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ABSTRACT

An apparatus was designed, constructed, and used to solidify
dluminum - 4.5 per cent copper ingots at extremely slow solidification
rates.

The conditions in the mold were (1) constant rate of heat ex-

traction,

(2) very shallow temperature gradient, and (3) limit chemical

contamination.

Five ingots, with solidification times ranging from twelve to
one hundred hours, were poured of aluminum - 4.5 per cent copper. Thermal
data recorded for these ingots were transformed to a per cent solid
versus temperature curve.

The curve was comparable to the one predicted

for the case of solidification with perfect diffusion in the liquid,
no diffusion in the solid, and equilibrium maintained at the interface.
The most significant difference from the theoretical curve was an
observed reduction in the formation of non-equilibrium eutectic.

Micro-

scopic examination and lineal analysis confirmed the observation.
However, a solidification time of one hundred hours is not long enough
to eliminate the eutectic or remove the dendritic structure.

iii.

Measurements made of the spacing between tertiary branches of the
dendrites show that, even for extremely slow solidification, dendrite
coarsening is related to the square root of solidification time.

From

these measurements, the magnitude of constitutional supercooling was
estimated as 0.044 0 F.

Examination of the macrostructure of the ingots led to a proposed
method of mass transport on the macro-scale during solidification.

It

is reasonable that solid particles in an aluminum-copper alloy tend
initially to sink and then, after enough copper has built up in the liquid,
tend to float.

Two methods for improving the properties of ingots were suggested
and discussed.

These methods are based on avoiding the formation of the

non-equilibrium phase by controlling the diffusion conditions during
solidification.
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I.

Purpose of the Investigation.

Chemical inhomogeneity and dispersed porosity are often considered
unavoidable properties of castings and ingots.

These defects limit the

properties of existing alloys and inhibit the development of new alloys.
Mechanical working or powder metallurgy techniques are sometimes made
necessary by these limitations when the casting of ingots or shapes would
otherwise be an easier and more productive operation.

A better under-

standing of the principles of solidification of alloy systems and the
imaginative application of these principles to metal production would
enable the castings industry to develop products capable of meeting the
stringent requirements brought about by the increasing number of potential
appl ications.

The appearance of non-equilibrium intermetallic phases in the interdendritic channels and the grain boundaries is an example of a solidification
phenomenon that is often detrimental

to metal properties.

Frequently the

intermetallic is brittle and is responsible for poor mechanical properties,
especially ductility(l).

In addition, the intermetallic may exhibit a

large amount of solidification shrinkage at a temperature when feeding has
become difficult,

thus causing detrimental porosity(2).

Methods of changing

the mode of solidification so as to eliminate the appearance of non-equilibrium phases will be discussed below.

This paper describes the first phase of a continuing project with
the following objectives.

(1)
control

-
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Design, construct, and test an apparatus that will closely

the progress of solidification in aluminum alloys over a wide

range of solidification rates.

(2)

Investigate the principles of solidification initially for

aluminum alloys and later for other alloy systems.

Dendrite morphology,

thermal content, liquid and solid diffusion, bulk metal movement, and
micro-feeding are among the topics of concern.

(3)

Use results from the theoretical investigations to alter the

common solidification mechanisms in order to eliminate solidification
induced defects, especially micro-inhomogeneity and microporosity.

-
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II.

Solidification of Alloys.

A.

General

Remarks.

The practice of melting metal and allowing it to solidify into
a desired shape antedates recorded history.

Until the recent era, however,

the properties of the solidified product were considered satisfactory and
curiosity was the main incentive for studying solidification.

The current

interest in the principles of solidification stems from two major factors.
(1) The materials necessary to a nuclear and space technology must meet
requirements at the limit of, or exceeding, the capabilities of present
metal products.

(2)

Many of the less common metals,

such as tungsten,

molybdenum, beryllium, etc., are finding application.

These metals are

often detrimentally affected by the solidification problems that are not
considered serious or that are easily overcome in the common metals.

Solidification and phase transformations, in general, have been
studied by investigators from many disciplines and on several scales. In
general, the description of solidification mechanisms has been qualitative.
On the atomic scale, where analytical expressions have at times been
advanced, direct empirical data has seldom been available for quantitative
evaluation.

Investigations on the micro-scale have usually been empirical

and only qualitative descriptions have been advanced.

Engineering approxi-

mations have been applied to the macro-scale.

1.

On the atomic scale.

packed atoms, lacking the long range order characteristic of the solid phase

.

Liquid metals may be considered as consisting of rather closely

-
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The position and the size of the regions showing short range order are
constantly changing and for long periods of observation the atom positions
are considered random.

During solidification the atoms rearrange from

the short range order of the liquid into the long range order of the solid.
Rearrangement may consist not only of small movements to reach ordered
lattice sites but also of diffusion to meet compositional

restrictions.

The relatively small volume changes and latent heats associated with
liquid to solid reactions, as compared to condensation from the vapor,
)

4
indicates that solidification does not require an extensive rearrangement(

Solidification may be considered as the combination of two
processes, nucleation and growth.

On the atomic scale, the nucleation of

solids is usually explained in terms of atomic fluctuations, the free energy
of transformation per unit volume, and the energy barrier due to the surface
of the nuclei.

The prediction that undercooling is necessary for nucleation

and that undercooling can be reduced and the number of nuclei can be increased by the addition of certain foreign particles are important consequences of the theory.

Turnbull(5) and LaMer( 6 ) have written excellent

reviews of the theory of nucleation.

The rate of growth of metals is normally controlled by the
rate at which heat can be removed(7).

Growth in a supercooled region can

be as high as 104 cm/sec, while the thermal conductivity of metals and the
heat extraction ability of molds, normally, cannot remove the latent heat
of fusion that quickly(4, 8 ).

Growth along the various crystallographic

planes occurs at different rates depending mainly on the degree of close

r_

-
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packing.

The growth direction has been found to be the ClOO3

face centered cubic and body centered cubic metals.

for both

Crystal faces have

been postulated to grow by a screw disloaction mechanism on the basis of
energy considerations(lO).

Evidence in favor of such a mechanism has been

observed for silicon carbide and various organic crystals(Il).

2.

On the micro and macro scales.
The discussion of the micro and macro considerations in

solidification is usually divided into three parts: (1) concerning pure
metals,
alloys.

(2) concerning solid solution alloys,

(3) concerning eutectic

General considerations for the three types of alloys are reviewed

by Form and Wallace(4 ), Ruddle(12), and Flemings, et a](13).

This discussion

will deal mainly with solid solution alloys and particularly with an aluminum - 4.5 per cent copper alloy.

The important portion of the aluminum-

copper phase diagram is drawn in Figure 1.

Pure metals and eutectics are considered to solidify with
the formation of a progressively thickening skin of solid metal(12a) advancing in the direction of the temperature gradient.

Transformation

essentially occurs at a unique temperature after some undercooling.

Because

of the plane front mode of solidification, feeding is good, and gross
shrinkage cavities occur in what had been the hottest part of the liquid
metal.

Solidification, on a micro-scale, is considered plane
front only for the purest of metals.

Small impurity content will cause

the metal to form dendritic columnar grains.

When crystallographic

-
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orientation dependence is considered, there is reason to believe that
not even extremely pure metals solidify with a plane front exactly
normal to the temperature gradient(lk).

Solid solution alloys normally solidify in a "pasty"
or "mushy'manner.

In other words, solidification does not occur at an

interface but rather within a volume of metal that is composed of both
solid crystals and

liquid.

For example, in an aluminum - 4.5 per cent

copper alloy, the riser end of a six-inch plate was observed to be 85
per cent solid before the end farthest from the riser had fully soliSolid solution alloys exhibit various combinations of

dified(15).

(a) micro-shrinkage at grain boundaries and interdendritic channels and
(b) gross shrinkage at the hot spots.

Alloy castings may show three zones of grains.

A com-

bination of one, two, or three of the zones may occur in any one casting.
(1) A fine equiaxed layer due to supercooling forms at the mold wall,
giving way, after recalescence to (2) a columnar region.

The direction

of the long axis of the columnar grains is determined by the temperature
gradient and the flow of metal(16).

As the temperature gradients decrease

towards the center of the casting, the columnar structure gives way to
(3) an equiaxed region.

In aluminum - 4.5 per cent copper casting, the

equiaxed zone often occurs alone.

B.

Influence of Mass Transport.
1.

Limiting cases.
Consider, now, a series of aluminum - 4.5 per cent copper

-
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alloys having been solidified over a wide range of solidification times,
including zero and infinity.

The alloy with an infinite solidification

time corresponds to equilibrium cooling.

Solidification commenced at

the liquidus temperature and was completed at the solidus temperature.
The final

structure is the single phase, K.

At any point during solidi-

fication, the overall composition of either phase or the progress of
solidification could be determined by the phase diagram and the lever
rule.

The fraction of solid formed as a function of temperature is

expressed by the relation,
- T
STL
s=TmI - Tj

where

Eq. 1

j
I _-K

s

=

fraction solid

K

=

Cs/CL = distribution coefficient

Tm

=

melting temperature of pure Al.

TL

=

liquidus temperature of alloy

T

=

actual temperature of alloy

This relation is evaluated for aluminum - 4.5 per cent copper alloy
in Figure 2, curve A.

For an infinite solidification time, there is time enough
for full equilibrium to be reached.

The following conditions are then

fulfilled: (1) perfect diffusion in the liquid,
the solid,

(2) perfect diffusion in

(3) equilibrium maintained at the interface.

dification will be referred to as Case A solidification.

Equilibrium soliWhen an alloy

r
-
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freezes at any finite rate, the system is not in complete equilibrium as
rearrangement of atoms is necessary to each increment of solidification.

The casting with a solidification time of zero represents the other
extreme of cooling conditions.

In this case, mass transport would be im-

possible and the conditions of solidification would be: (1)

no diffusion

in the liquid, (2) no diffusion in the solid, (3) the condition of the
interface does not influence the results and the interface will be considered
to be at equilibrium.

Essentially all transformation is at the original

composition and occurs at the solidus temperature.

The theoretical fraction

solid versus temperature curve is drawn in Figure 2, curve B.

This type

of solidification will be considered Case B solidification.

As diffusion times vary between zero and infinity, diffusion in the
solid and liquid become more important.

Because diffusion in the liquid

is much faster than diffusion in the solid,
portant before solid diffusion.
that occurs during normal

liquid diffusion becomes im-

In fact, the amount of liquid diffusion

solidification times is so much greater than

solid diffusion that the following assumptions are often applied: (1)
perfect diffusion in the liquid, (2) no diffusion in the solid, (3) equilibrium maintained at the interface.

These conditions will be referred

to, hereafter, as Case C solidification.

The conditions for Case C solidification give the following form
to a materials balance as a small fraction, dS, solidifies from the meltl7

-9-

=

CLdS

where CLCS

=

CSdS + (1

S)dS

-

instantaneous solid and liquid compositions.

When

this equation is integrated and evaluated from the beginning of solidification to the temperature at which a fraction

I /I-K
I - S

1/1-K
Eq. 2
~

Tm - TL
~Tm - T

Co
CL

has solidified, it becomes

The fraction solid versus temperature given by this equation is plotted as
Curve C of Figure 2.

Solidification begins at the liquidus temperature but

is not complete until the last nine per cent of the liquid solidifies at
the eutectic temperature.

Case C solidification provides the conditions

for the maximum amount of eutectic formation.

Equation (2) can be re-

arranged to give the composition of the solid being formed during any stage
in the solidification process.

Cs

=

KCO (1

-s )

-

K

Eq. 3

This equation together with the relations for Case A and Case B solidification are plotted in Figure 3.

2.

Diffusion in the solid.
The assumptions of Case C solidification are quite convenient

for the discussion of the general aspects of normal solidification.

The

assumptions preclude, however, the explanation of certain solidification
phenomenon, notably, the formation of dendrites and the effect of convection

currents.

10

-

-

The fact that diffusion in the solid has been neglected has

received some attention.

Gulliver1 8 suggests the following modification

of Equation 2,
CL ~ 9
(I-K)CL

=

CL ~

Eq. 4

-

1- S

where Z is called the "cooling rate factor", and it is intended as a
correction for partial homogenization of the solid.

2 may range from zero

to CO for alloys with less than the maximum solute solubility.

For alloys

with a greater solute content the maximum value of 2 would be the maximum
solubility value, e.g. 5.65 per cent copper for the aluminum-copper system.
If - is zero the equation reduces to the form for Case C solidification,
If Z is equal to Co at the eutectic temperature, no eutectic

Equation 2.
will form.

For aluminum-copper alloys richer in copper than 5.65 per cent,

when Z equals 5.65 at the eutectic temperature, the equilibrium amount of
eutectic will form.

If solid diffusion were the only significant reason

Case C solidi-

fication did not apply, Z would be a good measure of the amount of diffusion
in the solid.

Given a particular set of cooling conditions, no evidence

has been presented to indicate that Z has the same value throughout the
progress of solidification.

Michael

19

has evaluated Z at the eutectic temp-

erature for several aluminum-copper alloys, each solidified over a series
of cooling rates.

He found a decrease in E as

and (b) the copper composition decreased.

(a) the cooling rate increased

It should be noted, however, that

much of the homogenization in the slowly cooled castings may have occurred

11

-

-

as the metal cooled from the eutectic temperature to room temperature.

Limited diffusion in the liquid.

3.

Diffusion in the liquid is not perfect, even on a microscale, and the effect of limited diffusion is far from trivial.

Whereas

Case C solidification postulates no concentration gradient in the liquid,
the evidence indicates the existence of a solute rich layer of liquid
adjacent to the solid surface(20).
is represented in Figure 4a.

The concentration profile in the liquid

The concentrations of the solid and the

liquid at the interface are related by the distribution coefficient K.
For a liquid bath that is infinite in extent or for the initial stages of
solidification the average composition of the liquid would be the same as
the original composition, i.e.

CL = Co.

It is sometimes convenient to

define an effective distribution coefficient, K', equal to the ratio of
Cs and CL(

-

The values of K' may range between K and 1.

K' will

equal K when (a) there are no concentration gradients in the liquid and
(b) equilibrium is maintained at the interface, e.g. Case A or Case C
solidification.

K' will be I when the concentration of the solid at the

interface is the same as the bulk liquid composition.

This condition is

typical of a steady state process, e.g. Case B.

For an alloy with a phase diagram similar to the one for
the aluminum-copper system, the distribution of liquidus temperatures in
the melt are represented by Figure 4b.

Due to solute rejection, the

liquid adjacent to the interface must be cooled to a lower temperature
before freezing will commence than the bulk of the liquid.

If the temp-

-
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erature gradient in the melt were greater than, or the same as, the
tangent to the liquidus line (Case I in Figure 4b), plane front solidification could proceed.

If, however, the temperature gradient in the

melt were lesssteep (Case II in Figure 4b), a portion of the liquid ahead
of the interface would be below its liquidus temperature.

Thus, if by a

fluctuation in its growth a segment of the solidification front extended
into the supercooled liquid, its growth would be favored over the rest
of the interface.

This phenomenon, which is called constitutional super-

cooling(22), favors the formation of spikes or dendrites rather than the
continuance of the plane front.

If the temperature gradient were even less steep compared
to the liquidus curve (Case III in Figure 4b), sufficient supercooling
could be present for the formation of additional

nuclei ahead of the soli-

dification front and new grains would be observed.

The gradient II in

Figure 4b represents the conditions for dendritic columnar solidification.
The gradient III represents the conditions in the liquid during equiaxed
solidification.

C.

Investigation of Dendrite Formation.
1.

The stability of a plane interface.
The solute rich layer ahead of the freezing interface has

been considered mathematically for some simple solidification conditions.
Tiller, et al(22) analyzed the shape and extent of the diffusion zone with
no convection in the liquid.

Wagner(23) has analyzed the diffusion con-

ditions for natural and forced convection.

L

The diffusion coefficient in

-
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the liquid, D, the linear rate of freezing, u , the distribution coefficient, K, the slope of the liquidus line,mL , and the concentration of
the solute, Co,are all important in determining how fast the solute can
diffuse away from the advancing interface and thus they determine the
shape and extent of the diffusion layer.

Calculation of the liquidus

temperature distribution curve is an easy matter once the diffusion layer
has been analysed.

If the initial slope of this curve is compared with

the temperature gradient at the interface, the presence of supercooling
can be determined.

A temperature gradient as steep, or steeper than

Case I in Figure 4b is necessary to prevent supercooling and thus to
maintain plane front solidification.

The limiting conditions for plane

front solidification in a liquid without convection are given by the
relation(22)

G
u

where G

_

MLCo I - k3
K
D L

Eq. Q

is the temperature gradient at the interface.

The criterion for interface stability given by Equation 5 has
been tested for lead alloys by Tiller and Rutter(24) and for aluminumcopper alloys by Hucke, Flemings, Adams, and Taylor( 2 5).

Tiller and

Rutter found evidence for a qualitative agreement with the diffusion
layer theory and show that cell formation occurs between plane front
and dendritic solidification.

Hucke, et al introduced induction stirring

in the liquid which required replacing Co by CS in Equation 5.

They

determined that the interface stability for various copper contents was

-
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linear with the ratio G/u.
theory.

This result is in general agreement with the

The criterion used for plane front instability was the formation

of equiaxed grains.

Now, it is probable that columnar growth can occur

in the presence of some supercooling and the criteria used does not exactly
fit the assumptions for Equation 5.

A similar analysis could be developed

for the transformation from columnar to equiaxed solidification by plotting
nucleation temperatures instead of liquidus temperatures.

The results of

Hucke, et al suggest that the vertical displacement of the liquidus curve
and the nucleation curve could be quite small.

2.

Morphology of the dendrites.
Hucke, et al were successful in maintaining plane front

freezing in aluminum-copper alloys only through the use of exceptional
solidification conditions, i.e. unidirectional

solidification, rapid heat

extraction at one end, heat addition at the other end, and liquid stirring.
Ordinarily, temperature gradients in the liquid are relatively shallow and
dendrite growth is the customary mode of solidification.

The dendrite arms

enable the solid to grow out into the liquid that is most able to solidify
and, concurrently, the added surface aids in the redistribution of the
solute.

With dendrites present the linear rate of interface movement neces-

sary for a given fraction of solidification decreases.

It is thought that the dendrite branches thicken by a plane
front movement.

If the temperature or diffusion conditions tend to increase

the amount of supercooling beyond the small amount which the liquid can
sustain in the presence of a liquid-solid interface,

the morphology of the

15
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dendrites changes to prevent this(2 6 ).

If the rate of heat extraction were

increased, more solidification will occur in a unit of time and more solute
The extra solute is accommodated by decreasing the

must be redistributed.

spacing between dendrite branches which, at the same time, increases the
On the other hand, a decrease in the volume solidification

interface area.

rate will reduce the surface necessary to maintain plane interface movement.
Surface energy, which becomes important on the micro-scale, may be the
countering force which causes the dendrite spacing to increase.

Thus, the

concept of a balance between the chemical instability caused by constitutional supercooling and the energy requirements for creating new surface
may be the basis of explanation of dendrite geometry.

Brown(2 6 ) has attempted

to evaluate the above concept of dendrite growth by studying the dendrite
spacing of several alloys and comparing the observed results to those predicted by a mathematical
ful

relation.

Assuming that the dendrites are success-

in maintaining plane front solidification between the branches, the

following conditions must be fulfilled,

D

where Z.

3x

= uC L ('-K)

Eq. 6

is the concentration gradient in the liquid at the interface.

The left side of the equation represents the rate of diffusion of solute
away from the interface and the right side represents the rate at which
the solute is rejected into the liquid ahead of the moving interface.
Equation 6 is similar to the condition Tiller( 2 2 ) et al used in the derivation of Equation 5.

Brown further assumes the conditions for Case C

-
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solidification hold within the dendrites and that the rate of thickening
of the dendrites is linear.

Evaluating Equation 6 for these conditions,

he obtains the following expression for the dendrite spacing L,

L2

where tf

Eq. 7

_8DAT tf
mL Co (l-K)
is the solidification time,AT

is the supercooling, and mL

is the slope of the liquidus line.

Brown measured dendrite spacings in rapidly cooled weld zones primarily in a commercial aluminum-copper alloy 2014 and he found good agreement with the theory.

Primary dendrite spacing and secondary dendrite arm

spacing, in the alloys where it existed, was linearly proportional to the
square root of the solidification time.
slope of the plot was constant.

Of interest was the fact that the

From this,

Brown could infer that the amount

of supercooling, at least in rapidly cooled alloys, was not a function of
cooling rate.

Further, the amount of supercooling was evaluated as 0.04*F.

or less for the alloy studied.

This suggests that nearly perfect diffusion

exists in the liquid during dendritic solidification.

Michael(19) and Reed(27) have also measured dendrite spacings in
aluminum-copper alloys for much slower cooling rates.

Reed plotted both

his values and Michael's values versus the square root of freezing time and
found good agreement with a linear relation.

3.

Concentration gradients in the dendrites.
The advancing dendrites entrap liquid between their branches

and this liquid becomes increasingly solute rich as the dendrite branches
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thicken.

The liquid composition increases until it reaches the eutectic

composition.

At this stage a second phase tends to nucleate.

Due to the

mechanism of dendritic growth, most of the segregation occurs in local
regions and macrosegregation does not occur.

The first particle to precipitate should be of the composition KCO
and the composition of the forming solid will increase from this value until
the maximum solute solubility is reached or the alloy is completely solid.
The manner in which the solute concentration increases depends on the conditions of solidification.

The range within which this concentration

increase may vary is bounded by the limiting cases drawn in Figure 3.

It

is probable that as the initial dendrite skeleton forms the liquid appears
to the thin needles of the dendrite as an infinite bath.

A long needle of

composition KCO might grow trajecting solute on its sides and extending into
an infinite supply of liquid with the original composition.
would be terminated by the temperature gradients in the melt.

Its growth
If the den-

drite needles then thicken under conditions very close to Case C solidification, as Brown( 2 6 ) suggests, Curve C of Figure 46 and Equation 3 should
describe the solute increase transverse to the dendrite arms, once the
relation of dendrite arm thickness to fraction solidified is determined.

There are many reasons that this is too simple a description of
dendrite growth, and particularly so as the dendrites extend out into the
melt and thicken simultaneously.

Spear and Gardner(2 8 ) have shown that

the relative amount of extension to arm thickening is not the same for
every alloy, e.g. 142 alloy showed a compact dendrite growth while 319
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alloy showed extensive growth of the primary arm prior to thickening. They
observed the dendrite structure and the appearance of intermetallics by an
ingenious experimental technique.

The alloys were cooled quite slowly to

a predetermined temperature and then quenched.

Thus the portion that was

solid at the given temperature was contrasted from that which was still
liquid as the structure of the former was quite coarse and that of the
latter very fine.

Kohn and Phillibert(20) extended the same technique to determine the
composition of the dendrites, the liquid, and the profile of the diffusion
layer.

They ran an electron beam microprobe along the original dendrites,

across the interface, and into the fine dendrites which represent the liquid.
The beam was defocused when scanning the fine dendrites to obtain an average
composition.

They found that the initial metal to solidify, generally, had

the composition KCO and that a diffusion layer actually formed adjacent to
the interface.

The concentration gradient down the interface turned out to

be very steep.

The solute concentration along the dendrite was found to be

quite level until it reached the outer extreme where it turned up sharply.

Michael(19) used autoradiography to determine the concentration gradients in some aluminum-copper alloys.

He did not find a level portion in

the solute versus distance curve, but found a continuous increase similar
to that predicted by Equation 3.

The observed value of solute composition

at the center of the dendrite arms was not KCo, in general; and the range
of compositions transverse to the dendrite arms was not the same for each
dendrite arm.

These results may be somewhat due to limit of resolution for
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the autoradiography used and to the fact that the alloy slices examined did
not necessarily fall along the center plane of a dendrite.

A considerable amount of effort is necessary before an accurate formulation of dendrite growth is developed.

Insight into the qualitative aspects

of dendrite growth, mathematical treatments of the growth patterns, and then
an evaluation of these conditions by decisive empirical investigations are
requisite to the effort.

D.

Alloy Improvement Through Control of the Dendrites.
Three solidification techniques that are variations from normal
The manner

ingot making and casting practice are discussed in this section.

in which these techniques will alter the microstructure is considered, and
the improvements in alloy quality that might result are suggested.
techniques discussed below are (1) rapid solidification,

The three

(2) extremely slow

solidification, and (3) isothermal solidification between the solidus and
eutectic temperatures.

1.

Rapid solidification.
In rapidly solidified alloys very closely spaced fine dendrite

arms must form due to the limited diffusion in the liquid.

In the solid

that transforms, diffusion is considerably slower than in the liquid and can
be considered negligible.

If we can assume that the dendrites supply enough

protrusions to overcome diffusion difficulties in the liquid, the amount of
non-equilibrium solidification will be the same for all reasonably attainable
rapid solidification rates.

The amounts of non-intermetallic that form will

be just that predicted by Equation 2 for Case C solidification.

However, as
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the dendrite morphology and also the grain size are altered due to the
rapid solidification, the distribution of the intermetallics and the
porosity will be finer and the actual concentration gradients will be
steeper.

Thus, on heat treating the alloy, the rate of solutionizing is

faster and the homogenization of the alloy more practical than for normally
cooled alloys.

Brown(2 6 ) has shown that the time to get the same amount

of solutionizing with 2014 alloy decreases as the dendrites become finer.
Passmore(l) has demonstrated the improvement in mechanical properties,
especially the ductility, which is provided by improving the solutionizing
step in the heat treatment of precipitation hardenable alloys.

2.

Extremely slow solidification.
By solidifying alloys extremely slowly, it may be possible

to approach close enough to equilibrium solidification to eliminate many
non-equilibrium intermetallics.

Homogenization of the solid and levelling

of gradients in the liquid might be possible for solidification times that
are attainable in reasonable industrial practice.

Rapid solidification

increased the concentration gradient in the dendrite arms but decreased the
time available for homogenization.

Slow solidification would be expected

to increase the time for diffusion but coarsen the dendrite arms and decrease
the concentration gradients in the solid.

For slow solidification times,

the interactionsof these effects, decreased concentration gradient, increased diffusion distance and increased diffusion time, and the influence
they will have on the conditions of solidification, i.e. deviation from
Case C solidification, are worth examination and will be studied during
this investigation.
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It may be possible, however, to solidify over an extremely long time
and still maintain the concentration gradients and diffusion gradients typical of shorter solidification times.

One method to achieve short diffusion

distances in a slowly cooled alloy would be to grain refine the alloy to the
extent that the final grain size is comparable with the dendrite spacing.
Increasing the number of grains will increase the total solidifying surface.
Thus maintaining a plane interface for a given overall solidification rate
will be easier.

Spherical grains might result if the interfacial area of

the grains is sufficient to maintain plane front solidification without protrusions.

That spherical grains may be an attainable solidification structure

is indicated by the microstructures.attained by Poirier(29) in zirconium
grain refined magnesium alloys.

The apparatus described later in this thesis

would be one capable of attaining the slow cooling rates desired.

3.

Isothermal solidification.
A second method of obtaining the diffusion conditions of a

normally cooled casting and still having a long diffusion time would consist
of the following procedure.

First cool quickly down to a temperature where

most of the dendrite morphology has been determined.

Hold the alloy at a

temperature between the solidus and the eutectic long enough for diffusion
of the solute into the solid to occur.

As the solute concentration of the

liquid decreases, the liquid will solidify and complete solidification may
take place above the temperature where the non-equilibrium phase forms. For
a complex alloy, a series of holding temperatures may be necessary and these
would correspond to temperature slightly above horizontal holds in the alloy
cooling curves.
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Low melting non-equilibrium phases are detrimental to mechanical
properties not only because of their tendency to embrittle the alloy, but
also because their presence is associated with the formation of microshrinkage.

As a result of mathematical analysis of non-equilibrium soli-

dification, Piwonka(2) concluded that the dispersed porosity in aluminum4.5 per cent copper alloy castings is caused by the solidification shrinkage
of the eutectic liquid.

His calculations indicated a solidification ex-

pansion instead of a contraction after about 60 per cent transformation.
Thus the requirements for feed metal would be reduced or eliminated until
the start of eutectic transformation.

The shrinkage associated with the

formation of the eutectic occurs too late in the solidification process for
effective feeding.

Comparing Piwonka's values for the specific volume of

an aluminum - 4.5 per cent copper alloy at 1059*F. for non-equilibrium
(Case C) solidification and for a solid solution alloy at that temperature,
it was determined that for isothermal solidification at the solidus, as
described above, about one per cent shrinkage would occur.

For normal

solidification, Piwonka calculated a value of 8.4 per cent for the total
shrinkage.

III.

-
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Experimental Apparatus and Method.
A.

General

Description.

It is difficult and often impossible to isolate the effects of
solidification variables in ordinary sand castings or ingots.

A change

in solidification conditions usually affects more than one parameter. Thus,
in order to study the principles of dendritic solidification,

it is con-

venient to utilize a special apparatus designed to control the variables
independently.

It was decided that the apparatus for this program should

have the characteristics listed below.

1.

Solidification variables.
(a) Provide a wide variety of solidification times, ranging
from one hour to ninety days.

(b) Provide a constant rate of heat removal from the metal.

(c) Insure very shallow temperature gradients in the metal.

(d) Provide an environment for the metal that would not lead
to its contamination even after exceedingly long periods
of contact.

2.

Other attributes.
(e) Provide close control and observation of the progress of
solidification.

(f) Utilize a mold of such a shape that it would facilitate
mathematical

analysis.

al
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(g) For the mold material to hold as small a percentage
of the sensible heat as is consistent with good
insulating properties.

(h) Utilize enough metal so that standard test bars could
be taken from the ingot and so that analyses would be
meaningful.

(i) For the mold to be versatile and the set-up time a
minimum.

B.

Description of Apparatus.
Many calculations,

tests, and experimental

runs led to the

selection of materials, designs, and techniques that, at this time, satisfactorily meet the requirements listed above.
Figure 5 and a photograph experimental

The apparatus is sketched in

arrangement

is shown as Figure 6.

The mold consisted of a steel shell five inches in diameter and
nine inches high.

One layer of "Fiberfrax"

ceramic insulating paper

(51% Al203, 47% SiO2) 0.040" thick was cemented to the inside wall.

One,

two, or three layers of "Fiberfrax" paper, each layer 0.0401" thick, was
wrapped around the outside wall.
board

Normally two layers were used.

A transite

with holes for holding thermocouples in place was used as a cover.

The mold was supported above the furnace bottom to insure uniform heat
transfer with the furnace over the entire mold exterior.
The furnace used was a resistance heated recirculating air furnace
with internal

dimensions 16" x 15" x 14".

A fan mounted on the center of the
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rear wall was in continuous operation at all times the furnace was in
operation.

A type 304 stainless steel baffle covered the heating elements

and fan to insure even distribution of temperature and even circulation
of air.

The baffle was coated with'fiberfrax'to reduce its emissitivity.

Holes were drilled through the top of the furnace for the insertion of
thermocouples and so metal could be poured into the mold through the furnace
top.
Temperature control and measurement was orientated around an instrument
board constructed adjacent to the furnace.

A Brown Electronic Class 15

controller, with duration adjusting type proportional control was used
through most of the program for controlling the temperature or the temperature gradients in the mold.

The guaranteed calibration accuracy of the control

is + 0.2 per cent of full scale.

In addition to the normal room temperature

compensating measuring circuit a second circuit was used during this investigation.

The additional circuit, primarily intended for use with differen-

tial thermocouples, was composed of resistors independent of temperature for
normal ambient temperatures.

Two sets of connections (M and N in Figure 5)

to the control, one for each circuit, were placed on the panel board.
switch,

, was used to connect the proper circuit to the control.

A

When the

instrument was used to control a temperature gradient, it was necessary to
reverse the mode of operation of the instrument, i.e. so that a reading
higher than the set point turned the power on and a reading lower than the
set point turned the power off.

The proper connections within the furnace

were changed by the operation of an external switch, P, in Figure 5.
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A Speedomax H Model S recorder was used to record the temperature
of the metal as a function of time.

The unit was continually checked

during the investigation with a Rubicon potentiometer.

Because the most

accurate scale on the instrument was zero to ten millivolts and the potential across a chromel-alumel thermocouple in the solidification range
of aluminum alloys is from 20 to 30 millivolts, a voltage addition unit
was placed in series with the thermocouple to supply a counter voltage
of 20 millivolts.

Thus readings between 0 and 10 millivolts on the

recorder corresponded to 20 to 30 millivolts across the thermocouple. The
recorder could be easily read to + 1/2*F.

The instrument board was designed

to record up to seventeen additional temperatures.

Thermocouples were fabricated from special chromel-alumel wire with
a guaranteed accuracy of + 3/8 per cent.

The wire was calibrated before

shipment and the calibration was checked at the laboratory in the range
2000 F. to 1220 0 F.

If the rate of temperature change to be recorded was

2*F/min. or less, 18 gauge wire was used and the thermocouple beads were
coated with "Fiberfrax".

The coating limited interaction with the melt and

reduced stray current pickup.

If a fast response were necessary, uncoated

28 gauge thermocouples were used.

The alloy was prepared in three one-hundred pound master heats.
Virgin aluminum (99.998 per cent aluminum) and aluminum - 50 per cent copper
hardener were melted in a clay graphite crucible in a gas furnace.

The

melting and pouring practices for the aluminum-copper hardener, the master
alloy, and for the experimental heats are described in Appendix B. Chemical
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analyses showed iron and silicon contents were each below 0.05 per cent.
Variation from the first to last ingot in the hardener was less than 1/2
per cent copper out of 50 per cent.

In the master alloy, the variation

was less than 0.2 per cent copper out of 4.5 per cent.

C.

Description of Procedure.
The typical procedure followed during an experimental run is

described below.

The mold and thermocouples were prepared and placed in

position in the furnace.

The mold assembly was heated to 1300*F. and

held at that temperature prior to pouring for at least sixteen hours.
About twenty pounds of aluminum - 4.5 per cent copper master alloy was
melted, as described in Appendix B, and then poured to within 1/2 inch of
the top of the mold through a preheated steel funnel in the furnace top.
Then the funnel was removed and the cover holding the thermocouples was
placed on the mold.

The furnace door was closed and not reopened again

until the run was terminated.
One of the thermocouples in the metal and one of the thermocouples in the furnace was connected in parallel at the panel board, as
shown in Figure 5, to form a differential thermocouple.

The potential

across the differential thermocouple responded to the temperature difference
between the metal and the furnace air.

At times, as many as six individual

thermocouples were used in a differential thermocouple package.

Three in

the furnace were connected in series, thus multiplying the millivoltage
reading by three.

Similarly, three thermocouples in the melt were connected
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in series.

When these thermocouples were connected to form a differential

thermocouple, the voltage across the package corresponded to three times
the actual temperature difference.

Not only does this method scale small

temperature differences up to a point where they can be read more easily
and controlled more accurately, but this method also averages out temperature gradients in the furnace and averages out the error in thermocouple
readings.

The differential thermocouple was connected to the control

instrument,

and the mode of operation of the control and the mode of measuring were
changed to those described previously for differential thermocouple operation.
The desired temperature difference was set on the control, and the apparatus
stabilized at that temperature difference within 15 minutes.
cycling around the set point was of the order of 1*F.

The amount of

No further changes

were made in the control for the remainder of the run.

After the temperature record showed that the metal had completed its
eutectic transformation, the mold was removed from the furnace and quenched.
Quenching from 10000 F. was intended to reduce resolution or further precipitation of the

e

phase while the alloy cooled to room temperature.

Two variations in the above technique were used.

In one variation

the run was interrupted after the metal had been slowly cooled for a certain
time below the liquidus.

The mold was then removed from the furnace and the

outer layer of insulation stripped off the mold.

The mold was then quenched

to 150*F. by dropping below the surface of water in a large tank.

Only two
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minutes elapsed from the time slow solidification was interrupted and the
metal temperature was brought to 1500 F.

Thus the portion of the metal

that

was still liquid when the run was interrupted was cooled about 3600 times
faster than the remainder of the alloy.

The second variation was to achieve isothermal solidification.

The

melt was poured into the mold and, with the furnace door standing open, the
melt was cooled to a temperature slightly above the solidus,
the furnace door was closed and the furnace set at 10550 F.

1059*F.

Then

After 30 hours

at that temperature, the mold was removed from the furnace and quenched.

D.

Discussion of Apparatus Characteristics.
As stated at the beginning of this section, the apparatus was

designed with the intention that it should have certain thermal properties.
The discussion of just how well the apparatus lived up to these properties
is based on the analysis in Appendix C.

The temperature gradient in the metal was shallow enough to
permit the assumption that solidification of the alloy was non-directional.
The analysis of Appendix C shows that the temperature gradient in the metal
was less than 0.l*F/in. during slow solidification and that the temperature
drop in the metal was less than 2 per cent of that in the mold.

The rate of heat extraction from the mold was a constant during
the slow solidification runs provided a constant temperature difference was
maintained between the metal and the furnace air.
of this point is presented in Appendix C.

Theoretical confirmation

Experimental confirmation of this

-
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point is that no deviation from a straight line was detected on temperature
versus time plots of the completely molten alloy.

The sensible heat in the mold material was only 2 per cent of the
heat of fusion of the alloy.(see Appendix C).

To obtain the same insulating

properties from plaster of paris as from "Fiberfrax" would have required a
considerably thicker layer of the denser insulator.

When plaster was tried

initially, it represented too much of the heat content of the total assembly.
Thus, when plaster was used, the apparatus was not sensitive to the temperature requirements of the alloy.

One of the problems of concern was the degree of gravity segregation
that would occur as the liquid slowly cooled from its pouring temperature
to the liquidus.
over seven hours.

The time for this amount of cooling to occur was at times
Michael(19) reported large amounts of gravity segregation

in aluminum - 4.5 per cent copper when it was solidified over a two hour
period.

It was demonstrated in this investigation that essentially no gravity

segregation occurs provided all of the CuAl 2 is initially dissolved in the
liquid.

The equilibrium phase diagram represents the liquid as a homogeneous

single phase.

The effect of a gravitational potential is not important in

comparison to the chemical potential for the height of the ingot solidified.
Experimental confirmation comes from a test in which an ingot mold of aluminum4.5 per cent copper was held above 1250*F. for 24 hours and then quickly cooled
below the solidus.

Chemical analyses of the solidified ingot showed no copper

segregation from top to bottom.

IV.

Summary of Experimental
Several experimental

31

-

-

Investigations.

runs were made during the design and calibration

A summary of eight subsequent experimental runs follows.

of the apparatus.

These runs clearly indicate a broad potential application for the apparatus
as an experimental tool.

Slow solidification runs were made for which the alloy solidification
times were twelve, thirty-six, sixty, eighty-four, and one hundred hours.
Solidification curves (temperature versus time) for each run are drawn in
Figure 7.

The curves resemble those expected for Case C solidification in

that solidification starts at the liquidus temperature, no break in slope
appears at the equilibrium solidus, and there is a temperature hold at the
eutectic temperature corresponding to the formation of non-equilibrium
eutectic.

Slabs were cut lengthwise along the central axis of the ingots,
polished, and etched.
in Figures 8a - 8d.

The macrostructures of four of the ingots are shown
It is obvious from these ingots that both the grains

and dendrites become coarser as the solidification time is increased. Grain
size appears to increase from top to bottom of each ingot, but, otherwise,
there seems to be no directionality to size, shape, or orientation of the
grains or the dendrites.
tiary branching.

The dendrites are complex, showing at least ter-

The dendrites are well outlined in the macrostructure,

which is an indication of coring.

A second phase, most likely the &

the eutectic, outlines the interdendritic spaces.

of
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Grain size measurements were made from each ingot.

The average

area of a grain was determined by counting the number of grains on the
face of a slab and dividing by the total area of that face.

Average

grain widths refer to a measurement made by counting the number of grains
cutting a horizontal

line across the ingot and dividing by the ingot width.

Average grain length refers to a measurement made by counting the number
of grains cutting a vertical
height.

line in the ingot and dividing by the ingot

The values obtained by these measurements are compiled in Table I.

Grain size, as measured, did increase with solidification time, similarily
grain width and grain length.

It is believed that the most significant

reason that grain length is consistently less than grain width is the system
of measurement did not properly weigh the variation of grain size from top
to bottom of the ingot.

The dendrites are exceedingly complex and a plane view of a fully
formed dendrite is difficult to analyze.

The distance between the center-

lines of dendrite branches were measured along the centerplane.

The spac-

ings that were measured were judged to correspond to tertiary branches.
Only those that seemed to stem from a visible secondary branch were selected
for measurement.

The average values for each ingot are recorded in Table I.

Following Brown(2 6 ) and Reed(27), the values are plotted versus the square
root of the solidification time in Figure 9.

The points fall on a straight

line that extrapolates back through the origin.

The grain size is also

plotted versus the square root of solidification time in Figure 9.

Two interrupted solidification runs were made.

In one run, the
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alloy was allowed to cool for five and one-half hours after it reached
the liquidus temperature; then it was quenched in a large tank of water.
In the second run, the alloy was allowed to cool twenty-two hours below
the liquidus before quenching.
shown in Figure 10.

The macrostructure of the first ingot is

Microstructures of the second ingot are shown in

Figures lla, Jib.

One isothermal

solidification run was made.

The alloy was cooled

with the furnace door open to a temperature twenty-five degrees above
the equilibrium solidus.

The cooling period was one and one-half hours.

Then the furnace was set at 10550 F. and the door closed.

The ingot was

held at that temperature for thirty hours and then removed from the furnace
and quenched.

The macrostructure at a centerplane of the ingot is shown

in Figure 12.

A sample of the microstructure is shown in Figure 13a,

13b.

V.

Evaluation of Experimental Results.
A.

Mass Transport on the Micro-scale.
The solidification curves shown in Figure 7 were converted to

temperature versus fraction solid plots using the method of Stonebrook
and Sicha(3 4 ).

The method is applicable to the experimental technique

used in this investigation as the rate of heat removal was constant.
The calculated values were compared to those for the limiting cases of
solidification, Figure 2.

The method of Stonebrook and Sicha to transform from a solidification curve to a fraction transformed curve is illustrated in Figure 7
for the twelve hour run.

The cooling curve for all

tended to the eutectic temperature.

liquid has been ex-

This represents the way the alloy

would have cooled if no transformation had occurred.

The horizontal dis-

placement of the actual solidification curve from the extrapolated liquid
line, AB, is due to the transformation and is a measure of the latent heat
of fusion.

The line CDE represents total transformation, i.e. corresponds

to one hundred per cent solid.

Thus, the ratio of AB to CDE gives the

fraction transformed at that temperature.

The ratio of DE to CDE gives

the fraction eutectic.

This method makes the assumptions that the heat capacities of solid
and liquid are the same and that they are independent of temperature and
composition.

It also assumes the heat of fusion is independent of composition.

For non-equilibrium solidification, the composition of the solidifying alloy
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is continuously changing.

Thus, if there is a significant heat of mixing

in either the solid or the liquid, each unit of heat released will not
represent the same amount of transformation.

At the eutectic temperature

two phases are solidifying, and both phases are not likely to have the
same heat of fusion.

If the assumptions inherent in this graphical method

of computing the fraction transformation curve are not well obeyed, the
method must be regarded as qualitative rather than quantitative.

The heat capacity of aluminum changes by 10 per cent from liquid

7.75 cal/*Kmole)(32).

(7.5

-

to solid (7.0 - 7.7 cal/*K)(32) and that of copper by 3 per cent

The heat capacities of the two metals are comparable.

The heat of fusion of pure aluminum and of CuAl2 are 92.5 cal/gr(35) and
81.5 cal/gr, respectively, a 13 per cent difference.

The method of calcu-

lating the heat of fusion of CuAl2 is described in Appendix D.

The heat

of solution of aluminum is less than 900 cal/mole for dilute solutions(36).
It is believed that the properties of the aluminum copper system are such
that the Stonebrook and Sicha method will give good qualitative representation of the mode of solidification, but that a more quantitative method
is needed.

The values of fraction solid calculated at various temperatures for
the twelve, thirty-six, sixty, and eighty hour runs are compiled in Table II.
The theoretical values for Case A and Case C solidification are also included,
for comparison, in Table II.
also plotted in Figure 14.

Fraction solid versus temperature curves are
The values show that (1) less eutectic was formed
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than predicted by Case C solidification; (2) initial transformation is
at a rate greater than predicted by both equilibrium and non-equilibrium
conditions; and (3) after about 50 per cent transformation, the fraction
transformed is intermediate to the theoretical predictions.

As has been

often noted(12,20,3 4 ), most of the transformation occurs in the first few
degrees of cooling below the liquidus.

Then the rate of growth is slow

until the eutectic temperature is reached.

The three observed deviations from ideal non-equilibrium solidification noted above could be due solely to the deviations of the aluminumcopper system from the assumptions inherent in the method, notably, the
lower heat of fusion of CuAl2 as compared to purer aluminum and the negative
heat of mixing of the liquid solution.

The deviations are in the same

direction as would be caused by these factors.

For that reason, lineal

analysis for eutectic was made of samples cut from the center of the twelve
hour and the eighty-four hour ingots.

The volume per cent eutectic in the

twelve hour sample was 5.9 per cent and in the eighty-four hour sample
4.0 per cent.

This corresponds to weight fractions of 7.41 per cent and

5.04 per cent, respectively.

The values for the Stonebrook-Sicha method

were 5.6 per cent and 4 per cent.

Thus the values reported by both methods

have the same ratio within 7 per cent and show a reduction of eutectic with
solidification time.

That the absolute values are different is not con-

sidered significant here as the graphical method refers to eutectic formed
in the whole ingot while the lineal analysis applies only to the center of
the ingot where, as discussed later, the solute concentration is highest.
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Visual examination of specimens from the ingots bear out the indicated
result that the amount of eutectic formation decreases for the longer
solidification times.

The graphical method supplies fairly conclusive qualitative evidence
that perfect diffusion in the liquid and poor diffusion in the solid are
good assumptions for dendritic solidification.

The relation of solidification

conditions to those predicted by the limiting cases can be observed over the
entire length of the solidification process by this method of thermal analysis,
as opposed to the indirect evidence obtained by analysing the already solidified structure.

Further, the method demonstrates that increasing the

solidification time will increase the homogenization in the solid. However,
a solidification time of a hundred hours in a naturally solidified ingot is
not long enough to either eliminate the eutectic or remove dendritic growth.

If a normally solidified casting were held at a temperature below
the eutectic for a time as long as the slowly solidified castings were held
at significantly higher temperatures, their primary dendrites would have
certainly become homogeneous.

However, coring was observed in the macro-

structures of the slow solidification ingots.

This is believed to be due

to the longer distances that solute must diffuse in these castings.

That

coring was not observed under the microscope is thought to be due to the
field of observation being so small compared to the structure that large
concentration gradients did not occur from one edge of the field to the
other.
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On the other hand, the structure of the isothermally solidified
ingot showed no coring in either the macrostructure or the microstructure,
Figures 12, 13.

In this case, the concentration gradients were steep

enough and the diffusion distances short enough in the primary dendrites
for homogenization to be effective.

The isothermally solidified casting points out a factor that becomes
important in slow solidification.
were considerably reduced.

Concentration gradients in the solid

If diffusion was that effective in the solid,

then certainly the gradients in the liquid had ample time to even out.
Figure 13b, the photomicrograph of the area that had been the liquid layer
before quenching,

seems to bear out this conclusion.

Then the remaining

barrier to achieving equilibrium was transport of the solid across the
interface.

The liquid, under these conditions, would have to enter the

solid at the interface.

This is a condition notably different than in

normal solidification where equilibrium is usually maintained at the interface and atoms go from liquid to solid by growth at the interface.

In

isothermally solidified castings, transport across the interface appears
to have been the rate controlling step.

There is not enough evidence to support a contention that transport
across the interface is the controlling process in slow solidification.
If significant homogenization were to occur in the solid during the growth
of a dendrite, then the liquid adjacent to the interface will have too high
a solute concentration and transport across the interface is necessary if
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the ingot is to approach equilibrium conditions.

It seems that, to some

extent, transport across the interface must be more important for slow
solidification than for normal solidification.

In addition to the deviation from ideal non-equilibrium behavior
described above, i.e. reduction of the amount of non-equilibrium eutectic
and homogenization of the solid, a second deviation was noted above.

The

initial rate of solidification is greater than predicted by either equilibrium or non-equilibrium relations.

The values in Table II further indicate

that the longer solidification time is the more solidification occurs near
the liquidus temperature.

it is possible that the observed variations are

only a result of the inaccuracies inherent in the graphical method. However,
the result seems to agree with the observation of Kohn and Philibert(20) for
the same alloy system.

If an advancing interface could remain in equilibrium

with liquid of composition 4.5 per cent copper and still reject the solute
necessary for freezing, it could continue to solidify at the liquidus temperature.

This is just the growth pattern often assumed to occur in a needle

shaped precipitate forming from a solid(5,37).

It is suggested that a den-

drite branch could grow by this pattern for a short time until

(1) solute

build-up in the liquid required a lower temperature for solidification,
(2) temperature ahead of the interface became unfavorable, or (3) the dendrite
impinged on the sphere of influence of a second dendrite.
in a local

As continued growth

region became unstable, other dendrites just nucleating in areas

with some supercooling or in areas just cooling to the liquidus could continue the growth pattern at the liquidus.

Increased solidification time would

favor this growth pattern, as it would reduce the possibility of growth being
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stopped by the second and third mechanisms above.

If this growth pattern

were to occur, the associated transformation curve would fall outside of
the boundaries of what had been considered the limiting curves.

The reason

for this mechanism to be rarer in solidification than in solid precipitation
is the greater mobility of solute atoms in the liquid.

The distance between the fine dendrite branches was shown to vary
linearly with the square root of solidification time,
extrapolates through the origin.

Figure 9.

The curve

The result is in general agreement with

previous investigators(2 6 ,27) who studied much shorter freezing times.

One

dimensional transport controlled processes are typically dependent on the
square root of transformation time.

The controlling transport in dendritic

solidification could be heat flow or mass diffusion.

The observations of

the diffusion boundary layer and the success of Brown's(2 6 ) calculations
support the contention that it is the redistribution of the solute that controls the dendrite morphology.

Assuming that Brown's analysis, Equation 7,

is valid, the value of the constitutional supercooling for solidification
times between 12 hours and 100 hours is constant.

A value of 2.5 x 10-5

cm 2 /sec for the diffusion coefficient of copper in liquid aluminum solution
and the values of K, ML, Co associated with aluminum - 4.5 per cent copper
were used to determine a value of the constitutional supercooling from the
slope of Figure 9.

The value of e-T was found to be .006 using Equation 7,

and .044 using another of Brown's equations which treats the dendrites as
rods rather than plates.

Brown found values of .04*F. and O.3*F. for primary

dendrites in rapidly cooled weld zones.

The conclusion to be drawn is if
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Brown's equations are valid, the amount of supercooling that the liquid
will tolerate is extremely small.

Therefore conditions of almost perfect

diffusion must exist in the liquid around a dendrite.

B.

Mass Transport on the Macroscale.
The solute content of the liquid is being continually increased

as solidification proceeds by both the equilibrium and ron-equilibrium modes
of solidification.

For the non-equilibrium mode of solidification, there

is a greater disparity between the average solid concentration and the bulk
liquid concentration than in the equilibrium mode.

If there is a large dif-

ference in the densities of the base metal and the solute, the effect of
solute rejection could have a notable effect on the macrosegregation even
in equiaxed structures.

Piwonka's analysis of volume changes of the solid

and liquid during the non-equilibrium solidification of aluminum- 4.5 per
cent copper, mentioned in an earlier section, applies some quantitative
information this phenomenon.

For the initial sixty per cent of transforma-

tion, the solid is denser than the liquid due to normal solidification contraction.

However, the heavier copper continuously builds up in the liquid

and the liquid is denser than the solid for the remaining fraction of transformation.

If the solid grains have not grown to the point where they intermesh with their neighbors, they will tend to float or sink in the liquid.
Solidification conditions that favor solid movement are long solidification
times and shallow temperature gradients, two conditions that characterize
this investigation.

Liquid movement will occur for a longer time than solid
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movement, but some point is reached when the interdendritic channels become
too tortuous for liquid movement over long distances(2).

Figure 15 depicts a proposed scheme of macro-transport for the slow
solidification ingots.

The initial solid particles nucleate randomly through-

out the melt due to the shallow temperature gradient.

But, due to the slow

progress of solidification, the particles have time to sink to the bottom
of the mold.

After only a small fraction of transformation, when the ingot

is at a temperature very near the liquidus, there is a relatively large concentration of solid at the bottom of the ingot.

Solidification proceeds to

the point where the liquid becomes heavier than the solid and the smaller
particles growing near the middle of the melt will be able to float to the
top of the mold, being displaced by copper rich liquid.

At this stage of

transformation, solid movement cannot be as easy as for the initial sinking
due to interactions with neighboring particles.

Small effects on the macro-

scale would be that as a particle sinks or floats, the solute rich layer at
its growing interface would be washed thin.

As a result, the liquid near

the middle of the mold would be somewhat enriched in copper.

Also, if in-

homogeneities in the liquid could exist for any length of time, convection
would carry the copper rich portions toward the lower parts of the mold.
When the ingots reach the eutectic temperature, more of the untransformed
liquid will be situated at the middle of the ingot than either the top or
the bottom.

Thus more shrinkage would form near the center of the ingot.

Evidence obtained in this investigation is in good agreement with
the scheme proposed above, although it is not conclusive.

First, the macro-
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photo of the ingot allowed to solidify near the liquidus temperature for
five and one-half hours,
grains sink.

Figure 10, is dramatic evidence that the initial

The primary dendrites formed during the initial slow solidifi-

cation are well contrasted from the structure formed during the quench. The
ingot was about eight per cent solid when it was quenched.

Second, the grain density in a slow solidification ingot, the twelve
hour run, is demonstrated by Figure 16.

As would be expected from the pro-

posed scheme, the grain density is obviously greatest at the bottom of the
ingot and the number of grains in the top is significantly larger than in
the middle.

Third, when internal shrinkage forms in the ingot, it tends to be
from one-third to two-thirds of the way from the mold bottom.

Porosity of

the micro-shrinkage variety is concentrated more heavily near the center
of the ingot.

Fourth, microscopic examination of the structures clearly showed more
eutectic formation at the central portion of the ingot.

Fifth, chemical analyses were made of an ingot cast in the initial
phase of the investigation.

The ingot solidification time was between four

and six hours and the overall ingot composition was 4.5 per cent copper.
The analysis at the top and bottom was 3.85 per cent copper and for the
central

region where some shrinkage formed was 5.11 per cent copper.

In slow solidification ingots, shrinkage seemed to occur at the
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outside of the casting rather than the center,
from the surface to the center.

i.e.

feeding seemed to occur

As the temperature across the casting was

essentially constant, there were no preferential sites for shrinkage due to
hot spots.

Thus, surface energy by the mechanism of mass contraction and

capillary action tends to draw the mass in around the center.

C.

Improving Ingot Properties.
It was suggested in a previous section that long solidification

times in themselves would not be enough to eliminate non-equilibrium phases.
This contention has been borne out by the experimental evidence for solidification times as long as one hundred hours.

Previously, it was suggested

that the increased diffusion distances and shallower concentration gradients
associated with the longer solidification times would be the limiting factor
to this method.

The experimental evidence discussed in Part A of this section

indicates that transport of solute across the interface may also be important
for long solidification times.

During this phase of the investigation only two attempts were made
to reduce the diffusion distance associated with slowly cooled castings. The
first technique was to add titanium, in the form of an aluminum-titanium
hardener, to the alloy for grain refinement.
a grain refiner for slow solidification,
amount was added.

Titanium proved ineffective as

even though three times the normal

Development of a method to grain refine these ingots is

necessary to the success of this technique.

One isothermal solidification ingot was tried but was unsuccessful.
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The film of eutectic that still outlined the primary dendrites after thirty
hours at the solidus temperature is clearly shown in Figure 13.

That the

ingot cooled over a one and one-half hour period before reaching the solidus
temperature is considered the reason the technique proved ineffective during
this trial.

Increasing the initial cooling rate would have (1) decreased

the time for solid homogenization, and (2) increased the rate of solute
transport across the interface; the first by steepening concentration gradients,
the second by increasing the area of the solid-liquid interface.
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VI.

Conclusions.

1.

An experimental apparatus was designed and constructed for the

solidification of fifteen-pound ingots of aluminum alloys.

The apparatus

was capable of providing extremely long solidification, in the order of
one hundred hours, while maintaining the following solidification conditions:
(a) heat was extracted from the alloy at a constant rate; (b) temperature
gradients in the alloy were extremely shallow, and (c) impurity pick-up by
the alloy was held at a minimum.

2.

If an aluminum - 4.5 per cent copper alloy is allowed to slowly

cool without additions, solidification times as long as one hundred hours
are not sufficient to eliminate the formation of non-equilibrium eutectic
or remove the dendritic structure.

3.

Slow dendritic solidification most nearly conforms to the non-

equilibrium solidification conditions;
perfect diffusion in the liquid,
solid-liquid interface.

(a) no diffusion in the solid,

(b)

(c) chemical equilibrium maintained at the

Two deviations from ideal non-equilibrium behavior

were noted: (a) the amount of eutectic formation is less for slowly solidified ingots;

(b) the initial rate of solidification seems to be greater than

predicted.

4.

in addition to homogenization of the solid, it is suggested that

solute transport across the solid-liquid interface is also important, if
elimination of the non-equilibrium phase is to be achieved.
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5.

Dendrite spacing was again shown to be proportional to the square

root of solidification time.

Using Brown's equations, a value of 0.044*F.

was estimated for the constitutional supercooling.

6.

A scheme of mass transport on the macro-scale has been proposed.

It was shown that the primary dendrites do sink during the initial stages
of solidification.

There is also strong evidence that the solid will

later

in solidification tend to float as the copper content of the liquid increases.

7.

Although two techniques for improving ingot properties have been

discussed and experimental tests have been made, no direct evidence has been
obtained to prove the techniques could be effective.

The potential of these

ingot-making techniques is one of the reasons that research into the parameters influencing dendritic solidification ought to be continued.
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APPENDIX A
LIST OF SYMBOLS

CL

instantaneous composition of the liquid

CL

=

average composition of liquid

Co

=

overall composition of alloy

CS

=

instantaneous composition of the solid

D

=

diffusion coefficient of solute in the liquid

G

=

thermal gradient in liquid at solid-liquid interface

K

=

equilibrium distribution coefficient

KI'

effective distribution coefficient

KAV

=

average heat conductivity

L

=

dendrite spacing

=

height of mold

mL

=

slope of the liquidus line

q

=

rate of heat flow

ri

=

interior radius of the mold

re=

exterior dimension of the mold

s

=

weight fraction of alloy that is solid

T

=

temperature of the alloy

TL

=

liquidus temperature of the alloy

Tm

=

melting temperature of the pure base metal

=

supercooling

T

Amold =

ATal
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temperature drop across the aluminum mold

tf

=

solidification time

u

=

linear rate of solidification

x

=

distance into the liquid from the solid-liquid interface

z

=

cooling rate factor after Gulliver
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APPENDIX B
MELTING AND POURING PRACTICE

Al - 50% Cu hardener
1.

All

tools were sand blasted and coated with fireclay; all

pig molds were coated with silica wash and preheated.

2.

Equal weights of 99.998% Al and electrolytic copper were weighed
out and two clean clay graphite crucibles were selected and
preheated.

3.

The copper was melted in an induction furnace and the aluminum
added to the liquid copper.

4.

The melt was mixed in the magnetic field of the induction furnace.

5.

The melt was stirred with coated iron tool for one minute; then
the metal was reladled twice.

6.

Next, the melt was degassed for twelve minutes with chlorine
and then stirred again.

7.

A gas sample was taken and if

no gas were evolved at 50 ml. of

Hg pressure the melt was poured.

8.

The alloy was poured to a depth of less than an inch and the melt
was stirred continually during pouring.
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9.

Chemical analyses were taken from the first, middle, and next
to last pig.

Master alloy Al

The last pig was thrown away.

- 4.5% Cu

1.

Again, all tools and pig molds were cleaned, coated, and preheated.

2.

99.998% Al and the Al - 50% Cu hardener were weighed out and a
clay graphite crucible was selected and preheated for one hour.

3.

The aluminum was melted first, then the hardener added.

4,

The melt was stirred for one minute and then steps 6 - 9 of the
previous procedure were followed.

Alloy for experimental runs
1.

Again, all tools and pig molds were cleaned, coated, and preheated.

2.

The clay-graphite crucible was preheated in the gas furnace for
one hour.

3.

Usually twenty pounds of Al - 4.5% Cu master alloy were added to
the crucible and melted.

4.

The metal was then stirred for one minute.

5.

Next, the alloy was degassed with chlorine for at least twelve
minutes, stirred for another minute, skimmed, and a gas sample
taken.

-
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6.

If the gas sample evolved no gas bubbles when solidified at 50 ml.
pressure, the metal was poured into the mold through a preheated
funnel.

The pouring temperature was between 1275* and 13500 F. and

usually 1325*F.
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APPENDIX C
THERMAL PROPERTIES OF THE MOLD

Temperature gradient in the metal
For conduction through a cylinder Schuhmann(30) gives the following
general equation:

q

2K71 AT
KAV 213 log r2 /r1

=

(C - 1)

=

average thermal conductivity of material

=

height of cylinder

AT

=

temperature difference between points 2 and I

r2 rl

=

radii at points 2 and I

=

rate of heat flow

where KAV

q

To compare the gradient in the metal and in the mold, a conservative
estimate can be obtained by setting the rate of heat flow through the mold
wall equal

to the heat flow through the outer half of the metal.
ri
log ri/2(C-2

_ mold
KAV

1/24ATa

old
oI

Then

(C - 2)

og re/ri

KAVal

where rire refer to the inside and exterior radii of the mold and al
and m refer to properties of the aluminum and mold.

Using the following values for KAV
Ka
AV

=

mold

KAV

155
=

BTU ft
hr ftZ*F

o. 06

"(Carborundum

(reference 31)

Co.)
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and substituting the dimensions of the mold
1/2 ATal

_

arIold

.Q36
155

03.

= 5.8 x 10-3

o.02

or
4

Tal

=,a.0116

ATmold

Thus, when the temperature drop in the mold ranged from 20*F. - 1*F. the
temperature difference within the metal was less than 0.23*F. - 0.012'F.
The largest gradient in the metal was then 0.1*F/inch.

Constant rate of heat flow
A constant temperature difference was maintained between the metal and
the furnace.

Thus, heat flowed through the metal by conduction, through
Neglecting

the mold by conduction, and into the furnace air by convection.

the sensible heat in the insulation, the heat flow through the mold must
be the same as the heat flow into the furnace air, i.e.

=mold
=

(C - 3)

convec

Heat flow through -the mold is described by Equation (C - 1) and heat
transfer to the furnace air is given by a relation of the following form(32)
qcon

=

c

A Tair n

217 rl

A Tair

where for natural convection C = 0.27 and n = 0.25 and

(C

-

4)

A Tair is the

temperature difference between the surface of the mold and the furnace air.
If

condition C - 3 is followed(30)
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no

KAo d

6 Tair l+n

)

C

t Tmol d

2.3 relog re/ri

Because the ratio on the right is a constant for this experiment, the ratio
on the left must be also.

Due to the further condition that

/_ Tair + A Tmold

=

There can be only one real value of ATair or
of

(C - 6)

Ttotal

aTmold for any given value

nTmold when Equations(C - 5) and (C - 6) are solved simultaneously.

Thus, the temperature differences,

Tair and

Tmold will be constants.

From Equation (C - 1) or (C - 4), it is obvious that the rate of heat flow
must be constant also.

Sensible heat in mold material
The mold insulation was usually 0.6 sq. ft. of fiberfrax paper which,
according to Carborundum Company, weighs .053 lb./ft. 2

Thus using the

following values from K. K. Kelly(32)
H 12

00

-

H 12 00 -

H1 00 0 (A12 03 ) = 61.8 BTU/lb.
H 1 0 0 6SiQ )

= 64.2 BTU/lb.

The sensible heat given up by the mold between 1200*F. and 10000 F. is 2 BTU.

The metal weighs about 15 pounds and has a heat of fusion of 166 BTU/lb.(33)
Thus, the total heat of fusion in the metal is 2,500 BTU.

The ratio of the sensible heat in the mold material to the heat of fusion
in the alloy is
2'$,500

= .0008/.08%

61

-

-

Thus, the sensible heat in the mold is less than one-tenth of a per cent
of the heat in the alloy.
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APPENDIX D
LATENT HEAT OF FUSION OF CuA1 2

Consider the following path to evaluate the heat of fusion of
CuAI 2 solidifying from an Al-Cu melt of composition 33% Cu:

cal (35,36)
T

Cu(Sol in A)--+ Cu(1)

+1,750

1,2000 F.

Cu(l)

----

Cu(s)

-3,100

n.p.

2Al(1)

-

Al(s)

-5,000

,.p.

-3,250

R. T.

Cu(s) + 2Al (s) -- *
Total

CuAl 2 (s)

Cu(Sol in Al) + 2A(1) -+ CuAl2(s)
Molecular weight of CuAl 2
Thus

9,600 cal/mole

is 117.5

Hf = 9600/117.5

=

81.5 cal/gr.

10180F.
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Table I

Solidification
Time (hr)

Grain Size

(mm2)

Grain Width
(mm)

Grain Length
(mm)

Dendrite
Spacing
(mm)

12

48.5

6.1

5.09

0.40

36

73.0

11.1

6.86

o.8o

84

95.5

12.1

8.9

20.0

13.0

100

166

1.24
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Table II

Temperature

Time

Case
A

Per Cent Solid
Case

12

36

60

84

1200

-

0

0

0

0

0

1136

0

5

-

16

16

5

1192

-

9.1

14

23

27

26

18.8 31.3

2.75 10.8

16

30

36

5

1188

12

36

6o

84

0

0

0

21

25

38.4 40.1

37

42

4

47.25 52.7

50

51

5

6o.o 6c.6

66

64

0

68.8 72.3

73

68

-

72

0

17.5

3

1180

4.0

14

23

37

51
4

1168

5.25 17.8

30

43

57
5

1160

6.00 20

32.5

48

1156

6.75 21

33.5

50

1140

7.1

23.5

38

55

C

0o

73

77

84

81

76

1120

S.0

26

41

60

C

8

79

85

88

85

82

1080

9.5

29

46

67

i5

85

91

93.4

92

89

1059

10.0

30

49

71

lC 0O

88

94

93.8

93

91

1040

10.5

31.5

52

75.5

-

8 9.5

93.2 94.5

94

94

1 0l8

11.1

33.8

54.5 81

-

9I

94.4 96.9

97.2

96

1018-

11.3

34.4

55.5

-

10 0

0

9

% eutectic

83

70

100
5.6

100
3.1

100
2.8

100
4.0
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Figure 1: Aluminum rich portion of the aluminum-copper eqilibrium phase diagram
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Fraction transformed versus temperature curves for the three limiting cases of solidification.
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Figure 3: Relation of composition of the precipitating solid to stage of solidification,
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figure 4:

Concentration and liquidus profile ahead of the solid-liquid interface.
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Figure 5:

Sketch of Experimental Apparatus

A - Thermocouple leads from furnace, used for control of preheat.
B - Thermocouple leads from furnace, used for differential thermocouple.
C - Thermocouple leads from center of mold, used for differential
thermocouple.
D - Thermocouple leads from center of mold, used to record temperature
vs. time plot.
E - Steel outer shell of furnace
F - Insulating brick
G - Resistance coils
H - Stainless steel type 304 baffles
I - Transite cover
J - "Fiberfrax" ceramic insulating paper, usually 2 layers 0.040"
K - Steel shell.
L - "Fiberfrax" ceramic insulating paper, 1 layer 0.040" thick.
M - Normal connections to control unit.
N - Connections to control unit when using differential thermocouple
0 - Connections to temperature recorder
P - Switch to reverse direction of control operations from normal use
to use with differential thermocouple
Q - Switch to change from normal room temperature compensation measuring
circuit to temperature independent measuring circuit for differential
thermocouple
R - Ice bath cold junction
S - Voltage addition to adjust thermocouple potential within range of
recorder
T - Opening in furnace used when pouring metal into mold
U - Controller
V - Recorder
W - Terminal
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Figure 6:
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'4

Photograph of Experimental Apparatus.
Funnel in top of furnace
would be removed after the mold is filled and the mold would
be covered.
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Solidification T ime
Figure 7:

(hours)

Solidification curve for slow solidification ingots.
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a.

Figure 8:

b.

Solidification time - 12 hours

Solidification time - 36 hours

Photographs of the macrostructures of four slow solidification ingots.
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Solidification time - 60 hours
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Solidification time - 100 hours
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Figure 9: Experimental relation of grain size and dendrite spacing to
the square root of the solidification time.

Figure 10:

Macrostructure of ingot slowly cooled 5-1/2
hours below liquidus, then quenched.

2L.

a.

Shaded areas represent original
dendrites; remainder represents
the liquid
(50X)

Figure 11:

b.

Area within a dendrite
(500X)

Microstructures of ingot slowly cooled below 22 hours below the liquidus and
then quenched.
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Figure 12:

Macrostructure of ingot held at 1055*F for 30 hours.
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Figure 13:

(50X)
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b.

Copper-rich film between
dendrites from area indicated in (a).

Microstructures of isothermal solidification ingot.
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Figure 14: Fraction transformed versus temperature
curves calculated for slow solidification
ingots and for ideal non-equilibrium.
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Figure 15: Representation of mass movement during slow solidification
showing; a.) sinking of the
initial solid to the bottom of the mold, b.) more nuclei form
and grow through out the alloy,
c.) after a certain fraction transformation, solid tends to float,
d.) at eutectic temperature
more liquid remains near middle of mold, and e.) liquid forms eutectic
and voids.
Note: t be more exact solid particles should
be drawn as dendrites and the solid-liquid
interface more complex.

flo.

Photograph of slow soitdification
ingot of 12 hours to shm grat
dnstty. Each grain is dotted.

