boundary conditions exlsts which can produce the
desired Iinterface shape indfcates that othar parameters of the growth
system requ're aiteration. The abllity to make such conclusions requires

1+ computer solution of the appropriately modeled Inverse heat transfer
problem.
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The harm¢ul consequences of the Interfece effect for sem!iconductor
crystal growth warrant an Independent experimental investigation. Growth
experiments utlilzing variable thickness and thermal conductivity of the
crucible and thermal corductivity ratios of the charge (metals for R < 1
and semiconducters for R¢ > 1) will provide results for comparison wilth
the analysis of sectlon 4.3,

The technique presently considered most suitable for counteracting
the Interface effect Is that of locally heating the crucible near the
interface In combination with a thin crucible. Analysis Is first
required In order to verlify the potent!al of this method. The relation-
ship between the thickness of the cruclble and the amount and distrlibu-
tion of heat transfer to the surface of the crucibie to the radia:
gradlents generated in the charge will requl-e the sotution ot an appro=-
priate two-dimensional thermal model. Thin crucibles are expected to
require less heat transfer co.apared to thicker crucibles In order to
eliminate the Interface effect. Tnin crucibles of sufficient structural
strength may he obtained through the use of a metallic cruclblie; a
uniform and chemically Inert interior coasting, able to withstand stresses
created by differential thermal expanslion, remalns probiematic.
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APPENDIX A: DEVELOPMENT OF THE FIN EQUATIONS FOR THE TWO-DIMENSIONAL
THERMAL MODEL

With the assumptions of Section 3.2, each of the concentrically
located fins (l.e., Inner charge, outer charge, crucible, gradient zone
annulus) can be consldered as a moving fin. According to Carslaw and
Jaegar [1], the axlal temperature distribution for the fins in the hot
and cold zones Is glven by the followling equations:

dzTi dTi To f’T'ln

. L1 |, Y. ) \n v a .

R i T35~ AnVpr 7 * R O [ho1ed
k ot _ dTop , Tn-Tot | Ter-Tour _ [A.1b]
bCAOU* A 11 Aw't'vfcv AZ + an."o* + Rm)cr 0

AlT:'.f JT;V‘ IDU‘\"’ Tf‘ ‘OV'
- S = [A.ic]
h* ACf‘ A ZZ V (A ﬁ)c‘r a Z v th:(d‘ * Rcf) F 0 ¢

where: A = cross sectionai area of a fin
R = thermal res!stance per unit length between fins

subscripts:

local charge phase, liquid or sollid

]

In = [nner charge fin
out = outer charge fiIn
cr = cruclble

-~
]

hot or cold zone furnace
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When considering the fins within the gradient zone, T4 and Rgp ¢ In
eq. [A.1c] change to Tg and Rcp,gs the subscript “G" denoting the
gradlent zone annulus. Further, there Is an additional equatlon represen-
ting the gradient zone annulus:

P . Ter~To

= [A.1d]
G A Zz Qw,& O

Re, A

The radial geometry of the concentric flins shown iIn Flg. 3.2
speclfles the cross sectlional areas and thermal resistances In egs.
[A1]. The cross sectlon areas Ay, and Ag,+ are chosen equal; therefore,
Dip = 0/J2. The radial locations for the representative temperatures of
the fins are Dy/2, D2/2 and D3/2 for the [nner and outer charge fins and
crucivie fin respectively; they are chosen so that there Is an equal area
within the fin to elither side:

'D‘ = "‘-/2_ [A.Za]
22375 D [A.26]
Dy = ((2~1)/2]% D [A.2¢]

The thermal resistances can then be expressed as (Rohsenow and Chol [[4]):

,OM\D
R. = [A.3a]
00t 211*‘;\0: )

WE | L

= A.3b
ROU*,CI‘ 27T h\ot_ ZTY hc\, [ ]
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R = R = — v o~
e, F ce,G 2 bcr \"\w.WDC" [A.3c]

where: § = Der/D
hjoc = heat transfer coeffliclent from furnace or
gradient zone annulus to the surface of the
cruclble, based on the outer dlameter of the
cruclble

Substituting eqs. [A.2] into egqs. Into eqs. [A.1] and non-
dimenslionalizing the resuitant expression ylelds eqs. [3.2] and [3.3].
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APPENDIX B: APPROXIMATE INTERFACE CURVATURE OF P

This appendix employs simpie approximations In order to develop a
useful relation between Isotherm curvature and the axlal and radial
temperature gradients obtalned from one- and two-dimenslional thermal
models.

An isotherm within the charge 1= assumed to be spherical; I[ts shape
can then be represented by a single number -- its radius of curvature.
The axial distance betwesn the locations of an Isotherm at the center and
the surface of the charge Is denoted by Zp. The assumed geometry, shown

In Fig. B.1, ylelds the following relation be'rweenl,and the Isotherm
curvature:

= e e——— A

where N Is the radius of curvature of the Isotherm In number of charge
radli. Equation [B.1] ylelds a positive vaiue of N when the Isotherm Is
concave toward the solid as shown in Fig. B.1. |f the axial gradient
does not vary greatly over the cross section:

¢
~ 3¢ [B.2]
G = g T

where: ¢SCE" ()t(-f:'/l)-—d;(f:O)
Substituting eq. [B.2] into [B.1]:

oL gl
N*-3 T4 e

For the purpose of relating ¢5c to ¢%, the heat conductlon equation
within the charge Is used:
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A IR TR =

If the Pe term Is neglected and If It |s assumed that 9'¢/342 Is not a
function of ¥, the resuiting temperature distributlion In the radia!
direction 1s parabolic. |In this caese, 1t Is easlly shown that:

Py = t Sbsc [8.5]

Using eq. [B.5] In eq. [B.3]:

~ - L denlt
N = P [8.6]

Equation [B.6] Indicates that Isotherm curvature is small (l.e.,, large N)
when the axial temperature gradient [. large as well as when tie radial
temperature gradlents are small.
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Isotherm is

S
assumed spherical V—‘K‘“"i{; (negative as shown)

R

Fig. B.1. Assumed geometry used to calculate
an approximate isotherm curvature,
N is positive for the isotherm
curvature shown above,
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QOF InSb IN CONTACT WITH ITS MELT

The developed theoretical framework presented In the last report has
been used In conjunctlion with experimental results (current-induced
growth |ayser thickness data) to caicuiate the Peltier coefficient of
doped InSb In contact with its melt. Estimates were made of the error
resuiting from time dependent geometry (A ¥ 2(N/4)2, D = (1)), and
compositlion. The Peltler coefficlent thu: obtained was ccmpared with
those calculated from published Seebeck coefficients (thermoelectric
power); agreement ls found to be excellen..

PROCEDURE AND RESULTS

The Peltier coefticient 's calculated using equation [1]:

f H LRl-Rl)
J.

= 13

and values of Ry and R2 obtained from the layer thickness and the tem-
poral characterlstics of the current pulses:

Xi .

where: X; = layer thickness (current-on or current-off)

t; = duration (current-on or current-off)

The Peltler coefficient, If determined by eq. [1] Is ¢irectiy depen-
dent on the heat of fusion, H. The search for pru.:i1:6e H ¢ata ir the
Ilterature revealed values rangliag from from £~./ i/3 to 213.4 j/g.
Consequently, the heat of fusion of InSb was experientally determined
using a Perkin-Eimer DTA 1700 ‘‘erential thermal analyzer viiz &
Perkin-Elmer System 7,/4 thermal analysis ccitroller, Aluminum
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(H = 398.2 j/g) and antimony (H = 164.8 j/g) were used as calibration
standards for the system, For a heating rate of 5°C/min, the data from
the standar-as were reproducibie and se!fconsistent to ¥2%. The heat of
fusion for undoped semliconductor grade InSb was measured to be 238.1
6 j/g (13.48 kcal/mol). Tne crystai diameter data needed to determine
the current den ity were obtained using a precision micrometer stage
mounted on a Nomarski Interterence contrast microscope (with integral
cross-halr:. The reasurements were made on polished and etched samples
normal to tte growth dlirection.

It was found that crucible design and the location of the control
thermocoup'e have profound infliwences on the characteristics of growth
layers produced vy passing pulses of direct current across the crystal/
melt Interface dur’ ‘owth. The effect of Joule heating In the hot zone
on growth layer characteristics varled from extensive to aimost non-

existent (manuscript in preparction).

The Peltlier ccefficient of inSb was calculaied from the dimensions
of contiguous current-induced growth layers. Representative growth lay-
“hickrass data, illustrating the effect of various crucible designs an.
temperature control schemes, are shown in Figs. 1, 2 and 3. Also shown
are the caiculated Peitler coefficients. Defining the error associated
with each set of data as tne standard deviation divided by the arithmetic
average expressed as a percentage, It is seen (Fig. 1) that even though
°ne measured layer thickness varies by more than 60%, the calculated
Pettier coeffic)enf (-0.082 V) has a precisicn of better than *12%  For
conditions of current puising with temperature control from the base of
the crucible (Fig. 2), where the layer *hickness varied by more than 77%,
the average calculated Peltier coefficient Is found +to be -0.084 V
(t#.8%). The Pel*ier coefficient calculated from growth layer thick~
nasses obtalned using a special BN/composite crucible and current pulses
of 19.8 A/cm? is -0.097 V (¥3%) (see v Ig. 3). This iast result is from a
series of curie ° pulsing experiments with different current densities
but otherwise identical configurations. Using 9.8 A/emZ cerrent pulses,
the average calculatad Peltier coefilclont is =0.097 V (X10%). The
larger error assccliated with these data can be traced to an inability to
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duration (20s) this assumptlon [s inaccurate and the overall layer thick-
ness cannot be used as data to calculate x. However, Interface demarca-
tion superimposed on pulses of long duration permits the measuremant of
the Interface velocity In the critical transition region (current-off to
current-on) with a temporal resolution that is consistent with the con-
straints placed on the use of eq. [1] and such experiments are therefore
expected to yleld viable data for the determination cf Pe!tler coeffi-~
clfents, The growth velocity changes that occur on the application of
direct current for extended time periods weras, therefore, also used to
calculate the Peltler coefflcient. The average Peltler coefficient cal-
culated from three 9.5 A/cmZ jong duration current pulses was =0.1064 V
(*6%). Two long growth layers produced by 17.3 A/cm? current pulses
resulted In an average Peltler coefficlent of -0.096 V (£2%). Long
duration growth layers produced by Peltier heating also produced viable
data for calculation of the Peltler coefficient. The average Peltier
coefficient calculated from three -12.2 A/cm2(205)layers was -0.113 V
(:38). The results are tabulated In Table 1.

ERROR ANALYSIS FOR THE EXPERIMENTALLY DETERMINED PELTIER COEFFICIENT

it should be pointed out that the area of the crystal/melt Interface
(even for 100§ central facet) is not exactly related, through the physi-
cal constunt n/4, to the wldth of the sample segment. Crystals grown in
the [111] crystallographic direction exhibit threefold symmetry and
related to It a varying degree of external faceting which prevents the
sysiem from assuming a cyllindrical shape. The extent of external facet-
Ing can vary from near zero to 100§ depending on the radial temperature
gradlent, growth rate acceleration and growth kinetics of the given
system. Foir the case of minimal external faceting the relationship A =
(n/4)02 (for the area of the crystal/mcit Interface) Is a good approxima-
tion If the crystals are cut so as to contain the axis of rotaticn In the
surface analyzed (as in this study). This relationship Increasingly
underestimates the area of the crystal cross section as tha extent of
external faceting approaches 1C0%. (For this exteme case, ihe external
shape of the crystal would be trlangular.) In effect, at 100§ external
faceting conditions, n assumes the vaiue of 9/4(3)1/2 = 3,8971 which is
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accurately measure the thickness of *he growth layers produced by current
pulses of such relatively low density. As a result of the small current-
Induced segregation change between growth layers, the differential chemi-
cal etching, used to reveal the growth layers, was Insufficlent to
clearly del ineate the current-on to current-off transition. For the
reason cited above: greater prec!sion in layer thickness measurements,
growth layers produced from current pulses of 29.6 A/cm? led to a calcu-
lated Peltler coefficient of =0.099 V with a precision of ¥3%. In an
experiment where current pulses of 39.7 A/cmZ were used, the Peltier
coefficient was found to be -0.087 V with a precision of 6%. An
explanation for this relatively low value of the Peltler coefficient and
the low precision (when compared with the other experiments In the
serles) Is glven below.

The Peltier coefficlent is a materials property and as such expected
to remain constant cver the entlire growth process and for various growth
configurations. Conspicuous for these resuits Is that the same Peitler
coefficlent Is obtained although pulse duration, current density, dopant
level and dopant type were variad. Moreover, the various experiments
used as a basls for the calculations were conducted In different thermal
conflgurations (l.e. with different crucible and temperature contro!
configurations). This finding Is taken as a confirmation of the validity
and applicablilility of the theoretical framework. Furthermore, [+ Indi-
cates that, for the growth of (short time duratlion) current Induced
layers, the effect of bulk heat flow perturbations (Jouie heating) can be
separated from transient Interface heat balance considerations (Peltier
effect). Thus, the long term variation In layer thickness Is controlled
by the changing temperature gradlents in the liquid and solid caused
principally by translent bulk heat fiows. On the other hand, the funde-
mental relationship between the dimensions of contliguous iayers (iayers
generated by a pulse sequence) and the Peltier eftect (l.e. eq. [1])
remalns unchanged.

The basic premise for using eq. [1] to calculate the Peltier coeffi-

cient Is that the Interfacial temperature gradients remain virtually

unchanged over a given pulse sequence. For direct current pulses of long
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JABLE 1

EXPERIMENTALLY DETERMINED VALUES OF THE PELTIER
COEFFICIENT OF InSb

ton/toft Dopant  Current Density Peltier Coeff. Error
(sec) (A/cmZ) (v) (1)
2/6 Te 16.8 -0,082 12
2/6 Te 13.0 -0.084 5
1/3 Ge 9.8 -0.097 10
1/3 Ge 19.8 -0.097 3
1/3 Ge 29.6 -0.099 3
1/3 Ge 39.7 -0.087 6
20/100 Ge 9.5 -0.106 5
20/100 Ge 17.3 -0.096 2
20/100 Ge -12.2 -0.113 3
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an error In excess of 24%. !nSb crystals have been grown exhibiting the
full range of external faceting though those that reached 100f were
highly susceptibie to twinning. Those crystalis from which current=-
Induced growth data were taken were Intermediats In external faceting.
It |s estimated that the areas obtalned using the relationskip for clrcu-
lar cross section are In error by less than 108, An uncerestimation in
area transiates directly to an error in calculated current density and
thus leads to a calcualted Peltler coefficlent which is iower than the
actual value.

Due to changes In menliscus height and/or perturbations In the bulk
heat fiow, the diameter of a growing crystal Is time dependent In nature.
In addition, the external morphology wli! change as the Jiameter assumes
a new dimenslon, The concomlittant changes in current density aiso appear
as varlstions In the calculated Peltler coefficlent., This is evident In
the Increased error assoclated with the data obtained from layers pro-
duced by 39.7 A/cm2 pulses (Table 1), In the related experiment the
dlameter Is 1.12 cm at the beginning of the pulsing sequence. It Is
1.19 ¢m at the end, an area Increase of 11%. The calculated Peltier
coefflcient, when corrected for this change In dlameter, is -0.097 V
which !s closer to the values (-0.097 V, -0.097 V, --0.099 V) calculated
for the other current densitles (7.8 A/cmZ, 19.8 A/cm?, 29.6 A/cm?
respectively) In that sequence of experiments.

The effect of meniscus helght change on crystal diameter was Inves~
tigated analytically using the expression of Bardsiey et al (1),

h = [w--sm +(,e§c;ﬁ.~)l]"‘- pendr 5

4

where: = meniscus height

h

r = crystal radlus

B 29,/19
Ozj = survace enslon

g = gravitational acceleration

9L= angle made to the vertical by the menlscus at
the liquld/solld Interface
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The derivative of eq. [3] with respect to r was evaluated to determine
the change of meniscus helght with respect to crystal radius:

ALL:.. ﬁ“ayf&. ]* Bcr By (ol
dr 256°p (1~ 0imB Yo lor* (1-aint8, )| 4¢2

For the representatlive vaiues:

B = 0.21 (g =600 erg/cm?)
9= 20°
F = 0.50 cm

the derivative gives dh/dr = =0.17 cm/cm. During the growth of 20 A/cmz
layers (Fig. 3), the crystal radlius was found to Increase by 117 um.
Thus, according to the above expression (eq. [4]), the meniscus shoulid
decrease by 20 um. The net Interface displacement calculated from the
iniilal layer thickness transient is 24 ym. Considering the Inherent
error 'n calculating the steady state pull rate (Including melt height
grop) and the uncertalinty In the values of B and 6 the agreement between
the calculated and experimentally determined values of the interface
displacement is remarkablie but may be fortultous.

COMPARISON OF THE EXPERIMENTALLY DETERMINED PELTIER COEFFICIENT WITH
JHOSE CALCULATED FROM THE PUBLISHED SEEBECK COEFFICIENTS:
DEPENOENCE ON DOPANT [YPE AND DOPANT LEVEL

The Peitler coefficlent can be directiy calculated from the measured
t+hermoelectric power (Seebeck effect) using the Kelvin relations?), The

Pe!tler coefficlent Is rclated to the Seebeck coefflicient by the absolute
temperature:

m(M = alMT [5]

where a Is the Seebeck coefficlent. 'The Seebeck coeffliclent, as measured
by various Investigators, Is tabulated In Table 2. Though not all
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measurements wera made at the melting point it has been shown both theo-

retically and experimentally that the thermoelectric power of InSb Is a
very weak functlon of temperature and Is Independcnt of doping level and

(3'4). The value of r calculated !s the differ-

type at high temperatures
ence In the Peltier coefficients ¢f the Ilquid and solid at the melting

polnt:

Mys = (a5 - dl)Tm el

For all calculations the Seebeck coefflcient for 1iquid InSb was taken to
be -40 pV/°K(5) (excep* Blum and Ryab*sova(6) who give the difference,
e, - ;). The experimentally determined values of /s (Table 1) are In
excellent agreement with those listed In Table 2.

CONCLUS 1ONS

I+ has been shown that the Peltier coefflicient of semliconductor/melt
systems can be calculated directly from vi,.» dimensions of contlguous
palrs of current-induced growth layers. This technique 1s applicable to
systems which (1) exhlibi+ high resclution differential chemical etching
behavlior or (2) perml!t measurement of the thickness of current-induced
layers (eg. high spatial resolution measurement of changes In dopant
glstribution caused by the current puises). |t should be noted that +the
InSb/melt system Is optimlzed with respect to the boundary conditions and
assumptions of this analysis, namely, the heat absorbed at the crystal/
melt Interface due to the Peltier effect is of the same order as the heat
released as a result of solidiflcation (i.e. heat of fusion). In this
way, the effect of the current puises was to produce a substantial change
In the microscopic rate of crowth for that portion of the duty cycle when
the current was on. This permitted the accurate determination of the
Peltler coefficient since 1t was directiy woportional to the difference
in the rate of growth current-on/current-off. For other systems, I+ will
be necessary to choose an Impressed pulling rate and current density that
are commensurate with this condition. The sssumption of constant rates
of growth durling both portions of the pulsing sequence should be verifled
through superimposed Interface demarcation,

18¢
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PELTIER COEFFICIENT OF InSb CALCULATED FROM PUBL | SHED
VALUES OF THE SEEBECK COEFFICIENT

Jlovestigator Seebeck Coeft, Pelitler Coaff,
(1V/9K) )

Rose et al(2) -130 (773%) -0.071a
Glazov (s)(3) -150 (798%) -0.0878
Glazov (1)¢3) -40 (803°K)

Tauc(3) ~150 (750°K) ~-0.0878
Ehrencelch (calc.)(® ~160 (750°K) ~0.0958
Blum and Ryabtsova (s/i)¢6) ~235 (798%) -0.1875
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i11. COMPUTER QOPERATED BRIDGMAN GROWTH SYSTEM g,f'g'NA'- PAGE |3
WITH GRADIENT CONTROS. ZONE UOR QUALITY

A Bridgman-Stockbarger crystal growth system which allocws for
control led heat transfer durlng crystal growth lias been designed and
constructed. It consistc of two verticaily alligned Na-filled heat pipes
separated by a gradient control reglon which Is variable In length as
well as composition. The furnace opera‘ing temperature range Is 500°C to
600°C In vacuum and Inert gas atmospheres, excludling hydrogen. The

furnace can accommodate cruclble sizes of up to 1.9 cm dlameter and 46 cm
In length,

Two dc servo motors controlled by a standard close .~loop servo
system provide for cruclible iowering/ralsing and rotation functions. An
opticai encoder on {he motor shaft allows the crucible position tc¢ be
monitored at all times. Crucible lowering rates can be varled from
0.036 cm/hr to 180 cm/hr using a gear reduction from 171 to 171,000;
cruclible rotatlon can be varied from 0.05 rpm to 30 rpm. All motor
functlions controlling lowering/raising are diglitally Interfaced.

DIGITAL TEMPERATURE COGNTROLLER

The temperature control function of the two Independently operated
heat pipes Is performea digitally. Although there Is some degradation in
the monitoring signal (temperature Inmillivolts) because of Inherent
sampling effects, there are signiflcant advantages to dijital control

which include the greater range of compensators and time varying control
functions.,

The first step In the design of the compensiytor Ir. olved the formu-
latlon of a model of the open-loop system performance, [.e., relating the
measurabie outpuis to the varlable l.puts. ":e temperature of the heat

plpe !s related to the power Input by a first-order differential equa-
tion:
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a1 _ 0, _a
dt C RC
where: 1 = temperature

T, = ambient - :mperatvre

= powr ' (in Watts)

overall furnace resistance (OC/Watt)

= overal| furnace capacltance (Wat+tesec/©C)
= time

+ 0O ® O
]

The controller could then te designed according tc the foilowlng
control specifl~ations:

(1) No steady state error to step !nputs of power;
(2) No overshoot (undershcot);
(3) Temperature settles In <500 secs.

A P~| (proportional and Integral) compansator was dasigned In the
continuous time domain:

Kn(s + %)
p i
K(s) =
Kp
eRC - t,
Kn > ——
p tR
and
(KpR + 1)2
O Tt
4R2K,C

where tg Is +h¢ deslired cettilng time.

in this manner the control vari-ples, Kp und Ky. coutd be calculated
based on the furnace parameters and contro! requirements,

Characterization of the furrace paramerers ¥ nd C was done by
measuring the static and dynamic open~-loop system responrse c¢f temperaturse
for step Inputs of power.
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Experiments revealed that (a) the heating efficlency Is greatest for
vzcuum and deterior~tes as the inert atmosphere changes from argon to

“

helium becauss heat losses increase by conduction and (b) the system time
constant decreases as the atmosphere changes from vacuum to argon to
hel fum.

= SirZ . -he compensator !s implemented digitaily, it must be discrete
ac well as *he temperature Input to the controliler. A 16 bit A/D
converter with a theoretical temperature resolution of ¥0.04°C for a
chromel/aiumei thermccoupie is used to sample the furnace temperature.
Discrete representation of the controller Is achieved by using the bi~-
{inear transformation:

M(nT) = M[(n-1)T] + E(nT)[K 4-K .|.<_1_T] + E[(n-TI[-K +_Kg_ﬂ]
P2 P72

where: control response, 1.e., power Input

error = temperature set polint temperature
sampling time

present time step

-“ 3 -4 m =X
"

one time step previous

{ The output from the computer Is discrete and Is reconstructed to glve a
continuous output to the furnace using a D/A converter. The functional
block diagram of the closed-loop system Is:

+ n) {DIGITAL | M(n POWER .
Set Pt. CONTROLLER D/A SUPPLY FURNACE
A/D THERMOCOUPLES

During the control loop, five thermocouples can be monitored, the point
reference |s timed digitally and power [s measured at each time step.
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CHARACTERIZATION OF THERMAL BEHAVYIOR

Furnace characterization for determination of the temperature
distribution In the heat plpe reglons and gradient religon has been
Initiated. The temperature was measured along the central axls of a
graphlite rod complieteiy flliing the heat pipe cavity. Measurements wxere
made for vacuum (400-600 um), argon and helfium with T = TC = 600°C and a
gradlient reglion length of 2D (D = dlameter of graphite = 0.75"). The
material used for the gradient region was an Insulating, low density
Al,03 cylinder. The measurements show that within the top heat plpe, as
anticipated, the graphite rod Is about 65% isothermal. Near the top, the
temperature decreases because of heat losses to the surroundings; the
temperature decrease Is greatest for hellum and smallest for vacuum. In
the lower heat pipe there Is a significant drop In temperature toward Its
lower end. For hellum only about 45% of the cavity length Is Isothermal;
for argon and vacuum, the temperature decrease extends from top to
bottom. The non-isothermal behavior orginates In (a) the heat losses at
the en¢ of the graphite and In (b) the reduced thermal coupling of The
heat plpe to the graphite In lower conducting atmospheres. iIn the gra-
dlent region the temperature drops off about 6°, Indicating radial heat
losses to a non-ideal Iinsulator,

Characterization of the thermal behavior of the furnace cavity Is
belng continued Iteratively making use of the two-dimensional heat trans-
fer model so as to arrive at an optimized configuration for the gradient
cortrol region.

195



V. MAGNETIC FIELD ASSISTED MELT STABILIZATION

SUMMARY

Making use of the prototype ASTP multipurpose furnace, the effects
of transverse magnetic flelds of up to 3.8 kGauss on macro- and micro-
segregation was Investigated during growth of Ga-doped germanium. This
particular system was selected for the study since It permitted a compar-

ative analysis with results obtalned during growth In a re’ ~ed gravity

env lronment.

It was found that the macrosegregation behavior for the same ¢ ‘ling
rate as used In the space experiment was significantly different ar was,
in fact, similar to that observed fPr regular ground based growth experi-
ments. The results Indicate clearly that while transverse magnetic
fields will suppress turbulent convection, they wlll not result in diffu-
slon controlled segregation during vertical Bridgman growth,

The microsegregation behavior In the presence of a magnetic field Is
of Interest Insofar as current Induced interface demarcation generates
distinct magnetic flield induced segregation anomaiies which are normally
not encountered. Whlle no comprehensive analysis of this effect has thus
far been conducted, there are strong indications that the electric fleld
Induced perturbations of segregation can provide detalls concerning the
solute boundary layer characteristics for magnetic fleld assisted growth.

tvidence was found for a reduction In the degree of radlial segrega-
tion asymmetry. This finding Is of Interest since the change In radial
segregation was not assoclated with a measurable change in growth intaer-
face morphology. |t suggests that the convective melt flow pattern,
rather than the growth interface morphoiogy, controls radial segregation,
and that the melt flow pattern changed with the application of the
external magnetic fleld.
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Fluid Flow in Crystal Growth:

Analysis of the Floating Zone Process

Principal Investigator: Robert A. Brown

SUMMARY

This research program is aimed at a fundar~ntal understanding of
the interactions of heat, mass and momentum transport in crystal growth
from the melt. Emphasis has been on studies of the small-scale floating
zone process and on a prototype of the vertical Bridgman growth system.
In both systems detailed numerical calculations have been used to disect
the interplay between fluid convection and dopant segregation. Calcula-
tions are based on newly developed finite-element techniques that make
feasible the complete solution of solidification problems that include
convection in the melt, and on computer-implemented perturbation analysis
of solution multiplicity and stability. These numerical methods have also
been successfully extended to include the interactions between a melt/gas
meniscus with heat transfer in meniscus-defined crystal growth systems and
to model. the transition to a cellular morphology in a solidification inter-
face.

1. Scope of Research Program

Qur research is composed of a set of theoretical and computational
studies directed at a fundamental understanding of the interactions of
fluid mechanics and heat and mass transpoort in crystal growth from the
melt, especially by the vertical Bridaman and floating zone process.
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The techniques for analysis and the quantitative insights developed in
this research have broad application in a variety of melt growth systems
(see 1ist of Publications at the end of this report) and have made it
possible to model Bridgman-Stockbarger and floating zone systems that
are being used in ground-based experimental studies. Combining our
detailed models with careful experiments hopefully will lead to quanti-
tative pictures of the transport phenomena in each growth system and to
well controlled space experiments.

b
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Figure 1:
Schematic of Floating Zone Process.
/
L

Modelling of a melt crystal growth system is a formidable tac<k. Most
of the complications are seen by considering the floating zone process pre-
sented schematically in Fig. 1. Here a cylindrical rod of a multi-component
and polycyrstalline material is melted and re-solidified into a single
crystal by using a short circumferential heater (either resistance or RF)
that translates slowly along the axis of the rod. The molten zone forms
between the crystal and feed rods and is held in place by surface tension.
[ts size is governed by heat transfer and limited by instabilities that
originate at the melt/gas meniscus. In practice on earth, the radius of
the rods and the height of the zone are nearly equal and range roughly be-

20]



tween 0.5 and 3 centimeters. A quantitative understanding of the physics
of a small-scale floating zone process requires aralysis of the couplings
between the convection in the melt, the heat transfer in melt, crystal
and surroundings, the shapes of the melt/solid and melt/gas interfaces
and the transport of solutes in the melt,

Qur first approach toward understanding these interactions has been
to decouple them along lines dictated by the physics of typical semicorn-
guctor growth systems; the separations used here are shown on Figure 2
where the numbers in parenthesis refer to publications listed on page
3. In the first three years of NASA support, research projects have fo-
cused on analysis of heat transfer in growth systems with melt/solid and
melt/gas interfaces, on the convection in melt growth driven by crystal
rotation, buoyancy and surface tension differencas and on solute segrega-
tion caused by these flows.

In each research project, a combination of analytical modelling and
computer-aided calculations is being used to develop both a qualitative
understanding of the relevant physics and quantitative models of the ver-
tical Bridgman and floating zone processes. To do this, state-of-the-art
numerical methods have been developed for handling solidification problems
and for studying the multiplicity of flow fields in nonlinear convection
problems. These methods give us the capability of accurate calculations
of the flow fielu and mass transfer near the solidification interface.

This ability has been demonstrated through analyses of the effects of melt’/
solid interface shape and natural convection on radial segregation in a
prototype o? the vertical Bridgman system [7-81 and by a study of the evol-
ution of a microscopic cellular morphology at a solidification interface
[12-13]. Both studies ara highlighted below.

The Bridiman calculations will be compared directly to experimental
results gathered in the new vertical Bridgman system under construction in
A.F. Witt's research group at M.1.T. This collaboration promises the first
detailed comparison between the modelling of convection in melt growth and
experimental segregation results. Similar calculations are underway for
small-scale floating zone system and we hope to compare these to experiments
that are being carried out at Westec Corporation in Pheonix.
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To understand the complicated interaction between solute segregation
and natural convection in melt growth geometries we have analyzed the de-
tails of the fiow structure and transitions in natural convection in m~"*
confined within cylindrical and rectangular containers. These stud =
have lead to systematic methods for tracking changes in steady state flows
and for detecting the onset of time-periodic convection that leads t« axial
dopant striaiions in melt growth (Hurle et al. 1974 and Carruthers 1976).
These calculations and the insight they supply for simulation of melt crys-
tal growth are described in [5, 7, 9].

The four research projects described here and the personnel involved
are:

1. Coupling between rotationally-driven, surface-tension-driven, and
electromagnetically-driven convection and solute transfer in a

small-scale, gravity-free zone (G.M. Harriott and J. Duranceau).

2. Fundamental studies of flow transitions in natural convection (Y.
* *
Yamaguchi , C.J. Chang , P. Sackinger).

3. Effect of buoyancy-driven convection on melt/solid interface shape
and radial segregation in vertical Bridgman growth (C.J. Chang*).

4. Microscopic modelling of melt/so0lid interface dynamics (L.H. Ungar).

RESEARCH SUMMARY

Fluid Mechanics of a Small-Scale Floating Zone

Analytical and numerical methods have been applied to study the flows
driven by rotation and surface-tension-differences is a prototype for the
small-scale floating zone system proposed for space experiments. Both mech-

*Graduated during perioa "0/1/81 - 9/31/82.

204



e o R . w e W o

ORIGINAL BAGE [y
OF POOR QUALITY

anisms for convection are important for these experiments. Marangoni flows
driven by temperature (and possibly composition) differences may be un-
avoidable in space, while convection induced by deliberate crystal rotation
causes well characterized radial segregation patterns that can be used to
calibrate experimental results to theory.

G.M. Harriott has developed analytical methods for calculating the
cellular flows driven by these mechanisms and the deflections of the melt/
gas meniscus caused by these flows when the zone is almo~t a circular cy-
linder. The studies of rotating flows are based on expansions for small
Reynolds number Re = QRH/v , where R is the radius of the rods, H is the
height of the zone, and v is the kinematic viscosity. The details of this
aralysis are contained in the manuscript [6]. One major result is the cell
ular structure of the flows produced by rotating the tor rod at the rate
sq@ and the bottom surface at rate @ . Depending on the rotation ratio s
and the aspect ratio of the zone £ = R/H , there may by either one or two
toroidal secondary cells in the zone. For a range of these parameters the
second cell does not fill the cross-section of the zone and a stagnation
line may intersect the surface of the growi J crystal. This stagnatinr
surface can have a drastic effect on solute segregation as discus
[6]. The flow structures calculated for small Reynolds rumber aic . .wn
on Figure 3.

Harriott's analytical results have been compared to detailed finite
element calculations that are possible for a wide rangs of Reynolds number
[10]. The asymptotic results are within ten percent of the numerical solu-
tions up to Re = 50 and hence are very useful ectimates of the fluid flow
in the microzone. These flows have also been used ir radial segregation
studies [16].

Finite element calculations for flows with exact counter-rotation (s =
-1) at higher Reynolds numbers have uncovered multiple steady flows beyond
a critical value that depends on aspect ratio, as depicted in Figure 4.
The new flow fields do not have the reflective synmetry between the two
toroidal celis normally expected for s = -1 and e/olve toward increasing
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Reynolds number. Some flows in the symmetric and asymmetric flow families
at the same value of Re are shown as Figure 5. Mathematical arguments in-
dicate that the stability of the fluid flow changes at the bifurcation
point so that only the asynmetric flows would be observed experimentally.
Also, as explained in [10], changing from exact counter-rotatiocn or add-
ing gravity to deform the cylindrical meniscus ruptures the bifurcation
point into two separate families of flows with stable flows existing on
each family. These are new and exciting fluid mechanical predictions and
experimental verification is underway using the micro-zone apparatus con-
structed by A.D. Little for NASA.

The mathematical concepts and numerical techniques for detecting,
tracking and calculating the stability of multiplec steady states was first
laid out by L.H. Ungar -n our research group in a related study [3] of
the effects of melt volume, gravitational acceleration, and rotation rates
on the stability of a “igidly rotating liquid zone held together by surface
tension. Harriott has also applied these ideas to analyze the effect of
the rotationally-driven flows on the maximum length of a cvlindrical zone.

Qur approach to the study of Marangoni convection in the floating
zone geometry has raralled the research on rotating flows described above.
First, analytical forms, similar to those derived in [6], have been calcu-
lated for flow fields that are valid in zones only slightly distorted from
a cylincar at luw Marangoni and Prandtl numbers. The results are cast in
terms of a teaperature distribution (see Figure 1 for a qualitative pic-
ture) that is incident on the meniscus and the structure of the cellular
flows .nat result from the differences in surface tension. The constraints
of the melting temperature at the crystal faces 1imit realistic temperature
profiles to cubic polynomials with the maximum temperature between the two
ends. This distribution always results in two toroidal cells that flow
inward at the crystal faces and so are opposite from the flow induced by
counter-rotating the seed and crystal. The combined effects of Maragoni
and rotationally-induced flows are presently being studied to determine
the strategy for crystal rotation that leads to the smallest amount of rad-
ial segregation of dopant.
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Real floating zones have neither flat melt/solid interfaces nor
cylindrical menisci. J.L. Duranceau has adapted finite-element solu-
tion schemes to solve for the rotating flows in deformed floating
zones. Meniscus shapes are calculated by solution of the Young-Laplace
equation (see [3]) which neglects the coupling of viscous normal stress
to the deformation of the zone. The analysis in [6] and computational
checks in [14] show this to be an extremely good assumption for the low
capillary numbers (CA = uqQR/g) characteristic of silicon floating zones.
Figure 6 demonstra‘es a typical change in the cellular flow structure
caused by the meniscus deformation for a one centimeter diameter silicon
zone. Changing the shape of the melt/gas interface has caused an order-
of -magnitude decrease in the intensity of the top cell; this change will

have a significant effect of radial dopant segregation.

To rela’e these results to actual floating zones requires heat
transfer aralysis for determining the proper length and volume of the
melt as w211 as the shapes of the freezing and melting phase boundaries.
The frariework for this analysis has been laid in related studies by Et-
touney ([1-2], also see Ettouney et al. (1982)) of Edge-Defined Film-Fed
Growth of thin silicon sheets and the analysis of the floating zone is
urderway.

Fundamental Studies of Flow Transitions in Natural Convection:

The complicated patterns for buoyancy-driven convection in melt
crystal growth systems and the importance of the location in terms of
temperature gradients of the transition between laminar and time-periodic
convection have emphasized the need for the development of nimerical
techniques for probing structure and transitions in natural convection.
We have undertaken such an investigation while focusing on the simply
defined heat transfer systems of a vertical cylinder heated from below
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and a rectangular cavity heated from the side; these two systems are des-
cribed next. Finally, the analysis has been extended to include the in-
teraction between natural convection and a deformable melt/solid phase
boundary in a study of flow structure in a two-phase analog of the verti-
cal cylinder problem.

The Vertical Cylinder Heated From Below

The vertical cylinder configuration was chosen because of geometrical
similarities to the vertical Bridgman system and because of the availa-
bility of previous theoretical (Charlson anc¢ Sani 1970, 1971, 1975) and
experimental (Liang et al. 1969, Olson and Rosenberger 1980) results for
checks of our results. We have combined finite-element techniques with
the computer-aided methods developed in [3] for detecting and tracking mul-
tiple solutions to map out the steady axisymmetric flows that satisfy the
Boussinesq equations for natural convection. The results of this study
as discussed in [5] and in more detail in [9]. A typical solution structure
is shown as Figure 7 for a cvliinder with height L twice its radius R and a
r nducting sidewall; here the Nusselt number for the top surface Nut of the
cylinder is plotted against Rayleigh number Ra = sg(TH - TC)L3/°) for each
family of flows identified in our calculations. The static state corresponds
to Nut-l and is the stable state up to the first critical value Ra = 1.2 x 104
where two families of single-celled flows are stable and equally probable
in e periments. The flows in these families differ only in the direction
ot the circulation, either up or down along the center of the ampoule, and
are otherwise identical. Our predicted location for the critical point is
within three percent of the value calculated by Charlson and Sani {1970)
using linear stability analysis.

For a Prandtl number of one, the single-celled flows increase in in-
tensity with increasing Ra until both families turn toward decreasing values
of Rayleigh number at a limit point near Ra = Ra, = 6 x 10° . This limit
point marks the loss-of-existerce of single-celled flows for increasing Ra
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and may well mark the upper bound for steady state axisymmetric flows.

As depicted in Figure 7, the two families of single-celled flows join
families of flows with two cells stacked axially in the cylinder. These
two cell flows branch from the static state at a second critical Rayleigh
number Ra = 3.1 x 10° .

Extensive calculations reported in [9] have shown that the limit
point in the primary family of cellular flows (see Figure 5) is generic
for Prandtl numbers between 100 and 1, for either insulated or conducting
rigid sidewalls, and a wide range of aspect ratio. This finding differs
from results obtained in our research group and by Jones e* al. (1976)
for a cylinder with shear-free walls, where the first family of cellular
flows that bifurcate from the static state seem to evolve continuously
toward higher values of Ra. We believe that the differences in the flow
structures for cylinders with slippery and rigid walls is linked to the
breaking of second-order critical points that exist for the problem with
shear-free sidewalls. The loci of the lowest three critical Rayleigh
number for a cylinder with rigid, insulated sidewall is shown in Figure 8;
each curve denotes the location of simple bifurcation points and inter-
sections correspond to second-order bifurcation or double-points. Note
that the curve for the mode occurring at the lowest value of Rayleigh
number does not intersect the curves for higher modes and that the form
of the cellular flow that evolves from each critical value changes con-
tinuously along the lowest mode. This behavior is distinctly different
from the result for the cylinder with shear-free sidewalls (Liang et al.
1969 and Rosenblat 1982) where the form of the convection changes abruptly
at double points. We feel that the behavior of the critical curves and
the existence of the limit points for rigid walls can be explained through
the transition between slippery and no-slip boundaries acting as a higher-
order imperfection that destroys double points. Asymptotic analysis is
underway that will hopefully confirm this hypothesis.
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The Onset of Time-Periodic Flows in a Rectangular Cavity Heat From
the Side.

Although the importance of the transition between laminar and time-
periodic convection has been well established (see the review paper by
Carruthers (1976)) few theoretical or experimental studies have been
directed at quantitatively understanding this <ransition in systems of
interest in crystal growth of semiconductors. The most notable experi-
ments are those of Hurle et al. (1974) on the onset of oscillatory con-
vection in a rectangular boat of gallium heated from the side. Crochet.
et al. (1982) have used time-dependent finite difference methods to track
the evolution of a GaAs melt in a rectanqular boat with slightly different
thermal boundary conditions from those consid:red by Hurle and have found
values of Rayleigh number where the flow is oscillatory.

Our approach to detecting the onset of these oscillations has focused
on the approach of bifurcation theory (Iooss and Joseph 1980) that iden-
tifies the onset of stable time-periodic solutions as a Hopf bifurcation
point between the family of time-periodic states and one of laminar flows.
A5 outline in the Ph.D. thesis of C.J. Chang and in the manuscript [11],
these bifurcation points occur where a pair of complex conjugate eigen-
values of the l1inearized and discrete version of the Boussinesq equations
cross the imaginary axis. Chang has czlculated these eigenvalues for the
horizontal boat geometries considered by Hurle and Crochet. Sample iso-
therms and streamlines are shown in Figure 9 for Pr = 0.015 and an aspect
ratio (length to height) of two; the stability of each flow is denoted
along with the eigenvaiues (scaled with v/Hz) for the unstable modes. Com-
plex eigen-values correspond to the onset of oscillatory convection.

One of the most important results obtained thus far is the sensitivity
of the structure of the laminar flow and the critical Rayleigh number for
the onset of the convection to the each value of the Prandt]l number. This
point is made by the results for Pr = 0.03 shown on Fig. 10. Here the first
transition detected from the base laminar flow is to a second family of
steady flows, not to an oscillatory state. The structure of the new laminar
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flow for Pr = 0.03 and further transitiors tc oscillatory states will
be discussed in [11].

Effect of Melt/Solid Interface on Flow Structure and Transitions

An important consideration ir the analysis of convection anc mass
transpor* in melt crystal growth is the role of the melt/solid in in-
fluencing the structure of laminar flows and the location of transi-
tions to time-periodic convection. One 3Joal of sur research has been
to extend the methods for computer-aided analysis of nonlinear structure
to solidification systems that combine both buoyancy-driven coanvection
in the melt and the complications of the unknown location of the melt/
solid phase boundary. We have successfully reached this goal through
a sequence 0f calculations using progressively more advanced numerical
methods.

Finite element methods [2] were developed first for steady solidi-
fication models that neylect the fluid flow in the melt. The reasoning
behind the use of these simple models is two-fold. First, they are good
descriptions of heat transport for many crystal growth geometries, es-
pecially in a low-gravity environment; our notion of such an "operating
model" for a meniscus-defined growth technique is displayed in the work
of Ettouney et al. (1982). Secondly, novel numerical methods are more
effectively developed for these less complicated systems and then extended
to account for bulk convection in the melt. This strategy has been success-
f.1 in the development of finite-element techniques by Chang [4] for analy-
2ing the interaction of melt/solid interface shape and buoyancy-driven con-
vection in a model system where melt and solid are held in a cylindrical
ampouie placed in a vertically destabilizcd temperature gradient.

When the cylinder is heated from below (Figure 11a) the melt/so0lid
systam is a two-phase analog of the natural convection problem considered
above and in [5,9]. The same techniques developed for analyzing multiple
steady flows in the single-phase problem have been extended to the
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two-phase geometry to understand the role of the melt/solid interface
on the structure of laminar flows. As 13 seen by comparing the bi-
furcation diagrams Figures 7 and 12, the oresence of the melt/solid
interface has very little effect on the structure of the weakly non-
1inear cellular flows that originate alorg the static state, but
changes qualitatively the structure of the flow families far from the
bifurcation points. Most noteably, the 1U and 1D flows result in
different shapes of the melt/solid interfaces as shown by Figure 13.

The loss of symmetry between the 10 and "U flow fields signals
an imperfection that ruptures the secondary bifurcation point that ex-
{sts along the 2U family in the single-phase problem and results in
the continuous transition in the two-phase system between flows in the
10 and 2U families.

Although the boundary conditions for the two-phase Rayleigh-Benard
problem are extremely idealized, the flow structure for this problem
gives much detail about the more complicated vertically destabilized
Bridgman system (see Fig. 11b) of interest in crys:al grcwth. As is
discussed in [7], the Rayleigh-Benard and Bridgman systems car be con-
nected mathematically tnrough the thermal boudnary corditions anc the
flow.structure can then be thought of in terms of a continuous transi-
tion between th2 two systems. The fruitfulness of this approach is
demonstrated on Figure 14 where a sample bifurcation diagram and tlow
fields for the Bridgman system are displayed. Notice that the patterns
of the streamlines and the existence of the limit point RaL are qualita-
tively unchanged between the Rayleigh-Bénard and Bridgman systems.

Effect of Buoyancy-Driven Convection on Melt/Solid Interface Shape and
Radial §e—gre§adon in Vertical Bridgman Growth.

Melt/solid interface shape and segregation in the ~rystal are the
most easily measured indicators of the role of convection in melt growth
systems (Kim et al. 1978, Wang and Witt 1980). Previous calculations of
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convection in melt growth do not account for the shape of the melt/solid
interface or for reaiistic heat transfer conditions and thus cannot sim-
ulate experimental results. The numerical methods developed by Charg [4]
make possible these calculations in a wide variety of small-scale growth
systems.

Chang's algorithm has been used at M.I.T. to study corvection and
macs transfer of a dilute component in thermally stabilized and destabilized
vertical Bridgman systems; the stabilized system is the same as shown in
Figure 11b with the ampoule and furnace flipped ocver. These caluclations
are aimed at modelling the Gallium-doped Germanium experiments of Chris
Wang in the Materials Science Department at M.I.T. and will supply a basis
for evaluating convection in other earth-bound experiments related to NASA's
program on directional solidification. The results discusscd below are
taken from the more complete report [8]. Sample isotherms and streamlines
calculated in the stabilized geometry are shown as Figure 15 for Pr = 0.01
and a dimensicnless growth rate Pe = 0.01 which corresponds to moving the
ampoule at roughly 10 um/sec. The melt/solid interfaces in these calcula-
tions are not flat, but slightly curved because of radial temperature gra-
dients at the edges of the gradient region and because of convective heat
transfer. Interfaces are shown in Figure 16 that correspond to the flow
fields given in Figure 15. These curved interface; together with the cor-
vection in the melt cause radial segregation of the dopant in the crystal.

Chang has calculated the solute distribution in a steady state analog
of Bridgman growth using the velocity fields and interface shapes predicted
from his convection calculations. Figure 17 shows the distribution of solute
along the solidification interface for Rayleigh numbers up to 'IO4 for the
gallium-doped germanium system of Wang; the Schmidt number is 10 and the
segregation coefficient is 0.1 . Almost no radiai segregation was present
in the absence of natural convection (Ra = 0) because the melt/solid inter-

face was sensibly flat ; see Figure 16. As the convection level was increased,

the delivery of solute to the interface became uneven radially until at Ra =
1 x 103 the radial segregation of gallium was maximized. 2 Ra =1 x 104
radial segregation is still appreciable and the much used boundary-layer
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approximations for calculating dopant distributions are not abp]icable.

The cencentration fields at higher convection levels tend toward a uni-
form core, with regions of rapid change in dopant level near each boundary,
this structure marks the start of the formation of boundary layers on

these surfaces. The amount of radial segregation is plotted on Figure

18 as a function of Rayleigh number and segregation coefficient for Sc =
10.

The sensitivity of melt/solid interface shape and dopant segregation

to such important parameters as the length of the gradient zone and the
ratio of conductivities between melt and solid are established in [8].

Microscopic Modelling of Melit/Solid Interface Dynamics

Morphological stability theory describes the tendency of a micro-
scopically smooth solidification front separating a binary melt from its
solid to develop undulations that lead to cellular and dendritic inter-
faces. Although the onset of these instabilities has been studied using
linear stability analysis (Mullins & Sekerka 1964) and by weakly nonlinear
analysis (Wollkind and Segal 1970), metallurgists still lack a theoretical
understanding of the microscale behavior of highly deformed interfaces.
Our research has concentrated on efficient calculation of large amplitude
deformations of a melit/solid interface and on the effect of various system
properties (temperature gradient, growth rate, material properties, and
grain boundaries) on the structure of the interface.

By adding the variation of the melting point temperature with the mean
curvature of the solidivication interface, Ungar and Ettounay [12] have
developed a numerical method for calculating tnhe shapes of solidification
interfaces on the microscale. These numerical methods have been used to
study a simpiified model for directional solidification where the temperature
gradient is assumed to be linear throughout both melt and crystal and un-
effected by the morphology of the melt/solid interface. The assumptions

227



ORIGINAL PAGE IS
OF POOR QUALITY

-

leading to this model are c¢ften valid and have been made by other re-
searchers (Hunt 1979, Langer 1980). The calculations shown here are
for parameter values close to those appropriate for the Pb-Sb system
studied theorectically in Coriell and Sekerka (1980) and experimentally
by Morris and Winegard (1965). When the interface shape was taken to
be periodic with a given wavelength the linearized results of Mullins
and Sekerka (1964) were recovered and steady state interfaces with
finite-amplitude celiular morphologies were calculated. !

The evolution of these interfaces with decreasing temperature gra-
dient G (increased constitutional instability) is depicted on Figure
19a for a dimensionless growth rate Pe = 0.8 by the maximum deflection
of the solidification from; a sample shape is shown as Figure 19b. The
shape family first evolves subcritically (to large temperature gradients)
and is unstable. 4t a critical value of G the shape family turns toward
smaller values of |G| and the cellular forms regain stability and should
be observable. The characteristic "molar" shape of the melt/solid inter-
face was reported by Holmes and Gatos {1981). Increasing the growth rate
changes the structure of the shape family from sub- to super-critical and
results in an "s-shaped" shape family with two regions_of stable inter-
faces; see [12] for details.

Introducing a grain boundary in the melt/solid interface changes the
structure of the constitutional instability. Analytical and numerical
results for the one-sided model discussed above [13] show that the grain
boundary runtures the bifurcation between the planar and cellular inter-
faces. When the bifurcation point is subcritical, adding the grain boundary
leads to loss of stability at a limit point, as shown on Figure 19. When
the original transition is super-critical (the case for high growth rates),
adding the grain boundary ieads to a smooth transition to a highly curved
interface with no change in stability. These results are contrary to pre-
vious linear analvses (Coriell and Sekerka 1973a, 1975b) for grain angles
near 90° which predict that the pressure of the grain does not affect the
point of exchange of stability. Ungar has shown that, for temperature gra-
dients near the critical value for the cellular instability, the steady
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interface shapes are singular functions of the grain angle a and a regular
perturbation analysis in this parameter, as performed by Coriell and Sekerka,
fails. The correct singluar analysis predicts the critical temperature
gradient for the existence of the 1imit point mentioned above saries as
(a)2/3. The details of this analysis will be presented in [13].
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Solutal Convection and Its Effects

on Crystal Growth in Binary and Pseudo-Binary Systems
with Large Liquidus-Solidus Separation
Principal investigators: Robert A. Brown
and
August F. Witt
SUMMARY T

This report details the first year of a theoretical and experimental
study into solutal convection and its effects on crystal growth and seg-
reqation in binary and pseudo-binary systems with large liquidus-solidus
separation. JSignificant progress has been made toward the goals of this
research. Theoretical analyses of melting and equilibraticn on melt and
solid have yielded new insights into the first stages of crystal growth
of binary compounds; a simple, one-dimensional model of directional so-
lidification has been used to examine transient behavior in non-dilute
systems; and finite-element methods have been developed for simultare-
ously calculating thermal- and solutal-driven convection, temperature,
and concentration fields and the melt/solid interface shape in vertical
Bridgman growth. Experiments at MIT have focused on the melt growth of
PbSnTe which has been carried out successfully in both a liquid-encap-
sulated Czochralski and vertical Bridgman configurations. Research i~ a
parallel collaborative study in the Metallurgy Division of the Centre
d'Etudes liucleaires de Grenoble has centered on the growth of GeSi in a
Bridgman furnace.

SCOPE _OF PROGRAM

During solidification, conventional doped semiconductor systems ex-
hibit growth and segregation behavior which is in quantitative agreement



with established theoretical concepts for mass transfer and fluid flow.
There exists mounting evidence, however, that systems with large liqui-
dus-solidus separation exhibit segregation and morphological character-
istics that cannot be reconciled with the conventional pictures for
convection in the melt which rely on thermal gradients to create den-
sity gradients for driving motions of the melt. In non-dilute systems
density differences caused by the rejection of solute during solidifi-
cation give rise to buoyancy-driven flows that are not accounted for in
segregation theory. The gnal of our research and of the parallel re-
search programs led by Dr. J. J. Favier of the Metallurgy Division of

the Centre d'Etudes Nucleaires at Grenoble is to understand the role of
solutal-driven convection in crystal growth of materials with large sep-
aration of the liquidus and solidus curves. Experimental and theoretical
programs are underway at-both institutions and the ccllaboration has been
fueled by trips by E. D. Pourret and R. A. Brown to Grenoble and by J. J.
Favier to M.I.T.

The experiments focus on separating out the effects of solutal-
driven convection in vertical Bridgman growth of binary and pseudo-bi-
nary cyrstals. To do this, two systems are being considered that
should exhibit qualitatively different flow behavior. The French group
is studying {Rouzaud 1982) Bridgman growth of GeSi (Ge - 5% Si alloy)
with the crystal on the bottom. In this configuration, the mean
(cross-sectional average) axial temperature increases with distance
into the melt and is stabilizing with respect to buoyancy-driven flows.
During growth, the heavier component (silicon) is rejected at the so-
lidification front and thus the mean axial composition profile is also
stabilizing. Hence, the only convective motions expected in this sys-
tem are those caused by radial gradients of temperature and composition
induced by curvature of the melt/solid interface. The furnace recently
designed in Grenoble for these experiments (Rouzaud 1982) will have
small radial gradients (theoretically zero) over a nine centimeter
'ength of the furnace while maintaining a 50°C/cm axial gradient.

Experiments at MIT have centered on the growth of PbSnTe, a
pseudo-binary compound, which when grown in the thermally stable Bridg-
man configuration rejects the less dense component (SnTe) at the inter-
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face and so leads to a density profile in the melt that is unstable.
Much more rampant convection is expected here than in the GeSi system.
Progress toward these experiments is described below.

The two experimental programs are coupled together by theoretical
calculations t2ing developed at MIT for the steady convection in pro-
totypes of these experiments. The calculations are based on the fi-
nite element algorithm developed by Chang (Chang and Brown 1982) for
computing simultaneously the temperature, velocity, and pressure
fields in the melt, the temperature field in the crystal, and the
shape of the melt/solid phase boundary for a single-component melt. A
great deal of thermo-physical data is necessary to successfully model
either of these experimental systems. Only in he GeSi system is the
data available (Dismuke and Kim 1974). A thorough literature survey
of the PbSnTe system (Adornato 1981) has exposed large gaps in the
knowledge of this system, especially in the melt. For example, such
routine data as the thermal conductivity of the melt has not been mea-
sured. Without this data, the matching of calculations to experiments
will be extremely tenuous.

RESEARCH SUMMARY

Basis Factors Controling Seeded Melt Growth of Concentrated Alloys.

axperiment design and execution:
Basic studies of semiconductor crystal growth from the melt have

in the past been mainly concerned with the behavior of dilute (doped)
alloy systems. Recently, however, focus is being placed on more.com-
plex pseudobinary systems (HgCdTe, PbSnTe, GeSi, GalnSb, etc.) in
which the liquidus-solidus separation becomes larger. A large li-
quidus-solidus gap may lead to major complications for experiment de-
sign and execution since the growth interface temperature is a pro-
nounced function of composition and thus subject to change by several
tens of degrees during the course of a growth experiment., Complica-
tions in sglidification of such crystals arise primarily from uncer-
tainties concerning the growth interface temperature and the location
and shape of the crystal-melt interface within a given thermal gradi-

ent region. A seeded melt-growth experiment in a Bridgman-type con-
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figuration can be conducted either by establishing melt-seed contact or
by partial melting of a single crystal ingot and subsequent regrowth.
This last procedure was adopted, for example, in growth experiments
under reduced gravity conditions {Witt et al. 1978). In both approaches
the actual location of the seed-melt interface within the thermal gradi-
ent region is controlled by the prevailing compositions of the contact-
ing phases. The concentrated alloys, the growth interface temperature
at the end of the back-melting (seeding operation) as well as during
equilibration assumes a value which is a priori unknown but is some-
where between the solidus and liquidus temperatures, which in such sys-
tems may differ by as much as 100°C. The consequences of this uncer-
tainty in the value of the interface temperature are appnarent in Fig. 1
which provides a schematic axial temperaturé distribution in a Bridgman
growth configuration. Accordingly, if the growth interface temperat:re
is close to the liquidus temperature, the indicated location of the am-
poule is adequate; if, however, the interface temperature approaches

the solidus temperature, the depicted growth configuration will lead to
failure of the experiment.

A further experimental complication arises from the requirement of
growth interface "planarity" which is considered essential if radial
compositional homogeneity in the absence of convection is to be achieved.
While it is feasible in Bridgman configurations to control heat flow for
the establishment of growth interface planarity at a given temperature
(Fig. 2), it is beyond the state-of-the-art to achieve interface plan-
arity at a gfven temperature (parallel heat flow) over a temperature
range of about 100 °C. A solution, in principle, can be found if, for
transient melting and growth, the time (composition) dependence of the
growth interface temperature is theoretically or experimentally deter-
mined and heat flow conditions are continuously adjusted so as to main-
tain interface planarity under transient growth conditions.

The complications associated with seeded crystal growth of systems
with large liquidus-solidus separation are related to diffusive mass
transfer within and Letween the liquid and solid phases involved. Since
mass transfer in the liquid phase is strongly affected by convection,
any meaningful growth experiment must be carried out either in the ab-
sence of convection or under conditions of controlled convection.

241



X

e 2

ORIGINAL PAGY 1S

FURNACE
TEMPERATURE (RADIENT

]
|
|
!
|
]
I

LMY

PR Ppeapuguue N

. UNCERTAINTY
= OF INTERFACE ™

LOCATION?

i
T LIQUID

SoLid

Figure 1. Uncertainty of interface location in systems
with large liquidus-solidus separation.

242

\J



- M omeras W

ORIGINAL FAC (4
OF POOR QUALITY

crucible
hot heat heating
pipe coils
L
]
Q
v
|
D ‘P
grodient 1 y
control T
region Tt AR TR
] R T S
W
L heating Geke® o
é coils c—
cold heat [ |
p'pe —— et
Figure 2. Schematic of Bridgman growth of non-

dilute binary crystatl.

243



Melt-Seed Contact and Equilibration.

In a binary system, such as the one schematically indicated in Fig.
2, there is only one set of compositions, CS and CL’ at a given temper-
ature for which the liquid phase and the contacting solid phase are in
= ¢, ) ang ¢ = ¢ (0) 5

L L S
This particular configuration must be considered as hypothetical

thermodynamic equilibrium; for example, C
Ty
since it is not normally realized in seeded crystal growth experiments.
A whole range of concentrations can be encountered for both the solid
and the liquid phase at the beginning of the equilibration period, i.e.,
when the melt contacts the seed. For example, the seed composition is
often identical to that of the melt. Any configuration departing from
equilibrium yields instabilities, and diffusional transfer takes place
through the liquid-solid interface. In the subsequent analysis, the
interface temperature at the time of arrest is taken to be the liquidus
temperature at the concentration of the melt so that there are no addi-
tional phenomena due to a supercooled melt. The range of composition
chosen for thz seed should be limited to regions 1 (Fig. 2) and II since
in region IIl the seed would meit to an extent determined by the thermal
gradient in the furnace and the resulting increase in the melt concen-
tration would decrease its liquidus temperature,

The frez energy curves drawn at TL(L) Tor thfoiiquid and the solid
phases are shown in Figs 3 and 4. A solic at C¢ in region I (Fig.
3) cannot form a liquid at temperature TL(L)' The transition from CS(o)
to a value of lower free energy can occur by diffusion of the solute
through the interface and yield an equilibrium configuration at the in-
terface. If diffusion in the liquid is much faster than in the solid
(DL >> DS) or in the presence of intense convective mixing, no boundary
layer build-up in the liauid phase occurs (assuming infinite length %o
eliminate end effects) and the transformation is essentially isothermal
(path <1> in Fig. 3). As the ratio a = DS/DL increases, a solute boundary
layer will form ahead of the solid-liquid interface., The interface comp-
osition in the liquid phase decreases, which induces a simulta.ecus increase
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in the interface temperature according to the shape of the 1iquidus curve
{path 2 1in Fig. 3). Subsequently, the interface moves toward the 1iquid
and solidification occurs during eauilibration.

In region I1 of the phase diagram (Fig. 4) the -olid can form a
liquid, which lowers its free energy toward an equilibrium configura-
tion. The extent to which the seed melts is limited by the mass trans.
fer through the interface, the thermal gradient in the furnace and th
dilutior effect resulting from meiting of the seed. If DL >> DS‘ as
for the case of the seed composition in region [, the process is iso-
thermal. As a = DS/DL jncreases, the interface temperature droprs due
to the solute diffusion layer in the liquid phase and equilibration
occurs through melting of the seed. Melting of the seed is expected
to be a rapid, diffusionless process; the resulting dilution o7 the
melt can then result in partial resolidification. 1 region III, an in-
crease in the melt composition due to melting of the seed will induce
further backmelting until equilibrium is reached.

The above thermodynami¢ considerations are useful to predict if
the equilibration step is accompanied by solidification (CS(O) in region
I) or by melting (CS(O) in region II); it, however, fails to give quan-
titative data for the evolution of the concentration and temperature at
the liquid-solid interface and in both bulk phases. Ghez znd Small {
1981; also see Small and Ghez 1979) have colved the problem of mass trans-
fer involved in the equilibration process for the formulation of heteru-
structures by liquid phase epitaxy. An analysis of equilibration during
seeding in melt-growth differs from their treatment for the thermal field
goverring the process and for the simultaneous change of the bulk melt
concentration as mentioned earlier. It then involves a solution for the
coupled heat and mass transfers in both phases, the interface conditions
being tied to thephase diagram. Such a Stephan problem has not yet been
solved analytically. However, the expected results can be gualitatively
assessed. In Fig. 5, regions I and 1] are referred to as "stable" and
“unstable" respectively with regard to the morphological stability of
the interface in each configuration. For convenience, one introduces
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the ratio of the initial bulk seed composition to the initial bulk melt

composition, p = (cé°)/cL(°)). From the previously steted assumption,
the interface temperature is the liquidus temperature ”L(L) and the
system i{s maintained in a positive stabilizing thermal gradient. The
solid then.is in a stable configuratior in region I, if p <k, k <1 or
p>k,p>1, since the temperature of the interface is below the

(o) anc

solidus temperature for the range of concentration between CS
CS(QQ) (CS(eQ) js ti.2 interface composition in the 501id onc~ equili-
brium is reached.). In the liquid phase, the temperature is at the
1iquidus temperature at the interface and above it further from the
interface. According to the consitutional supercnoling criteria (Rut-

ters et al. 1953), ‘e system is in a stable configuralion.

In region II, *the system is subject tc morphological instabilites aird
steep temperature gradients are required to maintain stability “f p > k,
k<lorp<k, k>T1. Initial conditions such that
p<k, k<lorp>k, k>1, corresponding to the bulk seea composi-
tion in region I are then favorable since it prevents regions of super-
cooled liquid or superheated solid. The concentration profiles ex-
pected in the crystal after equilibration and are presented in fidgure 5
for each initial condition, discussed above. If the seed is initially
in region 1, a transition region of uncontrolled grow.h is expectec in
which the ccncentration increases rapidly, due to uncontrolled solic-
ification. If the seed is initially in region II, a decrease in the
concentration is expected in the region of uncontroiled arowth, due to
melcing and eventual partial resolidification, as discussed earlier.

It is important to note that the exact concentration profiles in the
region of uncontrolled growth are strongly dependent on the level of
convective mixing in the melt.

Crystal Growth and Characterizations of PbSnTe.

Experimental research has focuscd on techniques for the melt
growth of single crystal PbSnTe and for the characterization of its
segregation behavior. Bcth the vertical Bridgman and Czochralski
techniques have been used successfully to grow PbSnTe. In the Eridgman
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technique, a precast charge of PbSnTe is loaded into a quartz ampouie
that is tapered on the bottom to seed the crystal. The ampoule is po-
sitioned in the vertical furnace described by Witt (1981) and melted.
Directional solidification is driven by lowering the ampoule from the
bottom of the furnace and the onset of solidification is by hetero-
geneous nucleation caused by the temperature at the bottom of the am-
poule dropping below the solidus temperature of PbSnTe melt. When

the included angle of the tapered ampoule exceeded 60°, the grains in
the poly-crystal grew toward the side of the ampoule and left a single
crystal in the cylindrical portion of the ampoule. Heterogeneous nu-
cleation was suppressed completely by seeding the melt with a single
crystal of PbSnTe with <100> orientation. Results of experiments

with seeded growth are described in [3] and highlighted below.

The PbSnTe crystals grown by either the Czochralski or vertical
Bridgman methods were soft and cleaved easily aleng the [100] direc-
tion. Special care was needed to minimize mechanical stresses in the
crystal induced during preparation of the crystal; for example, both
ultrasonic cleaning and high-speed mechanical polishing had to be
avoided. Good quality polishing of slices cut with a low-speed wire
saw was obtained by sequentially:

1. Polishing with 5 um A1203 powder on a glass plate.
2. Polishing with 0.3 um A]ZO2 on a felt pad.
3. Polishing with 0.05 um A1203 on a felt pad.

4. Poiishing with a Clorox-Syton mixture (one-to-one by volume)
on a felt pad.

The quality of the crystal surface was contiolled by Normarski inter-
ference microscopy. This procedure yielded perfectly polished surfaces
that were the source material for studies of differential etching.

Striations in the crystals grown by the Czochralski method were
revealed using the Norr electrolytic etch (6 volts for 4 minutes).
Compositional traces made by the electron microprobe confirmed that
this etching differentiates between rPhTe and SnTe rich regions. This
etchant has failed to reveal the concentration variations caused by
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Peltier pulsing in the vertical Bridgman configuration. The cause of
this failure is not completely understood, although one possible ex-
planation is the lack of sensitivity of the etchant to small concen-
tration fluctuations. This point is being investigatec further.

Since the large liquidus-solidus separation in the PbSnTe system
caused a pronounced composition dependence of the growth on the inter-
face temperature, it was of interest to analyze both the growth and
segregation behavior in the region of the seed-melt interface. We
have done this using composition analyses (wt. % Sn) based on electron
microprobe scans for crystals grown in the vertical Bridgman system;
complete results are reported in [3]. The axial comnosition profiles
are shown in Figure 6 for the two crystals (A and B) whose growth
parameters are summarized in Table I and indicate the esistance of a
"transition region" between the seed and the crystal grown at constant
Towering rate; in this region the Sn concentration changes from that
of the seed to the melt composition resulting from dilution of the
charge by the partial melting of the seed. Using microprobe scans
with 11 um spacings this transition region is found to have a thickness
of 400 and 150 um for the crystals A and B, respectively.

The origin of the region of uncontrolled growth was deduced from
the length of seed meltback (7 mm in both crystals) and the composition
of the initial region of growth. Upon meltback of the seed, with the
crystal-melt interface at the liquidus temperature, a melt region is
generated in which the Sn concentration is significantly less than in
the bulk melt. Since, during the ensuing equilibration period the Sn
concentration in this region increases because of the diffusion and
convection of Sn from the bulk melt, the liquidus temperature will in-
crease and cause crystal growth at the melt/solid interface without
nulling of the crystal. The magnitude of this uncontrolled growth is
a function of the compositions of the seed and bulk melt, the extent
of meltback, the length of melt, and the degree of compositional equil-
‘bration of the melt. In terms of these parameters, the difference in
the widths of the uncontrolled growth regions in crystals A and B is
attributed to the lower Sn concentration in the seed of A which results
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in a lower interface temperature during meltback and more extensive
uncontrolled growth during equilibration of the melt, than for crystal
B.

It is significant that, within the error limits of the analysis,
the composition of the initial portion of controlled growth is the
same for both crystals. The short equilibration period of only 40
minutes for crystal A points to the fact that convective mixing was
the prevalent mechanism for obtaining compositional uniformity of the
me:t. As is seen in Figure 6, the axial composition profiies for the
first 3 mm of growth in crystals A and B are identical within error
bounds for the microprobe. Tin also was found to be distributed
uniformly across the radius of each crystal as shown in Figure 7.
Strictly, this result is inconclusive since a uniform Sn concentration
can result from either a flat melt/crystal interface in thé absence of
convection or from a curved interface coupled with so rampant convec-
tion that a thin and uniform boundary layer forms along the interface
and isolates the c¢rystal from radial segregation. When taken together,
the radial and axial segregation behavior point to convection in the
melt, especially adjacent to the interface.

Mode1ling of Growth and Convection in Non-Dilute Binary Systems.

We have pursued two approaches in our efforts to model the di-
rectional solidification of binary crystals. In the first, the tran-
sients in growth rate and composition caused by changes in the ampoule
pull rate or the temperature of the surroundings are being studied
using a simple, time-dependent one-dimensional model for solidification.
In the second set of calculations, the more detailed finite-element cal-
culations are being used to determine the fluid flow and melt/solid
interface shapes in a2 steady-state prototype of the Bridgman system.

The motivation and approach to each of these analyses is laid out
below.
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One-Dimensional Modelling of Transients in Directional Solidifi-

cation.

When the melting point of the crystal is strongly dependent on
the composition of the melt at the melt/solid interface the rate of
equilibrium of the growth velocity to changes in the pull rate depends
on the rate of equilibration of the composition field in the melt as
well as on the time for equilibration of the thermal field. In fact,
for typical binary and pseudo-binary melt growth systems, e.g.,
HgCdTe, PbSnTe, and GeSi, the time scale for mass diffusion is much
larger than the one for heat and it controls the rates of any transi-
ents in the growth system.

We have developed a one-dimensional (in the axial direction)
model of heat and mass transport in a Bridgman system that contains
all the gross features of the growth when mass transfer is controlled
by diffusion. Even in this case the resulting equations describe a
moving boundary problem for the location with time of the melt/solid
interface, the concentration profile in the melt and the temperature
profile in both phases. The boundary immobilization method first
developed by Landau (see Ettouney and Brown 1982) is used to discre-
tize this equation set on a finite difference mesh fixed in space and
the system of nonlinear ordinary differential equatijns that results
are solved using a variable step-size Runge-Kutta integration scheme.
Applications of this scheme -0 the growth of PbSnTe are discussed below.

When the thermal and m-ss diffusivities are much different, i.-..
when the Lewis rumber Le = DAKT is not close to unity, the ecquation set
is numerically stiff and the Runge-Kutta scheme is forced to march in
very small time increments in order to maintain a prescribed level of
accuracy. The levels of accuracy and etficiency in the integration
scheme necessary for repeated detailed simulations of real growth systems
have been reached by solving the original set of 60-100 coupied differen-
tial equations by an implicit (Gear 1976) integration scheme that is numer-
ically stable for larger time steps. This technique recuires the solution
of a set of nonlinear algebraic equations at each time step, but allows



Table I. Conditions for Growth of PbSnTe.

~ e

oY
Parameter Crystal A Crystal 8
Seed Composition (% SnTe) 7.2 1A

Charge towering Rete (pm/sec) 0.5 0.5
Initial Melt Aspect Ratio

(n{o0)/a) 15.0 6.8
Initidl Melt Composition
(X SnTe) 30 30
Weight of Charge (grams) 3 14.7
Equilibration Time Prior to
Growth 40min 12 hours
Gas Atmosphere Above 3203 Ar (Yatm) Ar () atm)
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much larger time steps for numerical stability. Comparisons between the
Runge-Kutta and implicit integration schemes show the implicit methods
to be moct efficient.

Calculations are reported in [3] for the growth of PbO.BSnO'zTe in a
vertical Bridgman system under convectionless conditions. The numerical
simulations are carried out for an ampoule with 0.5 c¢m radius being pulled
initially at a growth rate of 0.5 um/sec. The temperature profile along
the wall of the furnace is shown in Figure 8 along with the dimensionless
heat transfer coefficient between the furnace and the ampoule. The tran-
sient that appears at the beginning of pulling was simulated by starting
the numerica: simulation with the temperature profile for a stationary and
equilibrated ampoule. As the ampoule moves the temperature changes toward
the solidus temperature as illustrated by the five temperatures shown on
Figure 9. These curves correspond to the following steps ir growth:

<0> the equilibrated system (t = 0 sec).

<1> displacement of the ampoule bx 1 cm:
V =0.5 ym/sec and t = 2 x 10% sec.

<2> displacement of the ampoule bx 2 cm:
V = 0.5 umn/sec and t = 4 x 10* sec.

<EQ> equilibration of ampoule after growth
rate arrest at .t = 4 x 104 sec: V=0
and t = 6 x 104 sec.

<3> displacement of the ampoule by 3 cm
after resumption of pulling at t =
6 x 102 sec; V=0 5m/sec and t =
8 x 107 sec.

The 3.5°C rise in interface temperature during the period of equilibration
in the middle of the run corresponds to a decrease in the SnTe concentration at
the interface as it's gradient was flattened by diffusion toward the bulk of
the melt. This point is illustrated on Figure 10 where the solute distributions
corresponding to each of these points in the experiment are shown. During the
initial period of pulling, the solute diffusion layer grew at the interface.
Upon stopping the ampoule, solute diffusion away from the interface duminated
over the small amount of SnTe rejection caused by the urcontrolied growth and
the solute composition decreased the interface. After the resumption of pd\\ing
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<0> 0 900.8
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<EQ> 6 895.0
<3> 8 890.0
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the solute profile started to develop a new gradient, but followed a
different transient than at the onset of the run, because a non-planar

solute profile existed at t = 6 x 104 sec.,

The time history of the ratio of growth rate to pull rate R(t)/V
is shown on Figure 11, with markers to show the different steps of the
simulated run. Steady state is not reached during the first two centi-
meters of ampoule translation, as shown by the failure of R(t)/V to reach
unity. End effects in the concentration profile make it impossible for
the growth rate to ever reach the pull rate. The coupling between the
growth rate and the transient transfer of solute is the major difference
between growth of dilute and non-dilute alloys. To make clear the m-
portance of this coupling, we calculated the initial transient for the
growth of a dilute alloy with thermal properties identical to those used
for PbSnTe, but with the melting point fixed at 901°C. This case is
plotted on Figure 12 as the dashed curve and shows the much more rapid
thenedi equilibrium that is possible in the dilute system.

The one-dimensional model for directional solidification described
in [3] is also being used to model transient behavior in other binary
(GeSi) and pseudo-binary (HgCdTe) systems with large 1iquidus-solidus
separation; these results will be reported in [4].

Finite Element Calculations of Jolutal Convection

Melt/solid interface shape and segregation in the crystal are the most
easily measured indicators of the role of convection in melt growth systems.
New numerical methods developed by Chang and Brown (1982) make possible the
solution of the full free-boundary problem governing small-scale crystal
growth systems. Chang's algorithm has been used at M.I1.T7. to study convection
and mass transfer of a dilute component in thermally stabilized and destabilized
vertical Bridgman systems; results of these calculations are described in Chang
and Brown (1982).
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Peter Adornato has modified this algorithm to include the coupling
between the solute, temperature and velocity fields caused by solutal-
driven convecticn and by the phase diagram. These modifications are straight
forward for calculations at low solutal Rayleigh numbers and for completely
stabilized systems l1ike GeSi. In these calculations, the convection driven
density differences is weak, solutal boundary-layers are broad, and the mod-
erate separation of liquidus and solidus leads to small displacement of the
interface. Our calculations to date have focused on the GeSi svstem being
studied in Grenoble.

For systems with a large gap between liquidus and solidus (HgCdTe for
example) the deformation of the interface caused by radial s”jregation may
be severe. In systems that are unstable with respect to either the axial
solute or temperature profile convection will be cevere and thin solute
boundary layers will form along the ampoule and the interface. In the next
year, the multi-grid method develoned by Chang (1982) will be adapted to
attempt to calculate these cases.
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Analysis of Polymer Melt Processing Operations

Principal Investigator: David K. Roylance

RESEARCH ABSTRACT

This report outlines the equations which govern the
nonisothermal flow of reactive fluids, and describes the
means by which finite element analysis can be used to solve
these egJuations for the sort of arbitrary boundary condi-
tions encountered in industrial practice. The performa-ce
of the computer code is illustrated by several ‘rial prob-
lems, selected more for their value in providing insight to
polymer processing flcws than as practical production prob-
lems. Although n good deal remains to be learned as to the
perfiormance and proper use of this numerical technique, it
is undeniably wuseful 1in providing better understanding of

today's complicated polymer processing problems.
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Introduction.

Finite element analysis offers great promise for reducing
the empiricism often found in polymer processing design,
since it is well suited for modeling the complicated bounda-
ry conditions and material properties encountered in indus-
trial practice. Although the method is now well accepted in
structural stress analysis, its use in fluid transport situ-
ations is less widespread., We have sought to exploit some
of the many advantages of the finite element method in
polymer fluid brocessing analysis, and this paper describes

some of our work in chemorheology.

Reactive flows have several advantages in pclymer proc-
essing in comparison with more traditional melt-flow tech-
niques. Perhaps the most significant of these is the energy
savings which result from the elimination of the several
melting stages necessary in such technologies as extrusion
or injection molding. However, these advantages are offset
to some degree by the complexity of the process, which ren-
ders the empirical approach to process development difficult

in the extreme.

The flow velocities in such processes are governed by the
fluid viscosity, which is a strong function of temperature
and molecular weight. The temperature in turn is ¢ ‘ected

by the viscous dissipation and the heat released or consumed
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by the reaction, and the reaction rate is also a strong
function of temperature. All of these variables interact
and change in such a way as to make an intuitive grasp of
the process almost impossible, and there is okviously an
advantage to being able to provide some sort of mathematical

or numerical simulation of the process.

The finite element scheme to be described below is very
useful for obtaining numerical solutions for reactive flows
with arbitrary boundaries, and such a technique is well
suited for detailed analysis of real industrial processes.
However, we argue that the greatest value of the method may
not be in these detailed calculations, but in the degree to
which the method can enhance the process desiguer's intui-
tion. For this latter purpose, it is often sufficient to
run only very small and inexpensive trial ~roblems; these
Tan elucidate the manner in which the variou. .rcblem param-
eters 1interact, so that the designer develops a much
improved "feel" for the problem. It is likely that most
real advances in processing technology will continue to be
made more by Edisonian innovation than by detailed math-
ematical calculations. But since today's processes have

become so complicated, such a technique as the finite ele-
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ment method can be a powerful adjunct to intelligent

intuition.

Theoretical background.

The equations which govern the nonisothermal flow of a
reactive fluid are derived in several texts on transport
phenomena and polymer processing (e.g. refs. 1,2)., Regard-
ing velocity, temperature, and concentration of unreacted
species as the fundamentai variables, the governing

equations can be written as:

plau/at + uevu) = -Vp + ¥y
pcl2T/at + ue T] = Q + kv1IT

[2C/at + uevC] = R + DV3iC

(A list of nomenclature 1is attached.) The similarity of
these equations is clear. 1In all cases, the time rate of
change of the transported variable (velocity, temperature,
or concentration) 1is balanced by the convective or flow
transport terms (e.3. uevC), the diffusive transport (e.g.

D¥v3C), and a generation term (e.g. R).
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The analyst seeks expressions for the space- and time-
dependent velocities, temperatures and concentrations which
satisfy these equations and also the problem's boundary con-
ditions. It is generally the boundary conditions which make
real problems intractable: even if one were able to
describe the boundaries mathematically, the resulting
expressions would not likely be amenable to closed-ferm sol-
ution. In addition, many of the "constants" in the above
equations are often nonlinear functions of the problem vari-
ables. In reactive polymer processing, one might encounter

such expressions as the folloving:

1 = 103" 'exp[E,/RgT]exp(fp) (mw3-4)
Q = (5/2)(%:3) + R(AH)
R = -kpexp(E,/RgT)C"

It is cleer that all of these expressions, taken
together, constitute a mathematical situation which must be
approached with caution. Even though it is not overly dif-
ficult to incorporate them into a numericai scheme, which we
have done, it 1is 1important to proceed slowly enough to
develop the proper exper.ence in the computer code's behav-

ior before tackling full-blown problems.
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Computer Model.

We have sought to develop a finite element code which is
able to predict polymer fluid velocities, stresses, temper-
atures, and degrees of chemical conversion in a variety of
flow geometries and for a variety of fluid material proper-
ties. Space limitations prohibit our listing here the full
derivation of the finite element equations from the above
difrerential equations, but there 2xist several well devel-
oped means by which this may be done. The reader is
directed to standard texts (3,4) for a more complete
description, and we will just state here that we employ the
Galerkin method of weighted residuvals, together with
isoparametric mapping and interpolation, to replace the dif-
ferentials by integrals which can be evaluated numerically
over small subregions ("elements"). The results of these
numerical integrations are then assembled into a set of

simultaneous algebraic equations which can be solvi.d numer-

ically.
The salient features of our code can be listed briefly as

foliows: (1) Velocity, temperature, and chemical conversion

are taken as nodal unknowns, so that coupled incompressible

269



viscous flow and diffusive-convective heat and mass trans-
port may be modeled. (2) Incompressibility is enforced by a
"penalty" formulation employing selective reduced inte-
gration. This approach requires the use of double precision
arithmetic with a concommitant reduction in the amount of
available core, but it has several programming advantages
wnich wusually outweigh this drawback. (3) The code is
developed primarily for plane and axisymmetric flows. We
have coded a three-dimensional capability, but generally
feel that the expense of running three-dimensional problems
is not justified for most of our modeling research. (4) The
code 1includes several models for the effect of shear rate,
temperature, pressure, and chemical conversion on the fluid
viscosity. These nonlinear models have not yet been
researched extensively, however, and the exploration of the
interative schemes needed for their proper use constituces a
major goal for future research, We have also coded a capa-
bility for viscoelastic fluid effects (ref. 5), but
currently feel that this difficult aspect of polymer flow is
being researched satisfactorily by other workers,
(5) Convective transport of heat or chemical species can be
handled either by a conventional Galerkin treatment or by
the convenient but still controversial "optimal upwinding"

approach. (6) The code can treat transient problems by
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means a two-point "theta-method" time-stepping algorithm,
The dynamic algorithm is also useful in nonlinear prcblems,
in which the final fluid state may be approached dynamically
from an estimated initial state. (7) The code is capable of
a variety of iterative treatments of nonlinear problems,

including Newton-Raphson iteration and incremental load

methods.,

Some adaitional discussion 1is warranted concerning the
treatment of convective effects beyond what has been men-
tioned in item (5) above. Momentum convection (puevu) is
generall negligible 1in comparison with the viscous terms
due to the high viscosities of polymer fluids, but the
convective terms tend to dominate the energy and mass trans-
port equrations due to the generally low thermal and mass
diffusivities. The programming of the convective terms pre-
sents no special problems in the Galerkin approach beyond
the need to store and solve unsymmetric matrices, but it is
well known that the presence of strong convective terms
tends to create oscillations in the final solutions which
can be large encugh to destroy their value. This instabili-
ty is related to the tendency of convection to produce large
downstream gradients which the finite element grid cannot

resolve, A largely ad hoc procedure known as "upwinding”
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has been wused in both finite element and finite difference
work which seems to alleviate this problem by providing a
greater numerical weight to the upstream portion of the ele-
ment. Hughes (6) has published a very convenient means of
upwinding, in which the sampling points in the numerical
integration scheme are simply moved upstream an appropriate
distance. We have made extensive use of the Hughes upwind-
ing technique, but the reader is cautioned that this method
is regarded as controversial by many workers. A provocative
paper by Gresho (7) details many of the possible pitfalls in
upwinding, and states a strong preference for grid refine-

ment  as the appropriate cure for convection-induced

instabiliti=s.

Selected Numerical Results.

Nonreactive entry flow. Figure 1 shows the streamlines

for a 4:1 entry flow. Here a grid of 100 four-node linear
elements was used to model the upper symmetric half of a
plane capillary, and a fully-developed Poiseuille velocity
was imposed on the reservoir entry as a boundary condition.
The streamlines are identical with published experimental

and numerical results, although the grid used here was not
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intended to be fine enough to capture the weak recirculation

which develops in the stagnant corner of the reservoir,

The temperature contours for convectionless flow are
shown 1in figure 2, which shows a hot region at the entrance
of the capillesy due to the combination of high viscous
energy dissipation there and its distance from cccl bhounda-
ries to which heat may be conducted. These isotherms are
normalized on the maximum centerline temperature expected
for Poiseuille flow in the capillary.

The importance of thermal convection relative to con-
duction is given approximately by the Peclet number
Pe = ULyc/k, where U and L are a characteristic velocity and
length. Figure 3 plots the variation of temperature along
the centerline for various values of the Peclet number, and
it can be seen that the effect of increased thermal con-
vection 1is to sweep the cooler upstream flow particles into
the capillary, witﬁ a resulting lowering of the temperatu.es
overall and a shift downstream of the hot spo: near the
throat. The relatively coarse grid used in this problem
produced unstable Galerkin results for Peclet numbers higher
than approximately ten, and the highe: degrees of thermal

convection were computed using the upwinding formulation,
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Further tests with refined grids should be completed to
assess the accuracy of the upwinded solutions, although the

plots in fiqure 3 appear reasonable.

One-dimensional reactive flow, As a preliminary trial

problem in our computations of reactive flow, we have
studied a simple situation in which a £luid obeying
first-order chemical kinetics moves at constant velocity and
temperature in the positive x direction. Here only the

mass-transport equation is operative, Aand it takes the sim-

ple form:

u(dC/dx) = -KC + D(42:C/dx?)

This equation 1is solved easily, and for nonzero values of
the diffusion coefficient D two boundary values for C must
be specified. One of these is the initial concentration at
the 1irlet, and the other requires a consideration of the
outlet conditions. Here several possibilities exist, and we
have studied the case in which the concentration of the cut-
let reservoir 1is allowed to rise to meet that supplied by
the flow; this 1is equivalen* to specifying a zero concen-
tration gradient at the outlet. For the case of negligible

diffusion (D~0), the second-order term vanishes from the
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above equation and the downstream boundary condition cannot
be specified. The solution is then a simple exponential, in
which the reactive species vanish according to first-order

kinevics as they are carried downstream at constant

velocity.

Figure 4 shows the computed and exact predictions for
reactive group concentration as a function of distance along
the channel. The Galerkin values are nearly exact, but it
is clear that upwinding leads to erroneous resv.‘s in the
small-ditfusion case. The upwinding has introduced an arti-
ficially high diffusivity and a zero concentration gradient
at the outlet, and such artifacts must be considered as pos-

sibilities when upwinding is used.

Two-dimensional nonisothermal reactive flow. Figqure 5

shows the contours of constant conversion for a
two-dimencional analog of the flow discussed in the previous
section, Here again, a simple uncoupled problem is treated
in which the material parameters are teken to bc .ndependent
of the sy’ution variables, and in which the velocity condi-
tions are prescribed. The concentration is taken to have a
fixed value at the inlet and a zero gradient at the outlet,

as before, The two-dimensionality of the problem is con-
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tained in two features: the velocity 1is taken to be
parabolic, ranging frcm a maximum at the centerline to zero
at the walls (a Poiseuille flow); and now diffusive hea’. and
mass transport can occur in both the x and v lirection. For
the 1low diffusivities shown, mass diffusi -~ in the x direc-
tion 1is negligible, as was demonstrated in the previous
section. However, the concentration gradients 1in the y
direction are substantial, so that diffusive transport in
that direction 1s appreciavle even at D = 0.01. At
D = 0,001, even the : diffusion is negligible, so the con-
centration contours simply represent a fluid which moves in
the x-direction while reacting by first-order kinet‘cs. The
concentrations along the centerline are then identical with

the D = 0,01 curve of figure 4.

Figure 6 shows the contours of constant temperature which
recult from this flow (with D = ,001), where the temperature
boundary conditions were set to zero at the entry and along
the top and bottom surfaces. The temper:.ure gradient at
the outlet was allowed to become zero, si.ilar to the ccn-
centration gradient. The results obtained fcr tne
temperature field are of course dependent on the vai.ux: cho-

sen for fluid properties. To avoid using space here for a

detailed discussion of the dimen...nal analys.s used for
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seiecting these parameters, we will state simply that in
figure 6 the wviscous dissipation and reaction heat make
approximately eqgual contributions to the internal heating

(Brinkman and Damkoehler numbers both equal to three).

Conciusions.

The nu-~ical model described above has a significant
present ab:i.ty to simulate a wide range of problems in
polymer processing. At the sam=z tiose, it is small enough tc
permit easy implementation in even rather small processing
facilicies, and for quick familiarization by process ~-sign-
ers. We feel such a capability will lead to a significant
advance in industry capakility for process development and

optimization.

Nomenclature.

C specific heat

C concentration of reactive species
D diffusion coetficient

E, activation energy for viscosity

E, activation energy for reaction

k coefficient of thermal conduction
k, reaction rate preexponential factor
K o: -cil reaction rate

m ceszction order

mw molecular weight
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power-law exponent for viscosity
pressure

internal heat generation
internal species generatio.
gas constant

temperature

velocity or velocity vector
factcr for pressure dependency
shear rate

viscosity

viscosity coefficient

density

heat of reaction

gradient operator

o

Adpvo = = 2 C W HWOT 3
o d
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Figure Captions

4

Figure I -, Streamlines for nonreactive 4:1 entry flow,
jewtonian fluid with imposed Poiseuille flow a:c inlet.

Figure 2 - Contours of constant temperature for

convectionles. entry flow, with heat generation by viscous
dissipation only. -

Figure 3 - Entry flow centerline temperatures at various
Peclet numbers.

278



LN

Fiqure 4 - Degree of conversion along channel 1in
one-dimensional reactive flow.

Figqure 5 - 1Isoconversicn contours in two-dimensional

reactive f.ow at two different mass diffusivities, Galerkin
calculatin.as.

Figure 5 - Isothermal contours in two-dimensiovnal reac-
tive flow, Galerkin calculation. Heat generation by viscous
dissipation and reaction heating.
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Figure 1 - Streamlines for nonreactive 4:1 entry flow, Newtonian

fluid with imposed Poiseuille flow at inlet,
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Studies of Metals Electroprocessing in Moiten Salts

Principal Investigator: Donald R. Sadoway

RESEARCH ABSTRACT

Molten salts are very important solvent systems in which the electro-
deposition of a wide variety of metals may be conducted. However, solid
electrodeposits from molten salts are typically inccherent, powdery and/or
dendritic. Fluid flow patterns in the electrolyte are being observed by e
laser Schlieren imaging technique in order to determine how mass transport
affects the morphology of the metal deposit and thus improve our understand-
ing of the electrodeposition process. Studies are being conducted on tne
same metal, zinc, both in aqueous electrolytes in which coherent solid
electrodeposits are produced, and in transparent molten salt electrolytes.
Process variables such as current density and composition of the electro-
lyte are adjusted to change the morphclogy of the electrodeposit and
thus to permit the study of the nature of electrolyte flow in relation to
the quality of the electrodeposit. The results of this work will be help-
ful in electrochemical cell desian and will serve as a data base for sub-
sequent mathematical modeling of fluid flow in such systems.

RESEARCH REPORT

The present study is unique in that it seeks to explain the poor
quality of solid electrodeposits in molten salts through a consideration
of the effects of fluid flow of the electrolyte. The same metal is being
electrodeposited in separate experiments from aqueous solutions and molten
salt electrolytes. Transparent cells allow observation of electrolyte
circulation patterns by a laser Schlieren optical technique.
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Zinc has been chosen as the metal to study. It can be deposited
both from aqueous chloride and molten chloride electrolytes; furthermore,
both types of electrolyte systems are transparent to visible light, an

important property which permits the use of noninvasive optical techniques
of flow measurement.

As this project is the first of its kind at the Materials Processing
Center, much effort was previously spent in building up an electroproces-
sing laboratory. Facilities such as those for flow visualization by laser
Schlieren imaging were acquired. These include a pneumatically supported
research grade optical bench measuring 4' x 6'. The present optical ar-
rangement is capable of recording the laser images in any of these formats:
35 mm photographic film, 8 mm movie film, or 1/2-inch videocassette. Of
course, the necessary electrochemical instrumentation such as a potentio-
stat,. waveform programmer, coulometer, and X-Y and strip chart recorders
have also been acquired.

Phase I of the zinc plating study was devoted to the electrorefining
of zinc in aqueous acid chloride solutions. Working at room temperature
without the need for furnaces and controlled atmosphere cells allowed
concentration on perfecting the optics of the system. Following a survey
of the literature on acid zinc chloride solutions, a study of the chemistry
cf these solutions was conducted with the purpose of identifying the domi-
nant ionic species present as a function of ZnC]2 concentration, alkali
chloride concentration, and pH. The purpose of this study was to identify
the conditions under which zinc is present as a single jonic species. The
literature survey showed that other studies of zinc electrodeposition have
beenn confounded by i11-defined chemistries. In this project, two specific
studies were performed. First, a single thermodynamic model of the aqueous
acid zinc chloride system was constructed to calculate the distributions of
ant ZnC1+, ZnC]z, and ZnC142' as functions of concentvation and pH. Ther-
modynamic data were those reported in the literature.

Figure 1 shows that as long as cne is restricted * .he binary electro-
lyte system, ZnCIz-HZO, there is no concentration for which a single z:nc
species dominates. As a result, a third component was added to the electro-
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lyte in order to displace the complexation equilibria through the presence

of excess chloride ion in the amount of 3 M NaCl. Under these conditions
the concentratior of ZnC]2 varied from 0.01 M to 1 M, with zinc present
only as fuily complexed ZnC142". Secondly, titrations were performed to
determine the operating range of pH such that the solutions were free of
oxychlorides and hydrc¢ cide complexes. It was concluded that the optimum
pH was in the vicinity of 2-3.

Phase Il of the work was the study of the electrochemistry of zinc
reduction. Many contradictionc in elestrochemical behavior were discov-
ered in the 1iterature. These, in many cases, were attributable to in-
complete control of bath chemiztry. Measurements of critical overpoten-
tial weve made potentiiostatically. Figure 2 shows a typical current vs.
time curve from such an experiment. Figure 3 shows ¢ .erived quantity,
the induction time, plotted as a function of applied potential for two
different concentrations of ZnC12. The critical overpotential, Nes of
65 mV is defined by the intersection of the two curves on the plot. Con-
firmatiun of this quantity was given by similar plots of other time con-
stants of the system.

The third phase of the work wa- the study of convective {.uw during
electrodeposition. Electrcrefining eperiments were conducted in cells
of three different electrode conf gurations, shown in Figure 4. In the
TF (top free) arrangement, the anode i: located below the cathode and is
facing downward so that its dissolution does not disturb the electrolyte
flow pattern near the cathode. The AT (anode on top) configuration com-
bines the twc convective flows, one due to cathodic deposition and the
other due to anodic dissolution. Finally, in the G {for grid) configura-
tion, the cathode is no longer a physical barrier to thre falling electro-
lyte. Deposition was performed potentiostatically. Current was recorded
for a wide range of overpotentials and compositions. Flow patterns in the
electrolyte were observed by laser Schlieren imaaing. During the experi-
ments, photographs were made in synchronization with an event marker on
the -hart paper to permit corr2lations hetweer the electrochemistry and
fluid dynamics.
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Electrode configurations used in the present study.
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Figure 5 shows the compilation of the current-time plot and the
laser Schlieren photographs for ar experiment in which the AT electrode
configuration was used. The saiient features are as follows. First,
dissolution at the anode occurs before deposition at the cathode. The
plane of intersection of ascending and descending plumes is closer to
the cathode than to the anode. The anodic plumes, which by this time
have already started necking, push their rising counterpart outward and
soon a toroidal convection cell is established. The electrolyte flows
downward in the center and upward at the edge. Quantitative results of
such quantities as steady-state current and various critical time constants
were also obtaiied below and at the limiting current. Correlations of
these quantities with concentration agree well with -csults in the litera-
ture. They indicated that the Rayleigh numbers involved were high enough
(in excess of 5000) that convection is turbulent and independent of elec-
trode dimensions.

These encouraging results are now being extended to molten salt cells.
This will allow the comparison between electrclyte systems. Furthermore,
through 1iaison with NASA staff at the Marshall Space Flight Center, thought
is being given to studying low gravity electrodeposition. This would fur-
ther reveal the role of turbulence and convective forces in electrodeposi-
tion operations.
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Adaptive Control of Welding Processes

Principal Investigator: Thomas W. Eagar

RESEARCH ABSTRACT

The objective of this research is to use modern digital signal analy-
sis techniques to determine natural oscillations occurring in the welding
arc voltage and to attempt correlation of these signals with defects in the
welds. Work was initiated in the spring of 1981 by purchase of a dedicated
minicomputer. Ouring the previous reporting period, the computer was
brought on-line and a number of test welds were made which proved that
disturbances to the welding process could be detected in either the time
domain or in the frequency domain. Unfortunately the noise levels from
the commercial welding power supply were of the same order of magniiude as
the measured disturbances. In the past year, a more sophisticated weluing
power supply has been designed and built, computer software and hardware
have been upgraded, and signals from additional welds have been analyzed.
The results continue to be encouraging, but the optimum signal anafysis
technique has not yet been determined.

RESEARCH REPORT

The two greatest problems identified in the previous report period
were the extraneous noise generated by the commercial welding power supplv
and the distortion caused by recording the welding voltage on magnetic tape.
Both af these problems have been overcome in the current report period.

.ne first problem was overcome by acquiring a 600 amp DC (rms)

transistorized current regulator manufactured by Alexander Kusko, Inc.
295



This was delivered in January 1932; and after a period of initial testing,
the regulator has proven extremely useful. The regulator can maintain a
welding current constant to within 1%, thus permitting a hign signal-to-noise
ratio. The regulator is linear to more than 20 kHz which permits the use
of precisely pulsed current when necessary. Figure 1 compares the current
stability of a conmercial constant current welding power supply with the
regulator obtained with the Kusko supply. These tests were made on a large
carbon block resistor. The coarse steps of +5 amperes are due to the
sensitivity of the A/D converter used to record the signal. The actual
regulation of the Kusko supply is better than +0.5 ampere at this current
level.

The second problem of distortion of the signal by the AM magnetic
tape has beern corrected by software modifications to the computer which
allow a direct 10 kHz-sampling rate. Figure 2 shows a square wave as
measured by the new dirvect input technique compared to the same square wave
as recorded on the magnetic tape. The direct input techrique is clearly
superior.

In sddition to these software improvements for direct input of the
welding process data, a complete signal analysis package was acquired from
Signal Technology, Inc. during the summer. This package has saved consider-
able time during the past few months by permitting emphasis on study of
welds rather than on software development.

The initial welds were produced with constant welding current.
Although this technique did produce measurable signals during the previous
report period, recent tests have shown that this technique is not as
sensitive as an impulse or square wave current signal. Figure 3 shows
the frequency respcnse of the welding voltage on a stainless steel plate
and an aluminum plate at constant current. Although there are minor dif-
ferences in the signal, the spectrum {is generally only white nosie.

Figure 4 shows the spectrum on the same materials using a square wave
current generated by the Kusko transistorized power supply. The harmonics
of the square wave input are clearly observed, but it will be noted that
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the envelope surrounding the peaks of these harmonics is different for

steel and for aluminum. A simple square wave response generates harmonic
peaks which decay exponentially. This exponential decay is distorted for
boch aluminum and steel but in a different pattern for each. These patterr-
are very reproducible, '

It was also noted that the DC arc voltage level varies between stee!l
and aluminum. This is shown in Figure 5 which represents the shift in arc
voltage when welding over a steel-aluminum iaminate. These tests show,
at least in princi~le, that welding over regions with chemical variations
results in changes in the arc voltage., Studics have begun to test changes
in voltage caused by welding over slag inclusions, but the results are
inconclusive at present.

Figure 6 shows the change in arc voltage caused by minor disturbances
in the shielding gas. These disturbances are more readily observed in
the time domain (Figure 6) than in the frequency domain (Figure 7).

CONCLUSIONS

Progress has been made in both the welding equipment and in the signal
analysis techniques during the past year. The problems have beer solved
sufficiently that the project can concentrate on analysis o actual weldments
during the current year. This will permit analysis of the frequency response
of specific defects, as well as determination of the ultimate sensitivity
of this control technique. In addition, welding signals will be analyzed
by Nyquist plots in order to determine the transfer function for the process.
These resulls will permit an accurate evaluation of the ultimate usefulness
of this t.chnioue of weld quality monitoring.
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