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ABSTRACT

An apparatus capable of independent control and

variation of temperature gradients and solidification

velocity was designed, constructed, and used to freeze

highly agitated alloy melts. Liquid agitation was as

chieved by low frequency induction.

Conditions necessary for maintenance of plane

front solidification were investigated for aluminum-zinc,

gluminum-copper, and aluminum-iron alloys over a range

of freezing rate and composition. Freezing rate was

varied from .45 x 10 - 3 to 3 x 10-3 centimeters per second.

Alloy contents ranged from 2 to 50, .5 ec 10, and. .04 to

2 weight percent for aluminum-zinc, aluminum-copper, and

aluminum-iron, respectively.

It was observed that different solute elements have

vastly different effects on the mode of solidification.

Under comparable conditions .3 weight percent iron, 2



weight percent copper, and 12 weight percent zinc caused

degeneration of plane front freezing. Degeneration of

plane front solidification resulted in formation of fine

equi-axed grains rather than normal dendritic growth.

A theoretically derived relation, confirmed by

experiment, showed that the following factors promote

plane front solidification:

1. Large diffusion coefficient for the solute in

the liquid.

2. Small solute concentration.

--- 3. Large partition ratio.

4. Low freezing rate.

5. Large liquid temperature gradient.
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INTRODUCTION AND LITERATURE SURVEY

A. INTRODUCTORY REMARKS

It has long been noted that pure metals and alloys

have vastly different modes of solidification. Pure

metals freeze with a well defined liquid-solid interface,

which advances into the melt until the whole system is

solid at a rate controlled by heat flow conditions.

Alloys, on the other hand, in general solidify in such a

manner that there is no sharp demarcation line between

areas which are completely solid and areas which are com-

pletely liquid. This behavior has been termed "mushy"

freezing, and its characteristics are a function of compo-

sition as well as heat flow. The mode of solidification

is of vital importance to the foundryman, since it governs

such factors as fluidity and microporosity.

There have been many experimental works undertaken

with the aim of evaluating the factors which determine

mode of solidification. However, most of these works have

been conducted in systems where the pertinent variables

could not be measured or independently controlled. In

such systems, experimental measuring difficulties are

enormous, since the factors of interest, such as linear

freezing rate, heat flow, and composition vary not only

with time, but also with location in the system. Most

observations must therefore be made indirectly from the

structure of the completely solidified casting.

_ __._______



Only recently has the trend been toward less compli-

cated experimental systems. Work on such systems has been

directed toward evaluation of general behavior with the

hope of applying this information to the more complicated

cases. Only the previous work carried out in controlled

experiments is considered in the following paragraphs.

B. WORK ASSUMING PERFECT LIQUID DIFFUSION

Pond and Kessler (1) uni-directionally solidified

melts of various metals and alloys under controlled temper-

ature gradients. They observed a cellular substructure

on the liquid-solid interface, and described a purely

thermal mechanism to account for its presence. This mech-

anism was extended to explain the growth form of dendrites

in both metals and alloys. Their work took no account of

imperfect solute diffusion in the liquid adjacent to the

interface.

C. IMPERFECT LIQUID DIFFUSION

As early as 1935, Papapetrou (2) realized from work

on mineral crystals that supersaturation of the liquid

adjacent to the interface is necessary for dendrite for-

mation. Northoott (3) also recognized that a region of

high solute concentration exists in the liquid adjacent to

a freezing liquid-solid interface. He postulated this

layer to account for some of the grain structures observed

in copper alloys.
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Weinburg and Chalmers in controlled solidification

experiments on lead showed that supercooling of the liquid

was a necessary condition for the development of a fully

dendritic structure. In a later work, Rutter and Chalmers

(5)used the concept of "constitutional supercooling" to

explain the cellular substructure ("corrugationsl they ob-

tained on decanted interfaces of impure metal melts. Their

experimental system was much the same as that of Pond and

Kessler and of Weinburg and Chalmers, and consisted of a

long shallow bath in which uni-directional freezing took

place under controlled temperature gradients.

"Constitutional supercooling" may be schematically

pictured as in Figure 1. The liquid-solid interface move-

ment creates a solute concentration build-up at the inter-

face due to imperfect solute diffusion in the liquid. The

solute distribution next to the interface may be shown in

terms of a corresponding equilibrium liquidus temperature

curve. When the actual temperature gradient in the liquid

falls below the equilibrium liquidus curve, a portion of

the liquid adjacent to the interface is supercooled and

and therefore is in an unstable condition. With such a

situation, certain parts of the interface can extend

ahead of the rest. This mechanism was used as an explan-

ation for the observed "corrugations" on the decanted inter-

faces0



When the liquid temperature does not at any point

fall below the equilibrium liquidus temperature, no part

of the interface can grow ahead of another part, since,

in order to do so, it must enter liquid which is above its

equilibrium freezing point. Hence the interface moves as

a plane front.

For a system with no liquid agitation, Tiller et al

(6)described quantitatively "constitutional supercooling"

in terms of the pertinent variables. They expressed the

criterion for plane front solidification (no "constitu-

tional supercooling") in terms of the following equation:

G maco(1-K)
DK

Where G - minimum liquid temperature gradient required

for plane front freezing

R = interface velocity

m : slope of the phase diagram liquidus line

co: bulk liquid composition

K a partition constant

D a diffusion coefficient

(7)
Winegard and Chalmers have qualitatively correlated

the typically observed ingot structure with the degree and

variation of supercooling in the ingot. They showed diagram-

atically how supercooling may cause the dendritic columnar



zone of an ingot; and how, as solidification proceeds,

this structure yields an equiaxed grain structure in the

central portion of the ingot.

D. PURPOSE OF THIS WORK

The purpose of this work was to investigate both

experimentally and analytically the factors which determine

the mode of freezing of alloys, i.e., plane front freezing

versus dendritic freezing. The previous experimental work

done in controlled systems has been on alloys of very low

solute concentration (impure metals) with no liquid agita-

tion. In this work the scope was expanded to include the

effect of liquid stirring and sizeable solute concentrations.

From the results of such an investigation, it was hoped that

information could be gained which would help to interpret

solidification in common castings.

In order to carry out the desired program, an appar-

atus was designed and constructed which would give the

necessary control over the following factors for a wide

range of variation of each:

1. Heat flow

2. Temperature gradients

3. Freezing velocity

4. Liquid stirring

7
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II

APPARATUS

A. BASIC DESCRIPTION

The apparatus used was designed to meet the basic

criteria outlined in Section I. The general scheme of the

apparatus is shown in Figure 2. Essentially, it was re-

quired that the apparatus have control over heat flow into

and out of the melt, temperature gradients in the solid,

rate of solidification, and stirring of the liquid metal.

Both stirring and power were produced by low frequency

induction, mechanical stirring devices being found un-

feasible due to materials limitations. Figures 3 and 4

show the overall design of the final apparatus and auxiliary

measuring equipment. In Figure 5, the basic elements are

shown schematically. Heat is supplied by an induction coil

to a charge contained in an insulated crucible. The heat

input is balanced by the heat abstracted by conduction

through the solid ingot, which is cooled by a water spray.

Both coil and spray may be moved at constant speed upwards,

moving the liquid-solid interface upwards under constant

heat flow and temperature gradients.

B. ELECTRICAL DESIGN

1. General Considerations

In order to meet the desired condition of high

liquid agitation without putting more than the required
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power into the melt, an unusual electrical design was

necessary. Stated simply, induction stirring depends

on the square of the coil current, and for maximum stir-

ring, maximum coil current per unit power in the melt is

desired.

The power in the melt is given by the expression:

6 Fi'
P : 1.77 x 10-6 a (Ni) 2 Fr Yr (2)

1

where P = power in charge, kilowatts

a = charge radius, centimeters

S magnetic permeability

9 charge resistivity, ohm.-em.

N number of turns in coil

i = coil current, amperes

1 u coil length, centimeters

Fr = correction factor

Yr - correction factor

A generalization for the stirring force may be written:

Stirring force : (constant) (Ni)2  (3)
1

From equations 2 and 3, power, as well as stirring

force, is proportional to (Ni)2 . Both N and I were fixed
1

by the conditions discussed in Section II, part 2. The

other factors in equation (2) were, in general, chosen to

minimize the power input per unit current. In this way, it

was possible to take advantage of the square effect of curr-

ent on stirring force while minimizing power development in

the charge.
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The frequency chosen was 960 cycles per second because

it was the lowest frequency readily available. The charge

resistivity, , being a property of the alloy system, could

not be chosen. The remaining factors open to variation

were coil radius and charge radius, which, in addition,

determine Fr and Yr when all other factors are fixed.

Thus far, only the stirring forces have been consider-

ed and not the motion caused by the forces. The stirring

action is known to vary inversely as the density of the

molten liquid (8) and must also be related to hydromechan-

ical properties of the liquid as well as to the size of

the container. Unfortunately, no straightforward analysis

can be made showing the quantitative relation of bath

motion to stirring forces and other pertinent quantities.

However, a qualitative analysis of the magnetic field and

induced currents in the charge indicates that the stirring

pattern is similar to that shown in Figure 5. No method

was devised to measure the stirring velocity. The motion,

however, was so vigorous that a pressure head of approxi-

mately 5 inches of molten alloy had to be maintained in

order to keep the liquid from rising out of the crucible.

The same electromagnetic forces which cause stirring

also cause the so-called "pinch effect". This effect

tends to decrease the charge diameter, which in turn lowers

the power input at a given current and therefore disrupts

steady-state conditions. A sufficient pressure head of
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molten alloy combats this effect by forcing the liquid to

assume the diameter of the crucible.

It is expected that the smaller the charge (or crucible)

radius, the less will be the motion for a given stirring

force. Several different charge radii were tried, but no

visual difference in bath motion was noted. Consequently,

a convenient charge radius (a - 1.65 centimeters) was

chosen.

2. Overall Circuit Design

In addition to the electrical considerations gov-

erning coil design, coil dimensions were limited by overall

design considerations. Turns per unit length were limited

by a minimum necessary cooling water flow rate, and total

turns limited by a maximum desirable coil length. Too

long a coil was undesirable, since, during coil movement

upwards, the top of the coil could not be permitted to pass

the top of the liquid level. With the charge only partly

in the coil, heating efficiency may be expected to drop,

and steady-state heat flow disrupted. The design adopted

was a coil 9.5 centimeters in diameter by 5.5 centimeters

long, with a total of 13 turns.

A coil and charge assembly of the type adopted has

too low an impedance to be directly connected to the

commercial 960 cycle alternator used. In order to solve

this problem, the circuit shown in Figure 6 was used.

The movable stirring coil is connected in series with a
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large, empty induction furnace, the combination being

connected in parallel with a capacitor bank for power

factor correction. This circuit has two distinct advan-

tages: (1) High currents (approximately 1000 amperes)

can be passed through the stirring coil without drawing

appreciable current from the alternator since the large

coil has a power factor very much less than one. (2) The

impedance of the large coil, which is very much greater

than that of the small coil, fixes the impedance of the

coil branch at a value which is large enough to connect

directly to a commercial alternator. The voltage required

by such an impedance then falls in a range which is accu-

rately controlled by the alternator control circuit. Pre-

cise control of power input is a primary consideration,

since a delicate balance with power withdrawn must be

maintained. Since resistivity of the solid state is

approximately one-half that of the liquid, state, the liquid-

solid interface must not move through the coil if constant

power is to be maintained.

C. FURNACE DESIGN

1. Crucible and Plug

A photograph of the crucible and cooling plug in

position for a heat is shown in Figure 3. The crucible

consists of a zirconia tube, 1.30 inches (W).05 inch) in-

side diameter by 10 inches long. Surrounding the zirconia



tube is a rammed refractory, held in place with a sixty-

four millimeter (inside diameter) vycor tube. The cooling

plug, shown beneath the crucible, is a wrought 2S aluminum

rod, machined to 1.30 inch diameter.

The plug extends one inch into the crucible, the

top inch being sanded before each heat to permit clearance

for thermal expansion. Plug and crucible were fixed to

the frame before each heat, and centered with respect to

the water spray and heating coil. The thermocouple shown

was embedded in a one-eighth inch hole immediately below

the crucible and extending to the center of the ingot.

2. Heat Extraction and Solidification

The effects of thermal variables on solidification

will be discussed in part C, and only mechanical design of

the essential parts described here.

Heat was removed by the water spray shown in Figure

3, which was maintained a fixed distance below the coil.

Both coil and spray were mounted on a threaded shaft, ro-

tation of which caused upward movement of the coil and

spray assemblies. The shaft was driven by a variable speed

direct current motor through a gear reducer and set of bevel

gears. Interchangeable bevel gears were used to obtain

total reductions of 1800 to 1, 3600 to 1, or 5400 to 1.

3. Auxiliary Equipment

The motor, drive screw, and attached assemblies were

housed in the frame shown in Figure 4. Also mounted on the
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frame were:

a. Water control valve.

b. Water flowmeter

c. Motor speed resistor.

d. Electrical connections for power and motor.

e. Holding mount for liquid-solid interface

measuring rod.

f. Coil indicator, for reading the position of

the coil.

An alternating current ammeter in conjunction with a current

transformer was used to obtain reproducible coil currents.

D. THERMAL DESIGN

1. General

The heat flow characteristics of the apparatus can

best be described with reference to Figure 7. The coil,

water spray, and liquid-solid interface are shown sche-

matically, and the temperature distribution throughout the

length is plotted for steady-state heat flow.

Consider first the condition of the water and coil

stationary positions with respect to the ingot. If heat in-

put exactly balances heat extraction, no solidification or

melting can occur, although the temperature gradients shown

must be present in the solid. The temperature gradients may

be increased by decreasing the coil-spray distance, and ad-

justing power until at steady-state, the liquid-solid inter-

face is again maintained at the original position. The
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increased heat flow must increase temperature gradients,

but at steady state no melting or solidification will occur.

Consider now the coil and spray moving upwards at

a constant rate, u. If heat input, heat extraction, and the

thermal resistance of the solidifying ingot remain constant,

then the position of the liquid-solid interface must remain

constant with respect to the coil, and solidification up-

wards is occurring at rate u. Note heat extraction must

now be equal to heat input plus heat of fusion of the soli-

difying metal. Again, temperature gradients may be varied

independently of freezing velocity by varying the coil-

water spray distance and power input. Further, the temp-

erature gradients in the solid must remain constant through-

out solidification.

The thermal design of the apparatus was based on

maintaining constant temperature gradients in the solid, a

constant linear freezing velocity u, and maintaining the

interface a constant distance behind the stirring source

(induction coil). Hence, the requirements were those

mentioned above:

a. Constant heat input.

b. Constant heat extraction and constant thermal

resistance of ingot.

c. Constant movement of water spray-coil assemblies.

These will be discussed below.

13.
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2. Maintenance of Constant Heat Input

Power to the coil may be considered constant.

The power source used was a 960 cycle, 175 kilowatt motor

generator set with an amphidyne control unit. Power into

the charge, however, depends upon the charge geometry and

resistivity as described previously. Two effects made

precautions necessary to maintain heat input constant:

a. "Pinch" Effect

The strong electromagnetic field causing

stirring also tended to cause "pinching" of the liquid

aluminum. The field in effect tended to reduce the charge

diameter within the coil, with a consequent reduction in

power input. A total liquid head of approximately 5 inches

was necessary to prevent this pinching.

b. Effect of Interface Position

Because of the different inductive charac-

teristics of liquid and solid aluminum, it was found nec-

essary to maintain the interface below the coil to maintain

constant power input.

A second source of heat input may be considered

to be heat of fusion. At the solidification rates used,

however, the heat of fusion is completely negligible, with

respect to the total power input (see Appendix A).

3. Maintenance of Constant Heat Extraction and Con-

stant Thermal Resistance of the Plug
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a. Constant Heat Extraction

Heat removal from the liquid and solid ingot

may be through three possible paths: the top of the liq-

uid, radial heat losses from the plug, and at the water

spray.

Heat losses from the top of the liquid (and

radial heat losses through the crucible) may be considered

to be constant because of constant temperature and constant

surface area. It was necessary to abandon liquid temp-

erature measurement during solidification, however, since

solid metal tended to build up on the thermocouple, adding

radiating surface, and affecting the heat balance.

Radial heat losses from the cooling plug, if

appreciable, would result in gradual deceleration of inter-

face velocity during solidification. At the temperatures

used, however, these heat losses were negligible, and heat

flow may be considered to be essentially axial.

With the exception of heat losses from the top

of the liquid, then, heat flow is entirely through the plug,

cooled at the water spray. It may be presumed that a suffi-

ciently high water flow rate will maintain the point of

contact of water and ingot at essentially water temperature,

and any further increase in water flow will have no effect

on rate of heat removal or temperature gradients. Experi-

mentally, no difference in interface position during trial

heats was observed when water flow rate was varied from .68
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to 1.8 gallons per minute. The flow rate on all subsequent

heats was approximately 1.8 gallons per minute.

Heat flow, then, is entirely axial, and the

temperature in the solidifying ingot must vary from the

melting point at the liquid-solid interface to water temp-

erature at the water spray (Figure 7). The temperature

variation along the ingot will then be linear if the ther-

mal resistance of the plug remains constant and is not a

function of temperature. The thermal conductivity of

solid aluminum varies only slightly with temperature.

b. Constant Thermal Resistance

The sole barrier to heat flow through the solid

plug has been shown to be the thermal resistance of the

plug itself. Affecting this thermal resistance are contact

resistance between ingot and plug, thermal conductivity of

ingot and plug, cross-sectional area of ingot and plug.

(1) Contact Resistance Between Ingot and Plug

Elimination of contact resistance between

the melt and plug was found essential for two reasons.

First, a variation of contact resistance during an indi-

vidual run, due to solidification shrinkage, caused erratic

interface movement. Second, variation of contact resistance

from run to run prevented exact reproducibility of tempera-

ture gradients.

Before solidification of each heat was

begun, and after the charge was melted, the power and coil
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position was held constant until the top of the plug was

melted, and the plug became an integral part of the heat.

A plot of temperature, at the base of the

crucible, versus time, is given in Figure 8. Note the

marked rise in temperature occurring when contact resist-

ance is removed.

(2) Effect of Plug Diameter and Thermal

Conductivity

Since heat flow was axial, freezing rate

low, and plug conductivity the only barrier to heat flow,

temperature gradients are expected to be constant through-

out the plug and solidifying ingot if the plug and ingot

have the same thermal conductivity and diameter.

Moreover, if the temperature gradients

remain constant with time, the interface must move at

exactly the same velocity as the coolant.

If the thermal conductivity, or cross-

sectional area of the plug varies along its diameter,

temperature gradients and interface velocity will not be

constant. Fine porosity, unevenly distributed, was found

to cause erratic interface movement, and a wrought, machined

plug adopted.

If the thermal conductivity, or cross-

sectional area of the solidifying metal is constant, but

different from that of the plug, interface velocity is

expected to be constant but different from that of the



water spray. Hence, in the more highly alloyed heats,

where the thermal conductivity of the solidifying ingot

was considerably less than that of the plug, interface

velocity was found to be somewhat slower than water spray

velocity.

On all heats of a given alloy system,

the same 2S plug, 1.30 inches in diameter, was used as

cooling plug. Crucible sizes varied within .05 inch, and

the thermal conductivities of the alloys varied slightly.

It was possible, however, in all alloys studied, to achieve

a linear freezing rate, and in all but the highly alloyed

heats to maintain the interface a nearly constant distance

behind the coil.

4. Summary and Presentation of Typical Thermal Data

Heat flow, with the exception of constant heat

losses at the top of the liquid, has been shown to be

entirely axial through the plug to the water spray. Heat

of fusion of solidifying metal has been shown to be con-

stant. Rate of interface movement is then independent of

total power and dependent only on rate of movement of

water spray, and any change in thermal resistance of the

plug that may occur during solidification. At steady-

state heat flow, rate of drop of temperature at any point

in the plug must be constant with time if temperature

gradients are linear, and the rate of travel of the water

spray with time is constant.
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Figure 9 plots position of the coil-spray assembly

versus time for a 1.5 percent copper heat. Note the time

lag before constant interface velocity is attained. Also

plotted in Figure 9, is temperature at the base of the

crucible versus time. When the interface travel becomes

linear, after approximately twelve minutes, the rate of

temperature drop with time is constant.

Figure 10 plots similar data for an aluminum 5

percent zinc heat run at a velocity approximately six

times that of the heat of Figure 9. Note the essential

characteristics are the same. It was found that in the

rather low alloy content ranges used for most of the work,

the effect of the alloy content on the thermal conductivity

was not sufficient to appreciably affect rate of interface

travel.

Figure 11 shows the temperature distribution in

the plug of a 1.5% copper heat at various times. Note

the lines are parallel for times above twelve minutes.
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III

PROCEDURE

A. GENERAL

The overall procedure used was determined by the

following factors;

1. Required purity of alloys.

2. Maintenance of constant interface movement,

temperature gradients, and stirring pattern over a period

long enough to obtain an ingot of size suitable for exam-

ination.

3. Maintenance of liquid-solid interface close to

stirring source.

B. PREPARATION OF MELT AND CONTAMINATICN

1. Charge

Metals used were high-purity aluminum (99.99

percent), electrolytic copper (99.92 percent) and chemical

purity zinc (99.97 percent). Alloying was performed

directly in the apparatus for each individual heat. Pure

aluminum was melted in the crucible and the alloy added,

homogenization being obtained by the induction stirring.

The copper was added as master alloy, 50 percent copper -

50 percent aluminum.

2. Contamination from Cooling Plug

Before solidification, a portion of the cooling

plug was melted to remove contact resistance. That por-

tion of the plug (one-quarter to one-half inch) therefore
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became an integral part of the melt.

For reasons discussed previously, a wrought 2S

plug was used. Contamination of the melt from the 2S plug

was prevented by running several pure aluminum "wash heats".

In each "wash heat", the plug was melted to a depth of

three quarters of an inch and purified by dilution with

the high-purity aluminum melt. Subsequent segregation on

controlled freezing further purified the top portion of

the plug. The same plug was used throughout the study of

a given alloy.

3. Contamination from Other Sources

With the exception of the zirconia crucible, the

remaining possible source of contamination was the steel

measuring rod. From thermal and mechanical considerations,

one-sixteenth inch steel rod was found the most satisfac-

tory interface measuring rod. Contamination was minimized

in two ways: A heavy aluminum wash was applied to the

rods, and the measuring rod was used as sparingly as poss-

ible, generally not more than four or five times during the

course of a heat.

C. EFFECT OF STARTING CONDITIONS ON INTERFACE M'OVEMENT

The equilibrium interface velocity and position with

respect to the coil is expected to be independent of the

thermal conditions existing at the start of solidification.

Experimentally, this was found to be true. A standard pro-

cedure was adopted, however, which enabled the condition of

constant interface velocity to be reached in a reasonable

length of time.
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Solidification was started in the following manner:

Coil position was one inch above crucible bottom (measured

from coil bottom). The liquid-solid interface was melted

to a position corresponding to approximately the coil

bottom. Power was reduced to running power, and the drive

motor started. Figure 9 presents a plot of interface and

coil position versus time. Note that constant interface

velocity was attained after approximately 12 minutes.

D. MAINTENANCE OF INTERFACE CLOSE TO STIRRING SOURCE

The interface position with respect to the coil was

fixed with a view to two opposing factors. It was desir-

able to have the interface as close to the coil (stirring

source) as possible, but it was found extremely difficult

to maintain constant interface velocity when the inter-

face was too close to the coil field.

With constant plug size, crucible size, composition,

and with constant coil-water spray distance, interface

position with respect to the coil was controlled by:

1. Power

2. Thermal conductivity-of solidifying ingot

3. Melting point of solidifying ingot

With the exception of the more highly alloyed heats,

the power level was maintained constant, to maintain stir-

ring force constant, and in all heats it was possible to

maintain the interface at a position of between one-half
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and one inch below the coil, over a sufficiently long per-

iod of time to obtain the desired ingot length.

E. iESUREMNTS DURING SOLIDIFICATION

During meltdown, interface position was estimated

from the temperature reading of a thermocouple embedded

in the cooling plug at the bottom of the crucible. For

each heat, the solid plug extended one inch up into the

crucible. The time at which melting of the top of the

plug occurred (removal of contact resistance) was deter-

mined from a nearly discontinuous rise of the thermo-

couple reading (Figure 8).

Coil and water spray position were fixed initially

with respect to each other and also with respect to the

thermocouple at the crucible bottom. They were measured

at intervals throughout the heat by readings from the coil

indicator scale.

Motor drive was started when the interface was close

to the bottom of the coil as estimated from temperature

and checked by the interface measuring rod. Interface

position was measured several times at the start and com-

pletion of each heat, and temperature measured at frequent

intervals throughout the heat.

As expected from axial heat flow conditions, when the

interface was moving with constant velocity, the rate of
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change of temperature at the crucible base was observed

to be constant (Figure 9).

Power and water flow rate were measured and held

constant throughout the bulk of the experimental work.

F. PHYSICAL TESTS

After each heat, the ingot and plug were removed from

the crucible. The ingot was cut from the plug a distance

of one inch above the thermocouple, and the plug re-used.

The ingot was sectioned and one half polished for macro-

and micro-graphic examination. An eighth inch thick

section, three quarters of an inch below the top of the

directionally frozen portion of the ingot, was used for

chemical analysis. The as-cast surface of this section

was removed by sanding before analysis.

A liquid sample was taken of each heat, shortly before

constant velocity of interface movement was achieved. By

sampling the liquid at this time, it was possible to avoid

disturbing steady-state conditions later in the heat.

_ _1___1 _~ I_ __f~l~
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IV

RESULTS AND DISCUSSION

A. GENERAL DISCUSSION

Factors which affect the mode of solidification of

pure metals and alloys have long been only partially under-

stood, although recent theories of imperfect liquid dif-

fusion have contributed much to the subject. The complexities

involved in grain formation or dendrite growth are enormous,

since most of the determining factors cannot be measured

directly or determined from mathematical analysis in common

systems. The pertinent factors include the heat flow, temp-

erature gradients, linear solidification rate, solute dis-

tribution, and supercooling. In ordinary systems, these

factors not only vary with time, but in general, vary from

place to place within a given system.

The purpose of this work has been to study such a

system in which the maximum number of these variables could

be measured or controlled, with the idea of applying this

information to systems of more general interest.

The system chosen has been described previously under

Apparatus. Certain assumptions will be made in treating the

problem mathematically. They are as follows:

1. Freezing takes place when the liquid-solid inter-

face is at a vanishingly small temperature below its equili-

brium freezing point.
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2. The liquid temperature gradient is positive from

the interface into the bulk liquid.

3. Partition equilibrium is always maintained at the

liquid-solid interface, and the partition ratio does not

vary with rate of freezing, temperature, or composition.

4. Increased solute concentrations lower the liq-

uidus temperature; i.e., m is negative.

5. Solid-state diffusion of solute is insignificant.

6. Freezing of the portion of interest does not alter

appreciably the concentration of the liquid.

7. The specific volume of the solid and the liquid

from which it was formed are equal.

8. The diffusion constant is independent of concen-

tration.

B. SOLUTE CONCENTRATION GR9DIENTS CREATED BY A MOVING

INTERFACE

When a system such as that described is held with the

liquid-solid interface stationary, the composition gradients

in the liquid and solid are similar to those shown in Figure

12. However, for any finite interface velocity, a finite

amount of solute is rejected from the solid and must diffuse

into the liquid. Since the diffusion coefficient at the

interface can never become infinite, a concentration gra-

dient must result ahead of the interface. Furthermore, the

concentration of the liquid, c o , is fixed; therefore, the

~~ __
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solute concentration at the interface, ce, must rise.

Since partition equilibrium is assumed, the concentration

of the solid, cs, must rise also. Hence, just after the

interface has started to move, the concentration gradient

in the liquid must be similar to that shown in Figure 13.

As the interface advances, c i will continue to rise

until a steady-state condition is reached where the amount

of solute rejected by the solid is just equal to the amount

diffusing into the liquid. With the use of Fick's first

law, the steady-state condition may be expressed by equation

(4): Dg = -uci(l-K) (4)

where g is the solute concentration gradient in the liquid

at the interface and the other quantities have their pre-

viously described meanings. Since ci is related to c s by

the partition ratio, equation (4) may be written:

g - - uc (l-K) (5)
DK

The exact form of the concentration profile cannot,

in general, be calculated in a system subjected to com-

plicated liquid stirring, but the concentration gradient

at the interface, g, may be obtained from measurement of

the factors on the right side of equation (5). For the

special case of no liquid stirring, the steady state con-

centration distribution throughout the liquid has been

evaluated by Tiller, et.al. (6)

~s
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C. CONDITIONS NECESSARY FOR PLANE-FRONT FREEZING

Thus far, only concentration gradients have been

considered. It is the inter-relation of concentration

gradient with the existing temperature gradient that de-

termines the mode of freezing and hence the final structure.

The concentration gradient at the interface created

by a moving interface can be related to the equilibrium

liquidus temperature gradient, Go, by the slope of phase

diagram:

Go = -mg (6)

or by substitution from equation (5):

Go -mucs(1-K) (7)
DK

The actual temperature gradient in the liquid, G, can

assume any value depending on the thermal conditions im-

posed on the system. The condition for plane front freez-

ing is:

G a Go  (8)

When this condition is fulfilled, every point in the liquid

is above its freezing temperature and no part of the inter-

face can grow ahead of another part. Equation (8) may be re-

written as follows in terms of Gmin., the minimum liquid

temperature gradient required for plane-front freezing:

Gmin. = - muc (1-K) (9)
DK

From equation (9), it can be seen that plane-front

solidification is favored by (1) low solute concentrations,

/

/

~
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(2) an alloy system whose phase diagram shows a small slope

and a large partition ratio, (3) low interface velocities,

and (4) a high diffusion coefficient.

1. Effect of Stirring on Plane-Front Solidification

a. Unstirred Condition

In a quiescent melt, no segregation occurs

after steady state has been reached, (6) and therefore c s

equals co . Furthermore, it can be shown from a materials

balance that c s can never be greater than co . Equation (9)

then becomes:

Gmin. ' - muco ( l-K) (10)
DK

b. "Perfect Stirring"

Perfect stirring is defined as the stirring

necessary to cause the amount of segregation predicted by

the phase diagram; i.e., when c s - Kco. This condition

may be approached when stirring is sufficient to yield a

boundary layer of vanishingly small thickness.

Equation (9) in this case becomes:

Gmin. n - muco(l-K) (11)
D

An important implication of this relation is

that the required temperature gradient for plane-front sta-

bility does not go to zero, even with "perfect stirring".

This is true because D can never be infinite; i.e., a laminar

layer must always exist at the interface, and therefore, D at

the interface must always take the value for molecular difTusion.
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With some intermediate degree of stirring, c s is less

than co, but greater than Kco . It can be noted, then, that

the minimum gradient required for plane-front freezing is

a maximum for an unstirred melt and a minimum for perfect

stirring. In Figure 14, the minimum gradient has been

plotted for the aluminum-copper system against interface

velocity for the extreme cases of stirring.

c. Stable Systems With No Stirring

From equation (10), it can be seen that a pure

metal requires no temperature gradient to freeze as a plane

front, since co is zero. Alloy systems which exhibit a

maximum or minimum require no temperature gradient for plane

front solidification at these points, for m is then zero.

2. Comparison of Stability in Different Alloy Systems

For a given liquid temperature gradient, inter-

face velocity, and stirring pattern, the maximum amount of

solute, (co)max., that can be tolerated without breakdown

of a plane-front interface is determined by m, K and D.

It is of interest to compare one alloy system with another,

using values of liquid temperature gradient and interface

velocity obtainable with the experimental apparatus used.

Several systems are compared in Table I for both

"perfect" and no stirring. The values shown are the maxi-

mum solute concentration which can be tolerated without

breakdown of plane-front freezing. For purposes of calcu-

lation, a value of G = 150oC/cm was used. The diffusion
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constant was assumed to be 5 x 10 - 5 cm2 /sec. when no

other data were available. The interface velocity was

chosen as u - 5 x 10lO cm/sec.

From the tabulated values, it can be seen that

different alloys affect plane front stability by vastly

different amounts. In aluminum, trace amounts of iron

could cause instability, while rather large alloy contents

can be tolerated with zinc.

Figure 15 shows (co)ma x plotted against inter-

face velocity for both "perfect" and no stirring with a

constant liquid temperature gradient of 150oC/cm. It

can be noted that at higher velocities, (co)max has a

rather small value, while with decreasing velocities

(co)max increases rapidly. It can be further noted that

more benefit is to be derived from stirring when K is

small.

All the remarks made thus far are, in theory,

universally applicable to any alloy system, providing

the necessary physical constants are known. However,

since very low concentrations of certain elements are

quite important, some systems which are essentially binary

alloys must, in actuality, be considered as ternaries. In

this case, seldom are the physical constants known. This

difficulty forced abandonment of work on the lead-silver

system. For this system, (co)max was of the same order as

many of the trace impurities associated with the lead used.
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D. CASE OF NON-PLANE-FRONT FREEZLNG

Thus far, the discussion has not considered the case

when the actual liquid temperature gradient is less than

the minimum gradient required for plane-front freezing.

The true temperature and liquidus temperature curves are

then similar to those shown in Figure 1. Such a situation

is unstable and has been described by Rutter and Chalmers

as "constitutional supercooling".

1. Complete Degeneration of Plane-Front Freezing in

a Stirred System

It is possible for a system, which will at steady

32.

3. Structure Expected from Plane-Front Solidification

When a melt freezes with a perfectly plane-front

interface, there are no crevices to entrap liquid of high

solute concentration and, therefore, the resulting ingot

is homogeneous. Since no liquid is entrapped any gas

evolved during freezing is free to escape. An ingot frozen

with a plane front would be expected to show no microporo-

sity. The solid composition is constant throughout the

steady-state portion, rises in the initial transitory zone,

and again rises when the assumption that co remain constant

becomes seriously in error.

The melt would be expected to solidify in long

grains or even a single grain, depending on the seed crys-

tals present at the start of solidification.
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state be unstable, to freeze as a plane front while o is

building up to its steady-state value. When c i reaches

an unstable point, nucleation of independent grains occurs

ahead of the interface, isolating a small channel of liq-

uid from the stirring action. Growth proceeds rapidly

throughout the supercooled zone, trapping areas of high

solute concentration liquid between the advancing inter-

face and the newly formed grains. Growth of these grains

into the bulk liquid is retarded since they are not con-

nected to the interface, and, therefore, heat abstraction

from them is retarded. The interface eventually rejoins

the newly formed grains; however, the supercooled zone

has been removed since the high solute regions have been

isolated from the main body of the liquid. Plane-front

solidification may then continue until the solute con-

centration again reaches an unstable value and the process

repeats itself.

2. Slight Amounts of Supercooling

"Constitutional supercooling", although an un-

stable condition, may actually exist without causing com-

plete degeneration of plane-front freezing under certain

conditions. (5) (9)

When no agitation is present and the degree of

supercooling very small, the supercooled region may be

stable due to a nucleation barrier. Under these conditions

it is possible that portions of the interface extend into

___ 1
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the supercooled zone ahead of the main interface. Rutter

and Chalmers (5)attribute the observation of "corruga-

tions" on rapidly decanted interfaces to such conditions.

In the experimental system used, Flemings (10)

has shown that the "effective thickness" of the boundary

layer is about .03 centimeters. At distances slightly

greater than .03 centimeter from the interface, a tur-

bulent condition exists which offers no barrier to hetro-

geneous nucleation. In such a case, the supercooled zone

could not extend beyond the boundary layer without nu-

cleation occurring. There is, however, a possibility of

very small "corrugations" forming when the supercooled

zone is well within the boundary layer, a condition

corresponding to a very slight degree of supercooling.

In general, this work is concerned with amounts of super-

cooling sufficient to cause nucleation ahead of the

interface.

3. Structure Exected from Plane Front Degeneration

in a Stirred System

The preceding discussion would suggest a structure

of fine grains with areas of high solute concentration

appearing at intervals along the ingot, followed by a new

set of randomly oriented fine grains. The average length

of the grains should depend on the time required for a

given alloy to reach an unstable state. It is expected,

therefore, that at a given interface velocity, the grain

~II_ _~__
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size should decrease with increasing co*

E. EXPERIIENTAL RESULTS

Experimentally, G cannot be measured directly. Fur-

thermore, since the temperature distribution in the

boundary layer cannot be calculated for complicated sys-

tems, it is impossible to obtain G from the bulk liquid

temperature. However, if the gradient in the solid, Gs'

is measured, G can then be determined from the relation

(See Appendix A):

klG = ksGs  (12)

where kI and ks are the thermal conductivities of liquid

and solid respectively.

Equation (9) may then be rewritten in terms of the

experimentally measured quantities.

(Gs)min _klm(l-K)] u

The solid gradient was determined from the thermo-

couple reading (Fig. 5) and the interface temperature.

As has been stated previously (Section II), this gradient

was essentially linear and remained constant during all

but highly alloyed heats.

When the ratio (Gs)min is plotted against u, a straight
Cs

line passing through the origin is obtained, whose slope is

determined by the bracketed group of physical constants,

which are presumed known.

~_ ___ __~ I- I



For each of the experimental heats, the value of s

has been plotted against u. The value of Cs obtained as

from chemical analysis for the fine grained heats is an

approximation since some liquid entrapment occurred in
(10)

these heats. However, Flemings has shown that entrap-

ment under these conditions affects the resulting macro-

segregation only slightly.

1. Aluminum-Copper

a. Macrostructure

Each heat was sectioned and etched for

macroscopic examination. Two basic structures were ob-

served: 1. large "columnar" grains and, 2. fine grains.

Figures 16 and 17 show representative views of each type

structure. The section of the ingot of interest is at

the bottom, and extends for approximately an inch along

the ingot. The remainder of the ingot is that portion

required as pressure head as previously discussed in Sec-

tion II. This portion was frozen after the power was

shut off and shows a typical chill cast structure. Hence-

forth the discussion will only be concerned with the

structure of the "controlled solidification" zone at the

bottom.

b. Microstructure

Representative coarse and fine grained heats

were examined under the microscope.

1. Coarse grained heats

~ ______ _ I_
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The coarse grain structure corresponded

to that expected from plane front solidification. These

heats showed a homogeneous solid solution with no entrap"

ped areas of high solute concentration. Figure 18 shows

an example of such a structure. Although the melt un-

doubtedly contained a large amount of hydrogen, no micro-

porosity was found.

At the top of the controlled solidifi-

cation zone a rather interesting area was observed. Here

a high concentration boundary layer existed, which became

unstable when the power was turned off, giving a structure

very much similar to that of the fine grained heats, but

with more entrapped areas. In Figure 19 areas of eutectic

can be seen trapped between numerous small grains.

2. Fine grained heats

An example of the structure observed in

fine grained heats is shown in Figure 20. These heats

showed areas of high solute concentration (second phase)

periodically spaced along the ingot and for the most part

at grain boundaries. The entrapped areas were very small

(approximately .002 centimeters) in size.

The observed structure gave every evi-

dence of non-plane front solidification. This evidence

was further strengthened by the similarity of the observed

structure with postulated mechanism for non-plane front

freezing discussed previously.
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The presence of the coarse grained struc-

ture was therefore assumed to correspond to plane front

freezing, and the presence of a fine grained structure was

assumed to indicate degeneration of plane front conditions.

c. Experimental Plot

In Figure 21 the experimental plot of Gs
Ca

versus u is shown for the aluminum-copper heats. A

straight line can be drawn between the coarse and fine

grained heats. Figures 16 and 17 show the macro-structures

of the two heats on either side of the line.

The slope of the experimental line differs by

a factor of about 3 from the slope predicted from the phy-

sical constants. This difference may be accounted for by

one or more of the following reasons:

1. The value of kl used was that for pure

aluminum. Actually, the liquid at the interface may con-

tain considerable solute (up to 10% copper for some of

the heats). The value of k as a function of copper con-

tent is not known for either the liquid or solid states.

However, from general consideration of thermal conductivity

variation with composition in the solid state, it is not

unreasonable to assume that kl may decrease by a factor

of 2 or more in cases where the interface concentration

was very high.

2. The diffusion coefficient may also be

affected by variation in interface concentration. In
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addition, its measured magnitude may be slightly in

error.

3. K and m were assumed to be independent

of concentration. This assumption may be slightly in

error.

4. It has been assumed that instability

occurs when G u Gmin. If slight amounts of supercooling

were present before complete degeneration of the inter-

face occurred, the observed value of the slope would be

less th4n that predicted from the physical constants.

2. Aluminum-Zinc Alloys

Figure 22 shows the experimental plot of Gs

versus u for the aluminum-zine heats. As in the case of

aluminum-copper, a straight line can be drawn between the

coarse and fine grained heats. Figures 23 and 24 show the

macrostructures of two heats on either side of the line.

Again the observed slope differed from the cal-

culated slope, most probably due to the same reasons

discussed previously for aluminum-copper. In the case of

zinc even greater deviation is to be expected due to the

generally higher solute concentration at the interface (up

to 40 percent).

3. Aluminum-Iron Heats

In Section IV, part 2, it was noted that the

values of m, K, and D determine the maximum amount of sol-

ute that can be tolerated without degeneration of plane-

I__~C__
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front freezing in a given freezing system. From Table I,

it can be seen that the values of these constants for

aluminum-copper and aluminum-zinc are quite different,

but the difference in (co)max for the two systems is not

large. It was therefore of interest to investigate a

system in which (co)max is of a different order of mag-

nitude. Aluminum-iron is such a system.

A series of aluminum-iron heats was made at

approximately constant interface velocity and solid tempera-

ture gradient so that stability could be compared on the

basis of co.

Table II shows the value of c o for these

heats along with their macrostructure. The observed sta-

bility limit was found to lie between .123 and .229 percent,

as compared to about 1.5 percent for aluminum-copper and

about 12 percent for aluminum-zinc under similar conditions.

Figures 25 and 26 show the macrostructures of the two heats

on either side of the stability limit.

4. Grain Size in Unstable Heats

Grain size in the fine grained heats was observed

to vary considerably. At a given interface velocity, grain

size was observed to decrease with increasing co, as ex-

pected in light of the postulated mechanism of formation

for the fine grains (see Section D, part 3 of Results and

Discussion).

Figures 17 and 27 show an example of this grain

size variation.
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F. CONSIDERATION OF MODE OF SOLIDIFICATION IN OTHER SYSTEMS

Thus far, mode of solidification and solidification

structure have been considered only under controlled ex-

perimental conditions. Factors affecting mode of solidi-

fication under common conditions are of great theoretical

as well as practical interest. Several special cases will

be considered here, in light of the preceding discussion.

Weinburg and Chalmers and Winegard and Chalmers

have considered the relationship between dendrite for-

mation and supercooling. Flemings (10) has shown that in

many castings this supercoollng must be very small, and

must be related to microsegregation and structure. At the

present time, however, only a qualitative approach to the

mode of solidification in uncontrolled systems is possible.

Some of the concepts of imperfect liquid diffusion are

helpful in explaining anomalous behavior in the mode of

solidification of pure metals. It has been shown in Part

1 of Section IV that pure metals are expected to freeze

with a plane front interface. A pure metal may then be

described as being sufficiently low in alloy content so as

plane front solidification will occur with a negligible

temperature gradient in the liquid. It is of interest to

consider the order of impurities that could cause a "pure"

metal to freeze dendritically.

Rutter and Chalmers (5) have shown that minute im-

purities can cause "corrugations" to form on a liquid-solid

-M
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interface solidified at low velocities. Previous discussion

has shown that very small amounts of iron in aluminum can

cause degeneration of plane front freezing, even at very

low velocities and with a sizable temperature gradient.

Heat transfer analysis has been used for pure metals

in sand molds to predict accurately fraction solid versus

(11)time . These calculations were checked experimentally

by pouring out the un-solidified liquid. Good agreement

was obtained with some metals, a notable exception was high

purity aluminum (99.99) contaminated only by crucible pick-

up. In this case, as much as 40 percent solid in excess

of that calculated was observed. This discrepancy must

be explained by dendritic freezing entrapping liquid so

that it remained after pouring out.

A further hint of dendritic freezing in seemingly pure

metal lies in the behavior of 99.90 percent copper centri-

fugal castings. In this case the metal was poured into a

spinning tubular mold, (12) and as solidification progressed,

the liquid, which was initially at rest, picked up speed

until it was rotating at approximately the same speed as

the solid metal. The spin was abruptly stopped after par-

tial solidification, but the liquid, due to inertia, slowed

gradually and finally came to rest at the bottom as shown

in Figure 28.

Arrow A in Figure 28 indicates the direction of rota-

tion of the mold. Arrow B indicates the initial direction
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of liquid travel with respect to the solid. Note that the

columnar grains tended to point in an opposite direction

to the relative liquid motion, especially during the early

stages of solidification when the relative liquid velocity

was greatest. As the liquid gained speed the grains pointed

more and more along the radius until finally they changed

direction abruptly when rotation of the mold was stopped

and the relative liquid velocity changed direction.

From this observation it is evident that the direction

of dendrite growth depends on the direction and velocity

of the liquid flow with respect to the solid. These ob-

servations can be explained in terms of imperfect liquid

diffusion of small impurity elements.

Consider a dendrite arm protruding into the liquid,

and rejecting impurity solute. It has been shown that

this rejection of solute results in a boundary layer of

higher solute concentration than the bulk liquid.

Flemings (10) has shown that the boundary layer

thickness and interface solute concentration is a function

of liquid agitation, and that this boundary layer acts as

a barrier to grovwth. It is therefore expected the imping-

ing fluid flow on the upstream side of the dendrite arm

must reduce the barrier to growth on this side, and the

dendrites should tend to grow upstream.

T- ~iiiiic~- --
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V

CONCLUSIONS

From the experimental results of this work, the

following conclusions may be drawn:

1. The factors aiding attainment of a plane front

solidification interface are:

a. Low solidification velocity

b. Low concentration of solute in the liquid.

c. Large partition ratio

d. High degree of stirring

e. Large diffusion coefficient

f. Large liquid temperature gradient

2. Regardless of the degree of stirring, a positive

temperature gradient in the liquid is required to maintain

plane front solidification in all but hyper-pure metals.

3. Plane front solidification can be experimentally

maintained with alloys of sizable solute concentration;

e. g., greater than 10 weight percent zinc in aluminum.

4. Degeneration of plane front freezing results

in formation of fine equi-axed grains rather than normal

__ _ __ ~ __ j
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dendritic growth when a large positive temperature gradient

is maintained in the liquid.
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VI

SUGGESTIONS FOR FUTURE WORK

The experimental conditions in this work were such

that degeneration of plane front solidification resulted

in fine grain formation instead of the usual dendritic

structure.

Future investigations of mode of solidification

should be carried out under controlled conditions which

would promote dendritic growth. Such an investigation

should be directed toward quantitative determination of

the factors governing dendrite formation.
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TABLE I

Comparison of Maximum Allowable Solute Concentration in

Alloy Systems.

G =1500 C/cm

a - 5x10"4 cm/sec

* Assumed value

ALLOY K -m (Co)max in wt.%

Base Solute cm2 /
see oC/wt.%

"Perfect"
Stirring

No
Stirring

Al Cu

Al Zn

Al

Al

Pb

Fe 1.4

Mg

Ag

Cu Mg

Cu Sn 5.0

cu Zn 5.0 .860 5054

7.0

6.2

.171

.445

.018

*285

.040

.289

.540

2.7

3.6

5.0

3.38

1.67

2.94

4.30

9.20

37.3

11.4

7.50

20.0

1.46

2.62

1.22

.566

2.86

1.28

8.90

.026

.748

.049

.163

1.54

--l--~-~Z-Ti ~rL _ ~

500

19.4 16,7
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TABLE II

Effect of Small Concentrations of Iron on the Structure

of Directionally Solidified Pure Aluminum Ingots

u = 1.5 x 10-3 cm/sec.

Gs : 700C./cm.

HEAT NUMBER c (wt.%) STRUCTURE

30 .044 Coarse grained

31 .037 Coarse grained

32 .057 Coarse grained

33 .123 Coarse grained

34 .229 Fine grained

35 .156 Fine grained
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TABLE III

Definition of Symbols

D Diffusion coefficient

g Solute concentration gradient in the liquid at the

interface

u Interface solidification velocity

c i  Solute concentration in the liquid at the interface

co  Solute concentration in the bulk liquid

(co)max Maximum allowable solute concentration in bulk

liquid for maintenance of plane front solidification

c Solute concentration in the solid
s

K Partition ratio

m Slope of the liquidus line on the phase diagram

G Actual liquid temperature gradient at the interface

Go Equilibrium liquidus temperature gradient at the

interface -1 gA 4  A

Gs  Actual solid temperature gradient

Gmin Minimum liquid temperature gradient at the interface

for plane front solidification

(Gs)min Minimum solid temperature gradient for plane front

solidification

kl  Thermal conductivity of the liquid in the laminar

layer

k, Thermal conductivity of the solid
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TABLE IV

Data for Aluminum-Copper Heats -- Plane Front Solidification

HEAT C
NUMBER (a.%)

C u x 10 3

(wt.%) (cm/sec)
G

(oC/m)
G~s (097

U cm-1wt.%o

1 1.02

2 1.08

3 1.45

.65

5 1.02

.69

098

.91

1.59 54.4

.47

057

.82

*30

.30

.53

.20

1.59

1.80

1.66

1.39

.. 881

3.00

2.86

.452

76.1

66.6

66.6

61.2

61.5

59.9

59.1

61.9

162

117

81.3

204

205

214

112

295

67.69 1.67
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TABLE V

Data for Aluminum-Copper Heats --

Solidification

Non-Plane Front

HEAT Co
NUMBER (wt.%)

19

20

21

22

23

24

4.32

3.64

1.84

2.84

1.43

9.90

C
(wtS%)

2.81

2.18

1.02

1.79

1.00

5.32

u x 103
(cm/sec)

1.62

1.87

1.97

1.52

3.18

1.59

( G(oC. 7om)

72.1

72.9

69.7

68.2

56.4

57.9

32.0

33.5

68.4

38.1

56.4

10.9

as oC.cs l, cm-wto
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TABLE VI

Data for Aluminum-Zinc Heats -- Plane Front Solidification

Cs
(wt.s%)

1.35

3.01

3.20

5.41

6.65

3.93

2.91

3.30

4.75

u x 03

(cm/sec)

4.15

10.0

9.56

16*3

20.5

21.8

2.81

5.52

9.35

G
(oC. cm)

71.6

68.2

60.4

64,2

64.3

61.1

59.5

58.6

Gs oC.
c s \cm-wt. /7))

53

22.6

19.1

11.6

9.6

16.5

21,0

18.0

12.4

HEAT
NUMBER R

10

11

12

13

14

15

16

17

18

Co
(wt.%)

1.98

4.00

5.33

6.99

1.03

5.18

5.42

5.23

8.86

I
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TABLE VII

Data for Aluminum-Zinc Heats -- Non-Plane Front

Solidification

HEAT C
NLUMBER (wt. %)

25 20.25

26 29.50

27 16.10

9.86

Cs  u x 103
(wt.fo) (cm/sec)

14.13

19.95

11.54

7.72

.776

1.14

1.37

2.82

Gs
(oc./cm)

63.9

67.4

64.6

65.9

71.0

c s cm-wt.

4.53

3.38

5.6

32.86 .945 2.1629 48.35



APPENDIX A

The relationship between the temperature gradient

in the liquid at the interface G, and the temperature

gradient in the solid, Gs, may be derived as follows.

The total heat flow through the solid plug may be written:

ksAGs = klAG 4- Hfe Au

S or G __- a

k1

For the power imputs and rates of solidification

used throughout this work, the heat of fusion term in

the above numerator is completely negligible. The

expression above then reduces to:

G = ksG s
kI

_ ~- _~ fll-tSe_-3~. __._i__
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Figure 3 -- Photograph of Crucible and Cooling
Assembly
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Figure 4 -- Photograph of Experimental Apparatus
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Figure 6 - Overall Schematic Circuit Diagram
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Figure 7 - Schematic Representation of the Steady
State Temperature Distribution
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Ci = CO
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Cs = CoK
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u=O 0

Figure 12 - Composition Gradients at Equilibrium
with a Stationary Interface.
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Figure 13 - Composition Gradient with a Moving
Interface.
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Figure 14 - A Plot of Required Liquid Temperature
Gradient versus Interface Velocity for
the Altuminum-Copper System
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Figure 16 -- Macrostructure of Heat 7
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Figure 17 -- Macrostructure of Heat 21
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Figure 20 -- Microstructure of Heat 19.
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Figure 23 -- Macrostructure of Heat 15

Figure 24 -- Macrostructure of Heat 25
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Figure 25 -- Macrostructure of Heat 33

Figure 26 -- Macrostructure of Heat 34
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Figure 27 -- Macrostructure of Heat 20



82.

Figure 28 -- Structure of a Copper
Centrifugal Casting
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