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'UNIDIRECTTONAL SOLIDIFICATION OF Al-CuAl, EUTECTIC

‘ 2
Kwame Ankra
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California

ABSTRACT-

Banded microstructures have been studied in the Al—,CuAl2 eutectic
unidirectionally solidified at large velocities (ca. 200 cm/hr) in a
horizontal open mold. Some new types of banding have been observed
including a lamellar-to-dendrite breakdown.r Some of these phénomena
could not be explained by current theories. The microsfructures are
analyzed and related to a proposed mecﬁanism for their occurrence

based on convection currents in the melt.
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I. INTRODUCTION

The presence of regular inhomogeneities of a_planar nature in
crystals; such as in the index of refraction,'resistivity,‘and other
properties is usually called "banding' which may 5e visible on low
magnificétion photomicrographs of the polished and etched surfaces.

In the absence of impurities or dopants, the bands represent changes

in stoichiometry which can be caused by irregular convectionl’2 during
solidification in which case the bands are parallel to the growing
melﬁ—solid interface (perpendicular to the growth direction). In other
words, a transverse banded structure results. When constitutional
supercodling is a problem, facets, cellular interfaces and, in the
limit, dendritic structures result; In this case :the bands are parallel
to the growth direction.

It.haé been shown that thermal convecfibn always éxists in any.
fluid where the temperature gradient is not aligned in the direction of
gravity. The existence of such convection currents in the meit has been
known to affect the solidification process in the following ways’iS

i. Movement of the melt can modify the rate of heat transfer at the
melt-solid interface and hence the aétual solidification rate.

i1, It can influence the structure of the solid formed, in
particular, the transition from columnar to equiaxed structure, and
finally

iii. It would also affect the solute distribution in multi-
component systems. Thus natural convection affects both the structure

of the solid formed and the rate at which solidification occurs.



Banding which results' from irregular convection can be pértially suﬁ—

pressed through the application of magnetic fields,3a’3b

Earlier investigations‘of the Al1-CuAl, eutectic seemed to have

2
shown that banding is only observed at rates of growth less than
20 cm/hr.6’7 This upper limit on non—banded solidification is inferred

from the fact that the maximum solidiflcation velocity used by

Kraft et 316 was 16.70 cm/hra Kraft explained the upper limit based

upon the hypoﬁhesis that "extremely'sloﬁ solidification rates" ailoﬁed

impurity bﬁild;ups that upon precipitatingvcauses'one or both phases-

te freeze laterally.: Faster.solidificatioe ratee on the other hand,

do not éive sufficient time for such impurity build—ﬁps end'hence the

banding phenqmeﬁon is not observed. - | |
As it was etated above, convectiOn‘currents within the melt ean _

affect the actual rate at which eolidification oceure.' It ehould

; fherefore be possible to observe banding at higher gfowth velocities

in ehe presence of cenvection currents within ﬁhe.ﬁelt. .Chadﬁick7 has

shown that banding can be mechanically iﬁduced by changes in the actual

solidificetioﬁ rate., 1In his'inVestigatiqn of the banding phenomenon

subsequent to the experiments'of Kraft et:al.6 atbsidw growth,rates;

. Chadwick7>found that the etructure could.be induced at will by.slightly

increasing or decreasing the growth rate momentafily from the eteady

state rate-of.groﬁth. He then concluded that bahding effeet was due

to minor perturbations on otherwise Steady etate eonditions of'growth.

‘It should not matter whether the changes in solidification rates was

convection current induced or mechanically induced.



The'preseht study was undertakén to eiplore fﬁé'banding process
in lamellar eutectics at high solidifibation velocity. It will be
shown thét banding is possible even at high growfh.Velocities > 20 cm/hr
sincé the rate of solidification is ndt'the only determining factor;
'the'band;Spacing will bé correlated with possible thermal instabilities
by measufing the A spacing Variation'in the region of a bahd; Some
microstfuctures will be reported which to the writer's knowledge, have
not‘Been hitherto observed. Their occurrence is attributed to the
convectional currents within the melt based on a model proposed. The
contribution of convectional currents to the banding process 1is
included by carrying out directional solidification experiments in a

direction perpendicular to that of gra?ity.



II. ORIGINS OF BANDING FROM NATURAL CONVECTION
There have been many studies done on natural COnvection'in purely

9-22

liquid systems. However, fluid flow during'hofizontal crystal

growth has only recently been the subjédt of'exﬁerimental-investiga—

tion.23f33v From these studies, the floﬁvpattern has»been'established

3,23,33
to Be circulatory, directed toward the interface at the surface of:;he
fliquid,.down and away from the interface at'ﬁhe bottom, and then up at

the hot end of the melt. During crystal growth, such a flow may

interact with a solute boundary layer at the solidFquuid interface to

23-28,34,35 With the increase in tempera-

affect éolute incorporation.
">ﬁure gradient, or solid—liquid interface heighf,,iaminar;fluid flow
_ehsues and heat traﬁéport takes plaée'by 1aminar cqnvectioh; as well

as by condﬁétion. ‘Turbulent heat transfer takes place at higher values
of theséVtémperature gradients énd interface vériableéﬂ' In the transi-
» tion region between laﬁinar aqdrturbulent flow,‘bdundary'léye? separa-
tion can take place; fluctuations -in temperature are.theh observable and
these increase in émplitude and.frequéncy as turbulence becomes dominant.
These tehpérature oséiilations are known to be a direct result of the
flow instabilities ofrwhich these are two types;.

(1) Carruthers and Winegard24 observed thevoccurrenée of Boundary
layer separation at corners in horizontal melting configuratipns,_and

(2) Bénard instabilities have been observed‘under invérted:vertical
temperature gradienté. |
The temperature Qscillatiohé have been investigated both theoretically.

and experimentally by earlier workers.23’26’28’32

[



. In avrééent spudy by VandenSuické and Vuillard,2 two intermediate
 types of»cbnvection Qere found dufing vertica11§'downward'eutectic
vSOlidifiéation in.the tfanéition‘region. Thesé were the "laminar-:
laminar",convecti§n whefé the perturbaﬁibné quickiyvpass ffoﬁ»the
'lamipar regionbto.a much faster laminér %egion and,progressivél§
vréturning to a muchvsloﬁer laminar region._ These authors also reported
a "laminarAturBulent"'région where convection alternates befween pefiods
of 1aminarvconvection gnd turbulent convection. These convectional
currents.were accompanied by the temperature oscillations characteristic
of eaéh reéion. With the exception of the pure laminar region, all
the othefs.resulted in bandéd microstructures.

Thermal convection in rectangular enclosures waé first treéfed ﬁy
BétcheléfZIlfor:twdidimenéional configuration,sﬁdwn-in Fig. 14 (after
Carruthe’rs).4 By assuming steady state, Batchelor combines two

‘equations of fluid motion to get:.

= \

pr 3($,y)
R [ R 5
= NRa 3y + Vw

where the velocities in the x and y directions'have been defined as“‘

U'= (k/d) 3y/dy and V = -(K/d) 3Y/dx respectively, ¥ being a



dimensionless stream function. The length variables x, y are dimension-

less in units of d. The symbols used are:

k = thermal diffusivity _
: o T - TO
0 = Dimensionless temperature =
_ - Tl - To
Npr', = Prandtl number = V/k
il _ .3
NRa = Rayleigh number = gB(T1 To)d /kv
B = Liquid coefficient of thermal expansion.
g = gravitational constant.
v = Kinematic viscosity.
w = dimensionless vorticity = Vzw o . _ -

T,,T, = Hot and cold wall temperatures respectively.
The steady state equation is
3 2

o,y _ o2
I(x,y) . V.8

The boundary conditions for the vertical b0undafies are:

D .
o

Y = 3y/ay 0, 0 at y=0

b= ausdy 1.0

[
L]
1]

0, 8 =1aty

The horizontal boundary conditions used'by most workers range from the

extremes

@
]
<
v
rt
»
"

Y= oY/Yx

"

0 and 0; 1/2_‘

0 and at . O; 1/%

]
o

¥ = 9Y/ox
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If thermal‘instabilities resulting frdm<the:convection currents
within the melt produce bands then the length of the liquid zomne is
impoftant; Long liquid zones should support turbulent convection and
produce closély spaced bands whilst short zones should produce fewer,
widely sﬁéced bands. Eventuaily as the zone length becomes very short

the bands produced by thermal instabilities should disappear.



III. EXPERIMENTAL

'Tenvhigh'purity (9§i9992) Al-Cu eutectic alldy# were prepared by
melting the cémponentvmetals together in a carbon crucible under érgon;
The élloys, after complete homoéenization, were sdlidified unidirectional-
ly in an open, rectangular graphite mold underién argon atmosphere. A .“
very steep témperature grédient estimated to be 206 * 8°C/cm was
maintainéd with a furnace travel raté-of 216 cm/hr and a ﬁaximuﬁ.teﬁ—_ '
N perature of 1000°C. The solidificatioﬁ.apparatﬁsvcomprised a horizontaiv
resistance furnace mounted on rollers and attachéd to a variable speed
motor capable of providing very wide variations of-linear travel of
the furnace with respect‘to the fixed mold. A:éhroﬁél-alumel therm§e
couple placed within thé mold and attached to a chaft rééorder moni;ored
the temperature profilé of the mold dufing growth.. The mold was con- y
structed_wiﬁh a water-cooled copper cOillinéefted into éne end at which
solidification was to'begin. The apparatus is sﬁown in Fig. 1. This
construction serves to give a planar solid-liquid interface and to pro-
duce a stablé high temperature gradient in the 1iquid-ahead of'théﬁ
intérface.7' Ihe end bf thé mold where-solidificatién was to bégin ﬁas
V-shaped to aid nucleation. This arrangemeﬁt egplains why -one couiq
obtain fhe stabie lamellar morphology under the high gfowthvrates
studied. Furnace travel rates were varied from 10.8 to 216 cm/hr; It
was assumed that thé moving furnace pro&uced a constant temperature
gradient ahead of the solid;liquid interface over most of the length
of the specimen and that the rate of furnace travel was equal to the

rate of advance of the solid-liquid interface. After directional
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XBB 722-1216

Fig. 1(b). Apparatus for solidification.



XBB 722-1216

Fig. 1(c). Apparatus for solification: expanded view of
horizontal furnace.
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solidification each of the ten samples was sectioned horizontally to
reveal the microstructure parallel to the direction of freezing, and
sectioned perpendicular to the freezing direction to reveal the
transverse microstructure. All microstructures shown in Figs. 2-13
were directionally solidified at 216 cm/hr. The growth velocity of
Fig. 14 was 10.8 cm/hr. Unless otherwise inditated, the transverse
microstructures came from approximately 6 cm from the specimen end where
solidification began. There was no erratic motion of the furnace and
other experiments had eliminated other possible mechanical and electri-
cal sources. If it is supposed that there was such erratic motion of
the furnace, it is quite clear that at the high growth rate used, the
effect of such motion would be practically unobservable. There was

no cooling rate variation since the water flow was regulated by a flow

meter.



XBB 7210-5213

Fig. 14. Longitudinal section of unidirectionally solidified
Al-CuAl, eutectic showing two grains.
Mag. 1380x Growth rate equals 10.8 cm/hr.
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IV. RESULTS

Each of the ten directionally solidified specimens showed the
transverse banding phenomenon to the unaided eye when polished and
etched in longitudinal section. Each showed evidence of multiple
grains extending along the length of the specimen in the direction of
freezing, the grain size generally increasing with distance from the seed
end. The transverse sections showed the equilibrium, regularly spaced
lamellar structure of the Al—CuAl2 eutectic, while others exhibited a
highly disordered subgrain structure.

The banding structure differed both in density and band width,
with the band density tending to decrease with distance along each of
the specimens in the direction of solidification. The band structure
observed in the specimens could be separated into three distinct types.
In scveral specimens the bands were narroﬁ with the regular lamellar
Structure predominating in the regions between the bands. In other
specimens the bands varied in width along the band and a higﬂ subgrain
density persisted along their length. 1In three of the specimens a
clear dendritic breakdown of the eutectic lamellar structure was observed.
The dendritic structure was followed by a branched cellular structure.

The transverse section of a typical specimen showing wide bands
is shown in Fig. 2. Since the band records a solidification velocity
transient on the solid-liquid interface, and since this interface is
essentially isothermal, the temperature profile along the specimen can
be inferred from the curvature of the bands. The isotherms are convex

toward the liquid, and the curvature is clearly greater toward the edge



XBB 7210-5211
Fig. 2. Typical banded structure visible to the unaided eye. Mag. 45x%
Growth direction is from bottom to top.
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of the mold. 1In contrast, the thermal profile observed by Kraft et al6

was concave toward the melt from which Kraft concluded that the curvature
was produced by efficient heat extraction by the water chill. In the
micrograph shown in Fig. 2 the isotherms are essentially linear through
some of the grains.

The regular lamellar structure of the Al—CuAl2 eutectic was
observed in most of the specimens near the end where solidification
occurred last. This structure is shown in Fig. 3. 'Lamellar faults of
the type shown at the right in the figure indicated that the solidifica-
tion velocity was essentially constant in the region of the mold far
from the water chill.

The band microstructure in those specimens exhibiting narrow bands
is shown in Figs. 4 and 5, taken from different specimens. The micro-
structure of these bands is similar to that reported by earlier

837 sla in which the interlamellar spacing A changes to

investigators,
a larger value over a short length. The interlamellar spacing following
the band is smaller than that preceeding the band, as shown in both of
these figures, although the effect is more pronounced in Fig. 5. The
band appears to be more rich in the light G—CuAl2 phase. The dark
Al-phase lemellae tend to join in pairs at the initial side of the band
before terminating. Some of the Al-phase lamellae extend through the
band and nucleate additional lamellae of that phase in a manner similar to
that shown in Fig. 3. Electron microprobe analysis was performed to
measure the extent of the O-phase enrichment. However, the enrichment

was below the level of detection by this method (1%) indicating that

the enrichment is only an optical effect.
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XBB 7210-5207

Fig. 3. Longitudinal micrograph showing lamellar structure without
distortion. Growth direction from bottom to top.
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XBB 7210-5210

Fig. 4. Longitudinal micrograph showing a band. Growth
direction from bottom to top.
Mag. 772x.
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XBB 7210-5214

Fig. 5. Longitudinal micrograph showing a band. Growth direction
is from bottom to top.
Mag. 772x
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Thé band microstructure of the specimens showing varying band
widths and broader bands is shown in Figs. 6 and 7, for different
specimens. In the band shown in Fig. 6 part of the lamellar structure
extends through the band, indicating that the thermal disturbance at
the interface is localized. The slight variation in width of the
Al-phase lamellae indicates the onset of a very small thermal fluctua-
tion.

The band structure shown in Fig. 7 indicates thét the thermal
disturbance extended along the entire freezing interface. Again the
band width increases in localized regions as shown by the disordered
structure at the right of the figure center.

A transverse section through the specimen shown longitudinally in
Fig. 6 is shown in Fig. 8. This figure shows two grain, one of which
contains a high subgrain density. What appears to be a grain boundary
separating the two grains consists of a series of lamellar faults in
addition to a change in orientation. Note that immediately to the right
of this boundary is a narrow region of the orderéd lamellar structure.
The interior of the grain on the right, however, is severely disordered.

Figure 10 shows a higher magnification of the almost undisturbed
part of Fig. 7. The small lines observed on Fig. 9 represent regions
of mismatch6 (or subgrain boundaries). Figures 11 and 12 are trans-
verse sections of specimens having narrow bands bf the type shown in
Figures 4 and 5.

These figures are presented to show more clearly the continuity

of the phases across mismatched regions, or lamellar faults. The
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XBB 7210-5212

Fig. 6. Longitudinal section of unidirectionally solidified
Al-CuAlz eutectic showing a banded structure. Growth
direction is from bottom to top.

Mag. 786x
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XBB 7210-5208

Fig. 7. Longitudinal micrograph showing a band severely
disturbed on one side. Growth direction from bottom to
top.

Mag. 670x




XBB 7210-5206

Fig. 8. Transverse micrograph of a band with one side severely
disturbed in Al—-CuAl2 eutectic.
Mag. 544x%
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XBB 7210-5205
Fig. 9. Transverse micrograph showing a higher magnification of a sub-

grain region which still maintains constant lamellar spacing.
Mag. 1296x%
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XBB 7210-5204

Fig. 10. Transverse micrograph of Al-CuAl, eutectic showing a higher
magnification of the almost undisturbéd part of Fig. 7.
Mag. 1220x
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Fig. 11. Transverse micrograph of Al—CuAl2 eutectic.
Mag. 542x%



BB 7210-5209

Fig, 12. Transverse micrograph of Al—CuAl2 eutectic.
Mag. 1188x
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dendritic breakdown of_the lamellar structure found in three of the
specimens is shown in Fig. 13. The occurrence of this structure was
unexpected as the alloys were all of the eutectic composition. The
breakdown is followed by a sort of branched cellﬁlar structure.

In all the micrographs shown in Figs. 2-11, the dark spots are
artifacts, tiny holes on the surface of the polished and etched specimens
due to abrasive polishing in the brittle O-phase. Thus, most of the

spots appear in the light areas as expected.



XBC 726-3484

Fig. 13. Longitudinal micrograph showing a eutectic-
dendritic breakdown at a band. Growth direction
is from bottom to top. Mag. 1420x
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V. ANALYSIS AND DISCUSSION

It is believed that the banded microstructures presented in this
paper were the result of convectional currents. These currents lead
to periodic heat fluxes which vary with time across the liquid2 and
induce perturbations in the rate of advance of the solid-liquid inter-
face for an otherwise steady-state growth. This has been observed
to result in the formation of bands of different densities.2 This
agrees with the results of Chadwick7 who produced the banded structure
by mechanically inducing the velocity perturbation. The variation
with time of the perturbation and the hypothesis of Utech and
Flemingsz6 that concentration differences spaced less than 0.5 mm
apart are eliminated by diffusion in the solid would account for some

of the non-periodicity of the bands in Fig. 2.

A. Band Density Distributions

The fluid flow pattern in a liquid heated at the right and cooled
on the left is shown in Fig. 15. This diagram corresponds to the
fluid convection problem solved by Batchelor for a low thermal gradient.
In the present a large thermal gradient was applied, giving rise to the
periodic heat pulses and the existence of eddy currents shown schemati-
cally in fig. 16. It is proposed that the banded region is produced
by eddy currents which in turn cause growth velocify perturbations.

If eddy circulations in the melt are the source of the banding
instabilities, then the banding density should decrease markedly as

the length of liquid zone decreased with continued freezing. This
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XBL 7212-7370

Fig. 15. Co-ordinate system and quantities
involved in steady thermal convection
between vertical surfaces of a two-
dimensional rectangular enclosure.
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. XBL 7212-7371

Fig. 16. A schematic drawing of the eutectic
solidification boat showing the actual
. pattern of fluid flow (eddy Currents)
within the melt during solidification.



' | I - B+ S . £ L
Lohd L) W N & i L %3 ¥

-33-

hypotﬁesis'was tésted by measuring the relative deﬁsiﬁy of bands as a
function of distance'aiong the solidifigagion direééion. These
measurements are shoﬁn in Fig. 17. The density decrease shbwn in this
figure and evident in Fig. 2,1tena to confirm the turBulen; convection
origin bf-the observed bands.

It is significant to note that the néﬁure of;bands wﬂich were
visible to the unaided eye appeared quite similar to the recent photo-
graphs of Vandenbulcke and Vuillardzvshowingvbéﬁdedvstructures which
" resulted from convectional currents. Under the hypothesis of Kraft
and Albri_ght,6 the different types of bands coul& be explained by the
presence of differént tyﬁes of impurities. éince a high purity eutectic
alloy was used, no such impurities existed. Furthefmore, no concenfra—,
tion pile-ups were detected by an electron micropfobe analysis.

The difference in general microstructure of ;he Specimens,.some
'showing only narrow bands, some wide bands ahd others dendrites, could
‘be explained on the basis of differences in nqcleaﬁion at the chill end
of the mold. Nucleation of multiple eutectic graiﬁs with unfavorable
crystallographié orientati;ns could induce subgrain boundary formation
in some;specimen$.> The variable grain sizg obSeryed in different

specimens suggests this contention.

B. Transient Interface Condition During Banding

The magnitude of thermal perturbations can be deduced from the
dependence of the instantaneous interface temperature and freezing
v vélocity-dependence on the interlamellar spacing A. Since A is recorded

continuously during solidification and can be measured directly from
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the micrographs, it is possible to deduce the transient state of the
freezing interface through the band: For eutectic solidification it
is known that the total interfacial undercooling is related to the

freezing velocity Vvand interlameliar spacing A by'
AT = RVA+ KA @
1 2 B .

Since AT tends toward an extremum in A for a constrained freezing

velocity, it can be shown that

%AI. = 0 - | (2)
It follows that
A%y = KK, = C. S @)
2°71 1 . v
'and
ATA = 2K2 = C2

Here the constant Kl is proportional to the'liqﬁid phase diffusivity D,

while K, is the ratio of the Al-CuAl,

entropy of fusion for the eutectic, ASf:

interfacial energy YGB to the

K1 « D o : L (4a)

Ky = Yog/BS¢

The constant C. has been measured by Chadwick7 from a graph of A vs.

1
V_I/2 and found‘td be
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c, = 7.4 1071 cm3/sec o :"j : (5)

Although the constant C, has not been determined for ‘the Al—CuAl

2 2
eutectic, the magnitude can be estimated from the constant C2 for the _
37,38 :
Sn-Pb eutectic. Hunt and Chilton found that
... V =5 ° . : C s o
C, = 7.5%10 " cm °C o - (6)

A better estimate of C2 for the Al—CuAl2 eutectic is obtained directly
from the interfacial energy and entropy of fusion. =
From the interlamellar spacing observed directly.in the micrographs,'

it is now possible to deduce the instantaneous freezing velocity V and

interface temperature T, i given by

<
f

¢, /% N )

~3
I

Tm-Cz/A , N | : ‘7b?=

where Tm is the melting temperatufe‘
The variation of the mean A with poaition thtough the band shown
in Fig. 5 is plotted in Fig. 18 along the transient growth velocity

Vt and interface temperature T,, as computed from Eqs. 7a and 7b. It

i

is evident from the deduced formbof Ti that a momentary increaserin
‘heat flux toward (or decrease in heat conduction away from) the inter-
face occurred. Also from Egqs. 3, 7a, and 7b we see that as ‘the inter—

lamellar spacing A, increases, both the velocity V, and the interface
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undercooling’AT decrease whilst the interface -temperature. T " increases_
indicating that the interface receives a momentary input of excess
heat. The transient sources of the heat pulses are’ the eddy currents_
' shown schematically in Fig. 16. | |

Note‘that because the average velocity is'constrained by the
constant motion of the furnace, a momentaryvdecrease'in:the»growth'
:velocity must be followed by a transient increase above the average.bf
velocity V 'e This post band transient is evident in Fig. 5, and
‘shown by the calculated velocity function shown in Fig. 18b. Such
changes in velocity will then account for the changes in i spacing :
after a band Thus where there is a transient increase above the :
' average velocity v vé one expects finer A spacing as it is observed B
here. This is an obv1ous result of the Eq. 1, AZV = const.

From’ the above discussion we see that_as we‘move from one side of':
the band toothe other; A changes from‘an average,constantgkavé to a
maximum on the band, then decreases to a valueiless'than the Aave on
‘ the other side of the hand ' Then returns assymptotically to’ the value

Aave' This .can be seen from the fact that

f Vt_(t) dt = _va_vet RIEREY
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C. Subgrain Density Dependence on Bénd‘Spacing

The attainment of a constant A value following the band depends

on how closely the bands are spaced. When the band spacing is suf-

ficiently closer together then the disorder in ﬁhe”iémellar structure
does not anneal out before the next band.bccurs and aiso the restablish-
iﬁg of the Aa#e value not be attained. The disorder teﬁdsvto nucleate
new disordér in the region beyond a band as shown.ih Fig. 7. If the

band spacing is large however, then the disorder produced by the last

- band grows. out of existence and the next band has a better chance to .

perpet#ate the lamellar structure withoutvsignificant disorder. Thus
in a mic;ostructure féllowing»a band it is pfobable for subgrain
boundaries Qr‘mismatched regions to appear‘produced by renucleation of
the lamellar st;ucture, the subgrain boundary density decreases with

continued growth as preferred orientation subgrains increase in size.

The excess subgrain boundary energy drives the expansion of low energy

grains or preferred orientation subgrains. In fact, Kraft et_al6 has

6

shown that these mismatched regions are regions of high energy® created

by the fluid flow within the melt.

The idea that grains contéining a high subgrain boundary density
should exhibit a larger interlamellar spacing waé tested forvthe micro-
structure shown in Fig. 8. The ﬁroduc? ATA.= ZYaB/ASf is a constant,

and since ‘the interface of both grains are at the same temperature

(AT = constant), then A is directly proportional to YGB' Measurements

-of the interlamellar spacing in Fig. 8 show that the transition region

to the lower right of the grain boundary has surface energy ~ 12.7%
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smaller than that of tﬁe ordered grown at left whereas the center of the

disordered region at the right has a surface energy ~ 21.4% larger. . J

D. Effect of Flow Separation on Variable Band Width

Lateral'heat'flow.becomes incrgasingly impéftént\in altering the .
isothermal and streamline configurations fo? RZd < 1. In this
experiment &/d is.qﬁlthé order of 10_2.’.Batché16r.poiht$ out fhat.in_'
Pfébleﬁs withvlow values of %/d there is the possibility of breakdown
of laminar flow near the ends of theAcavity where the streamlines are
curved. The circulation would therefore decreasé‘Withban'inéreaSe'of
distance from the éenter of curvature. Fof.thesé low values of £/d the
disturbance ﬁay have sufficient time to amplify and lead to flow sepéra—
t Lon. MThus, abong the many processes occurring dufing.itregular con-
vect.oon, fhe symmetry of flow»ip our rectangular‘mold is quite ‘distovted
and flow separation can lead.tq the observed structure in Fig. 6 which
»pis represehtétivé of thé spécimené containing wide bands. The figure
%shows‘that.flow was laminar before the separation sinée the st;ucture
was guite regular before the band. Immediately'afﬁer the separatioh,.
one side remained laminar which leads to nofmal éutéétic étruéture?  k g 4
whereas thé other side entered a more turbﬁlentAﬁhaserlasting for abbut A
0.25 secoﬁd and the initially laminar region enteré the turbulent.v.
phase for only ~ 0.02 second. This'ﬁhenomenon_in the specimen shown
in Fig. 7. is similar except ;hat,the lamellar-structure_distortioﬁ
-was high. Figure 7 shows also that,the‘disbrdef fénds to increase.fol-
"1owing fhé band. The difference between the strﬁctures shown ianigg. 6

and 7 is thafbthe lamellar spacing has decreased and become highly
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‘distorted. This could be due to the féct that the previous disturbance

had not annealed out or that the fluid motion had become more erratic
or complex. The fact that one site on the band is more damaged than
others indicates that the general fluid flow pattern remained the

same as the one occurring. for the structure shown in Fig. 7.

E. Dendritic Breakdown of the Eutectic

The miéfostructure of great interest is that shown in Fig. 13.
As it wa§fiﬁdicated such a structure has not been observed before in
this euteétié. In addition to the work of Jordan and Hunt,8
Mollard and Flemings3'6 hadialso found that a breakdown of a binary
eutectic lead to a dendritic structure; Theloccurrence of this struc-
ture in three of the specimens is of great sigﬁificancé since the
alloy used in all of this investiéation was of the eutectic composition

and not off eutectic. Jordan and Hunt, in studying Al-Cu alloys off the

eutectic composition and growing with a eutectic structure, observed a

eutectic—déndritic breakdown upon accelerating the growth rate. The

' significant_obéervation here is the fact that this breakdown occurred

at the eutectic compesition and just on a band. It 1s believed that
the breakdown observed in this study was the result of the various

effects of the convectional currents within the melt.
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VI. CONCLUSION

From ﬁhe fofegoing obsérvations and discussioh, it can be con-
cludéd that the rate of solidificétion of the crystal is not tﬁe oniy
determining factor‘fof'banded stfuctures andrthat banding can occur
- at ﬁery high growth rates 216 cm/hr >> 20 cm/hr coﬁtfary to some earlierv
obsérvations.

The existence of ﬁhermal.conQeétion has been used to explain all
the microstructures observed. .Iﬁvfact, tﬁe structures could not be
explained onkany other known basis. The observgtion of Fig. 4-couid
not be explained by a mechanical velocity pertﬁrbétibﬂ as was dbne by
Chadwick since the band would not show the obse}ved assymmetry under
such.conditioﬁs. This study has shown that band spacihg depends.'oﬁ
the legnth of the liquid zome. It has also been shown in this scudy'
that the degree of disorder depends.on band spacing;.the disbrder.
decreases with large spaciﬁg. From the above obsérvations and argu-
ments, it is quite evident that the most likely conciusion to be
drawn is ﬁhat the banding structures were strongly,linked.tobthermal
convection‘instabilities and the ?arious complex prbcesses aSsociatéd -

with them,
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