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FOREWORD

This final report was prepared by K. P. Young, E. M. Dunn,
L. Buchakjian, R. M. Sharp and M. C. Flemings. It covers work
sponsored by the Air Force Materials Laboratory (AFML), Wright-
Patterson Air Force Base, Ohio, from 1 March 1973 to the
termination date, 1 July 1974 under contract F33615-71-C-1374
Task No. 735306. Previous reports under this contract have
been issued in March 1972 (AFML-TR-72-161) and August 1973
(AFML-TR-73-208).

The work was performed in the Department of Materials Science
and Engineering, Massachusetts Institute of Technology, under
the direction of Capt. D. A. Rice and Capt. R. R. Smyth, Project
Engineers.

The principal investigator is Professor M. C. Flemings, assisted
by Dr. K. P. Young.
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INTRODUCTION

Of.f zutctic, In-Situ Composites (Solidified with Plane Front)

The growth of aligned in-situ composites from the melt offers

inherent advantages for high temperature applications over other

methods of manufacture since problems of achieving low reactivity

and sufficient bonding between the phases are avoided. Excellent

high temperature properties have now been obtained in several

1alloy families. Bibring et al have recently demonstrated that

the high temperature properties of aligned Co-TaC alloys are more

than twice that of the non-aligned structure.

The early work on aligned composite growth employed alloys

of eutectio or near eutectic compositions. However, in 1967,

Mollard and Flemings2 showed that with bufficiently large values

of G/R (thermal gradient divided by growth rate) equivalent

structures could be obtained in binary alloys well removed from the
eutectic composition. They successfully applied a simple constitu-

tional supercooling model and found the necessary conditions for

plane front growth to be:

(C E - co0)G/R > - m - (1)

- D

where m is the liquidus slope, D the solute diffusivity in the

liquid and CE the eutectic composition, which for binary alloys is

the composition of the liquid at the liquid/solid interface.

However, aligned composites for actual use in high temperature

applications will almost certainly be multi-component alloys, and

the major ultimate practical significance of the Mollard-Flemings



study is that the several princi-21es can be generalized to these

multi-component systems. The principles are:

1. Provided interface kinetics do not pose too great a

barrier to growth, any multicomponent alloy can be

grown with plane front (and hence with aligned composite

microstructure) provided G/R is sufficiently high and

convection sufficiently low.

2. The number of phases present in the final structure is

the number that would be present after equilibrium

solidification.

Thus, for exarple, in a ternary system, a two phase aligned

composite can be grown with the third element in solid solution in

one or both phases. In a different region of the ternary phase

diagram a three phase aligned composite can be grown. The general

principles outlined above make it possible to "tailor" both the

alloy and microstructure. Thus, solid solution elements can be

added for improving corrosive resistance or hot strength, and

volume fractions of the phases present can also be varied as desired.

This is, of course, subject to the engineering limitations in

achieving high G/R values.
3Rinaldi, Sharp and Flemings extended the constitutional

supercoolin- analysis to the ternary aluminum-copper-nickel system.

Again, they arrived at a cri•,rion for plane front growth in a

ternary alloy of composition Com, Con:

(C*La - Co) (C*Ln - C on)
G/R > pm - s Lnn (2)

D D
mm nn 3T

where p and s are the liquidus slopeb given by p=
Lm

2



s -- and C* and C*Ln are the liquid doncentrations at the

CLn
solid/liquid interface of elements m and n respectively.

For a three phase composite, the liquid in front of the

interface is of ternary eutectic composition CE and so the

stability criterion c~n be rewritten:

(C -Co) (CE- C)
G/R >- p Em om S (3)

nun nn

Rinaldi et al verified their analysis with the three groups

of alloys shown in Figure 1. Two of these lie about tht: ternary

eutectic compositions and yielded 3 phase composites while the

third represented essentially the binary Al-Ni eutectic with minor

additions of copper. They found reasonably good agreement with their

theoretical predictions of interface breakdown.

The first part of the work contained herein is a continuation

of the experimental work of Rinaldi et al . Alloys of &pproximately

constant lwt%Cu and varying Ni content were used within the

range shown in Figure 1. These alloys solidify with

plane front to yield a two phase composite. They represent a

potentially useful type of alloy since the third component, Cu in

this case, solution strengthens one of the composite phases and may

subsequently be used to provide precipitation hardening.

Many of the alloys which are likely candidates for use as high

temperature composites contain a phase which is strongly faceting.

An example is the TaC phase in a cobalt-chromium matrix. Little

is known quanti.ttt.vely about the stability requirements for alloys

such as these when t!ic faceting phase is present in relatively large

3



quantities. For this reason, particular attention was paid in

this work to alloys from a portion of the Al-Cu-Ni ternary system

, in which faceted NiAl 3 plus aAl is observed. (Figure 1)

Eutectic In-Situ Composites; Effect of Change in Growth Direction

and Cross-Section

The second part of the present work is an experimental

investigation of the :jehavior of aligned composite structures when

confronted with angular or cross sectional changes during growth.

This is an area which has significant engineering importance but

in which published data is scarce. Notable among those, Hunt

et al4,5 have exemined the behavior of binary tin, lead and cadium

! , ase eutectics when confronted with a partial obstruction and

Chadwick et al 7 ' 8 have experimented with "J" shaped ingots of

varying radii of curvature. Also analysis by Curran and Erickson 9

has shown that the parameter to cross sectional area ratio is of

prime importance in the solidification of turbine blade configurations.

More recently, Farag and Flemings 1 0 have studied the influence on

the binary Al-AlNi eutectic of shape variations which were both

gradual and abrubt and this present work has followed from that

investigation.

Alloys of the binary (Al-Ni) and ternary (Al-Cu-Ni) eutectic

composition have been used to avoid morphological complications

arising from changes in G/R or solute accumulation induced by

the geometrical variations.

¶ 4
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Additionally, a theory is given which relates the composition

of interdendritic "eutectic" forming during unidirectional

solidification to solidification variables. This theory has beer

developed as the basis of previous work under this contract

and correlates well with experimental measurements reported herein.

I

-!

I
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Summary of Air Force S..bnsored Work at M.I.T.

At this termination date of Air Force Sponsored research

at M.I.T. on in-Situ composites, it is appropriate to summarize

the results of that work. The work was contracted on 1 March, 1971,

and completed on 1 July, 1974. In that time three reports

(including this one) weze issued. A total of five papers published,

and two additional papers are being prepared for publication.

The first report' and associated papersiv'v describe the work,

on ternary alloys of Rinaldi et al that extends the principles

of growth of in-Situ composites to ternary alloys. This work has

also been summarized in several review papersxi-Xiii and in a

recently published text.xiV vi

iiThe second reporti*, and a related paper extend the ideas of

directionally solidified in-situ composites to growth of non-planar,

cellular type structures. Such structures have the advantage of

more directionality than the usual columnar dendritic directionally

solidified structures. At the same time, they can be grown at

substantially lower G/R (e.g. higher rates) than eutectic-like

in-situ composites.

This work iE of potential great engineering importance. The

structures so produced should have a useful combination of des;+.rable

processing characteristics and final properties. Such structl.res

have not as yet been exploited. Figure I (P. 9) from this st.,'dy shows

examples of these types of structures for a ternary three pha.se

alloy. Structures (c) and (d) of that Figure, are two "cellular-

composite: structures of the type that has not been exploited

commercially. They are compared in the Figure with structures now

6



being explored or studied in detail. Structures (a) and (b)

are the conventional equiaxed and columnar dendritic type,

obtained at v~ry low G/R. Structure (e) is the in-situ composite

_d: obtained at very high G/R.

Several additional papers of fundamental importance have

arisen from the foregoing work on "cellular-composites viviii.

In one, it is shown that the "eutectic" within dendictic or

cellular structures is not of eutectic composition, but has a

composition that depends on G/R. In another, a comparison is

given of experimental data of another investigation, with theory

of cellular solidification developed in work at M.I.T.

Publications emanating from Air Force Sponsored Research at M.I.T.

i M.D. Rinald R.M. Sharp, M.C. Flemings, Tech. Report a
AFML-TR-72-161

ii R.M. Sharp, M.C. Flemings Tech Report, AFML-TR-73-208.

iii K. P. Young, E. M. Dunn, L. Buchakjian, R. M. Sharp,

M. C. Flemings, This Report, AFML-TR-75-16.

iv M.P. Rinaldi, R.M. Sharp, M.C. Flemings, Met. Trans. Vol 3,

(1972) 3133-3138.

v M.D. Rinaldi, R.M. Sharp, M.C. Flemings, ibid Vol 3, 3139-3148.

vi R.M. Sharp, M.C. Flemings, Met. Trans, Vol. 4 (1973) 997-1001.

vii R.M. Sharp, M.C. Flemings ibid, Vol 5 (1974) 823-830.

viii R.M. Sharp, M.C. Flemings, ibid, Vol. 6A (1975) 936-937.

ix E.M. Dunn, K.P. Young, M.C. Flemings,to be published.

x L. Buchakjian, K.P. Young, to be published.

xi M.C. Flemings, Howe Memorial Lecture, Met. Trans.Vol. 5 (1974)

2121.
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xii M.C. Flemings, Scientific American, Dec. 1974, 88-95.

xiii R.M. Sharp, M.C. Flemings, Conf. on in-Situ composites#

Lakeville, Connecticut, Sept. 1973.

xiv M.C. Flemings, Solidification Processing, Chapter 4, McGraw

Hillo (1974).

. .... ..



(a)

Pquiaxed grain*,, two-phase
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PART 1. GROWTH OF TWO PHASE COMPOSITES FRO14 A TERNARY MELT

Apparatus and Experir,.ental Procedure

The apparatus for directionally solidifying the aluminum-

copper-nickel alloys at a high thermal gradient and controlled

low qrcrth rate was, for the initial work, essentially the same

as that used by Rinaldi, Sharp and Flemings, 3 Figure 2.

In order to maintain high temperature gradients and eliminate

convection, a small specimen cross-section was called for. Rods

of 1/8-inch diameter by 5 inches long were used. For chemical

inertness and high thermal conductivity, high purity graphite

(99.95%) was used as the crucible material. Crucible dimensions

were 1/8-inch inside diameter, 5/16-inch outside diameter and 6

inches long. A twin-bore al.: .ia tube, .035-inch outside diameter

by 3-inches long enclosed the .004-inch chromel-alumel thermocouple

wires. The thermoouple junction was extended approximately 0.10cm

beyond the alumina tube and was coated with refractory cement.

"In this fashion, it was possible to directly monitor the thermal

gradient in each specimen grown.

Subsequently, as this work was extended to study the influence

of faceted phases upon the conditions for planar front growth,

a new furnace rao con.tructed to achieve the higher thermal gradients

likely to be required.

Figure 3 shows a schwmatic diagram of the new apparatus. The 4

resistance wound furnace consists of platinum-20% rhodium strip

(.010" x 1/16") wound in the interior of an alumina tube. This

was accomplished by winding the strip between the glands of a threaded

graphite rod (1/12" diameter) and coating with an alumina cement

10
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0*1139 + 3 wt% polyvinyl-alcohol). The assemb~ly was placed in a

furnace at 13006C in order to *inter the alumina and to decompose

the graphite into CO2 gan.

This design makes it possible to obtain higher furnace

temperatures and therefore thermal gradients than in conventional

externally wound tube furnaces. Also, since the platinum-20% rhodium

strip has a high surface to volume ratio, and the surface is exposed

to the interior of the furnace, the furnace windings can dissipate

energy more efficiently. The temperature of the furnace is monitored

with a platinum-lO% rhodium thermocouple placed within .5 cm of the

furnace windings.

The chill system in both designs is composed essentially of

a cylindrical brass chill, a constant temperature reservoir, and

a prup. The coolant water is pumpwe through a coil in th-, ice- Ii
water reservoir, through the brass chill, and finally through a I,

sump before repeating the cycle. The sample passes through the

brass cylinder which is sealed at the top and bottom with O-rings.

The ice-water reservoir elLminates fluctuations in the coolant

temperature, 4ihereas the sump removes air from thi cooling system.

'vo master alloys (approximately 10 kg each) of aluminum-

nickel and aluminwit-copper rria prepared from high purity aluminum

(99.99%,P, copper (99.9%) ^nd nickel (99.9%). Ternary alloys

(approximate3y 2 kg each) were then prepared by mixing the two

master alloys. The graphite crucible filling technique employed

for the early part of this work represez.ted a departure from that

of Rinaldi, Sharp and Flemings 11 . A 200 gram alloy charge was

prepared and inluction melted under vacuum. Return to atmospheric

pressure after insertion of the graphite tubes into the charge

1A



caused filling. One-inch specimens were cut from the end of each

filled tube and were subjected to wet chemical analysis. Wivt the

adoption oif the rew a~iar&tuso, recrystallized alumina crucibles,

which are sensitive to thermal shook, wore used and were filled in

the manner described by Rinaldi et al.

To begin a run, the filled, specimen was placed in the furnace

as previously described. When the furnace reached constant tem-

erature (as measured by the Pt-l0% Rh thermocouple), the specimen

was driven upwards into the furnace. The sample position was mon-

itored by means of a fixed pointer attached to the drive system.

When the specimen thermocouple was approximately 1 cm past the

liquid-solid interface, the sample was held in position approxi-

mately 10 minutes to reach equilibrium. The direction of specimen

motion was then reversed and 4 cm of the specimen were solidified

at a controlled rate. The remaining portion of the specimen was

rapidly quenched in the chill at the end of each experiment.

The thermocouple in each specimen provides the data necessary

to determine the thermal gradient in the liquid at the liquid-

solid interface. The growth rate was determined by monitoring the

poinzer system described earlier.

Each specimen was mounted and sectioned for metallographic

study. A transverse section was taken at about ? cm from the

quenched liquid-solid interface. A longitudinal section containing

the quenched interface was also mounted.

An electron beam microanalyzer was used to measure the solute

distribution ahead of the quenched interface in several composite

specimens. A 25 micron round spot was used. The background level

was at an extremely low value, 5 counts per second.

12
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Rems lts

The specimens examined in this study ranged in composition

from 3.92 to 8.85% nickel. The copper content was kept at a constani

value of approximately 1%. This places the specimens on the dark

line shown in Figure 1. The specimens were in the two-phase re(i.on

of the aluminum-copper-nickel ternary system. The microstructures

consisted of the a and t phases in various distributions and

morphologies. The a phase is a face-centered cubic solution of

copper and nickel in aluminum. The c phase is NiAl 3 , a faceted,

orthorhombic structure. Table I is a list of specimens giving

growth conditions used in the early study of two-phase composite

growth and Table II lists those runs made to date in the high

temperature gradient furnace in which thermal gradients of up to

590°C cm-I have been achieved.

Several specimens were grown at each composition but at

different values of G/R. By examining the microstructures ob-

tained for the different values of G/R, it was possible to

determine at which values plane front growth was possible.

Microstructures

Since the range of compositions studied s 4-raddles the line of

two fold saturation, low values of G/R, typically lxl05 °C sec cm 2

resulted in interface breakdown in the form of either a or E cells

or dendrites. Figure 4 shows a typical structure obtained from a
I

specimen containing 6.0 swt% Ni in which a faceted single phase c A

cell can be seen within a two--phase a plus c cell boundary.

As G/R increased, two phase a plus E cell boundaries were no

13



longer observed and structures were typically single-phase a or

c cells protruding aheaZ of and surrounded at their roots by two

phase composites (Figure 5).

At still higher values of G/R, composite structures such as n

that shown in Figuze 6 vere obtained.

Finally of note are the micrographs of Figure 7. The

upper transverse section has been taker from the report of Rinaldi

et all'and as in Figure 4 shows no ternaty eutictic phase between

the cell boundaries. The lower longitudinal micrograph taken from

the present work and fror. a specimen of similar composition grown

under similar conditions shows that ternary eutectic is indeed

present close to the quenched interface. With the aid of the

Scheil equation:
fe (C /CEii-

an approximate volume fraction ternary eutectic (fe) nay be

calculated which for these alloys is less than 0.1%. Thus, solid

state diffusion can easily diminish this quantity to zero in

times comparable to the growth time. Since, Rinaldi et al took

their transverse sections, some 1 cm behind the quenched interface,

this would, at their typical growth rates, easily ally sufficient

time for the complete disapppearance of ternary eutectic phase.

Stability Criterion

A comparison between the observed transition points and

those predicted by equation (2) was made. Diffusion coefficients

can be sensitive ho composition; therefore, rather than use the

14
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"data determined by Rinaldi et al 1lin other portions of the phase

diagram, electron microprobe analysis ahead of the quenched intar-

face of several specimens was used to determine DDu and DNi after

the technique of Sharp1 2 . This procedure was identical to that

-;. described ..y iinaldi et a13 , and yielded the following values:

DCu 3.25 x 10 cm /sec

Cu 174 x 10-5 cm2 /sec•:. -: : D~Ni =17

-0.189

The directional derivatives of the liquidus surface and

C*Ln were obtained by an analysis of the phase diagram (Figure 8)

outlined in Appendix B. The following results were obtained.

For C0n < 5.5 wt pct Ni

= LT -3.160C/wt pct Cu
C/wt!

LM

T - -3.5°C/wt pct Ni

Ln

For COn 5.5 wt rct Ni

;T op T -l.58°C/wt pct Ni

s = T = 18.6OC/wt pct Ni
aLn

It was also determined that C*Ln = 5.32 wt pct Ni.

Using these data a plot (Figure 9) was made indicating the

composition, G/R and microstructure of each of the ingots listed

in Tables I and II. For a given composition, the minimum value

of G/R which would maintain plane-front growth was noted. The

15
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curve marked "Experimental" connects these points. The curves

"labeled "Theoretical - Model I" and "Theoretical - Model II"

were derived by insertion of different values of kM' Dcu' DNi' p

and s taken from Appendices A and B into equation (2). Model

I takes into account small variations in k as determined from
M

a model of the phase diagram. Model II assumes IF is approximately
M

constant as measured experimentally by electron probe microanalysis.

(i.e., nickel has a negligible effect on the solidus temperature).

The resultant relationship in the case of Model II is:

for C < 5.5 wt pct Ni

G/R > 4.16 x 10 + 2.01 x 105(5.3 COn) (4)

I and for C~n >wt pct Ni

G/R > 1.28 x 105 -10.6 x 10 5 (5.3- ) (5)
On)

for the constant I wt pct Cu used in this study.

Figure 10 shows the liquidus surface for the Al-rich corner

of the Al-Cu-Ni system. Data were obtained from references (13) and

(14). A model of the liquidus surface developed in Appendix B,

was used to approximate the liquidus near known isotherms.

16



CONCLUSIONS TO PART I

1. The experimental data for growth of in-situ composites of

Al rich Al Cu-Ni alloys in the two-phase region ternary

system is in accord with a constitutional supercooling model

for plane-front growth.

2. At quenched cellular liquid-solid interfaces intercellular

ternary eutectic was observed. However, behind the interface,

solid state diffusion reduces the amount of eutectic present.

3. Liquid diffusion coefficients were measured from the solute

distributions ahead of the quenched liquid-solid interface.

The values thus obtained were used in the calculation of the

stability criterion. j

4. A mathematical model of the liquidus surface was developed

and used in the calculation of the stability criterion.

17



PART II. EUTECTIC IN-SITU COMPOSITES;

EFFECT OF CHANGE IN GROWTH DIRECTION AND CROSS-SECTION

Experimental Procedure

Alloys of the approximate binary (Al-6.1 wt% Ni) and ternary

(Al-0.73 wt% Ni - 32.94 wt% Cu) eutectic composition (see Figure

1 of Part I) were directionally solidified using the apparatus and
•!•:i1. • .3,11'

technique described by Rinaldi et al. 'Specimens were contained

within a 4.8 mm inside diameter by 170 mm long graphite (99.95%)

crucible. Growth was accomplished by withdrawing at the required

rate from a platinum resistance furnace into a water-cooled copper

chill and was terminated by rapid quenching. Variations in cross-

seciton up to 90% and deviations in the growth direction of between

6 and 400, characterized by the angle 0, Figure 16, were obtained

with the aid of graphite inserts. Temperature gradients within

the specimen were controlled by the furnace temperature and were

measured with a chromel/alumel thermocouple of 0.1 mm diameter

wire insulated in twin bore 0.92 mm diameter alumina and located

just below the bottom insert. A list of specimens and associated

growth conditions is given in Table III.

Experimental Results and Discussion

In regions removed from the inserts, both the binary and

the ternary eutectic alloys showed no change in morphologies with

growth conditions except for variations in inter-rod, (in the

case of the binary eutectic) or interlamellar spacings with

growth rate. Thus, assuming solute effects to be negligible for

eutectic compositions, the following observations within the

inserts can be attributed to the shape and angular deviations

they imposed upon the composites.

18
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For simplicity, the results may be sub-divided into three

groups:

1. Gradual changes in specimen cross-sectional area.

2. Abrupt contraction of cross-sectional area with

simultaneous change of growth direction.

3. Abrupt changes in growth direction with constant

cross-sections.

(1) Gradual Changes in Specimen Cross-Section

These observations relate to insert (b) of Figure 16 in

which it can be seen exist regions of both converging and

diverging cross-section, together wtih a short length of constant

reduced cross-section. From experiments in which the specimens were

quenched with the liquid-solid interface within the lower, con-

verging, and middle, constant, cross-section regions of insert (b),

it can be stated that within these regions the interface remained

flat and perpendicular to the crucible axis.

In the mouth of the insert in which the cross-section is

continuously converqing, the laniellae and rods, consistent

with previous work 1 0 , continued to grow parallel to the crucible

axis regardless of the value of e and this persisted through the

region of constant reduced cross-section also. Contrary to the
10:

results of FaragI 0 , however, only a few specimens showed a slight

tendancy for the rods or lamellae to coarsen at the upper specimen/

insert interface, although some depleted zones were apparent In most

specimens (Figures 17 & 18). For the binary eutectic alloy, a

transition of rod to plate morphology was observed for the A13 Ni

phase .Lch was reversed as the cross-section diverged again. Such

19



observations have been reported previouslyl0'17'18 and attributed

to various causes. The present results, discussed further below,

support Hertzberg's18 suggestion of a growth rate dependent

transition. In all, it is considered that a converging solid-

ification cross-section would not seriously impair the mechanical

strength of these composites although for compositions removed

from the eutectic, solute accumulation effects may prove harmful.

At the exiting end of the insert in which the specimen cross-

section is continuously diverging, the structures depended on the

value of 9. For values of e greater than about 80, all the rods

or lamellae continued to grow parallel to the crucible axis

such that their nucleation occurred on the upward facing insert

wall. For values of 0 < 80, regions close to the insert wall

exhibited rods or lamellae growing parallel to it (Figures 19 & 20)

while the central region of the specimen continued to show no

deviation in rod or lamellar direction from the crucible axis.

10Similar results were observed by Farag although he reported

0 2a transition in growth structure at around 20 and also by Chadwick 2 0

who has shown essentially the same effect for diverging cross

section with small or large radius of curvature. It would suggest

that in such i.egions, the liquid/solid interface becomes curved;

alth:iugh it is unlikely that this would significantly weaken the
'1

structure since the rods and lamellae remain essentially aligned.

From an analysis of the rod or lamellar spacings, A, in

regions removed from the inserts, we have obtained for both alloys,
1the expected linear relation A vs. rý 2 shown in Figure 21 for the

* ternary eutectic alloy. Using a serial polishing technique, which

i• yielded results typically shown in Figure 22, we have therefore been

20



able to translate lamellar or rod spacings within the insert into

approximate growth rates. This yielded curves for both alloys as

shown in Figure 23, which shows clearly how the growth rate drops

with converging cross section and vice versa. The two scatter bands

in this figure result from the grouping of various specimen

withdrawal rates employed. Fluctuations within each band can

be attributed to minor variations in the withdrawal rate and no

correlation with 0 was obtained. The measured change in growth

rate agrees well with Hlertzberg's explanation for the change

from rod to plate morphology of the binary Al-Ni eutectic alloy.

(2) Abrupt Contraction of Cross Section with Simultaneous

k, Change of Growth Direction

These observations related to the lower regions of insert

(a) (Figure 16) and can be sub-divided with respect to the value of i
0. In regions to either side of the orifice of insert (a),

regardless of 0, the rods or lamellae, as reported previously10

simply grew into and terminated at the insert bottom face without

0deviation or morphology change. For 8 > 8 in the region of the orifice,

the matrix developed a multiple grain structure shown in Figure 24

with the aid of polarized light. The rods or lamellae of the grain

near the upper insert wall grew parallel to the insert wall while

those of the lowermost grain nucleated on the insert wall and

continued to grow parallel to the crucible axis, and it was this

grain which eventually dominated the growth, outgrowing the others.

The rods or lamnellae of the central grain or grains adopted an orien-

tainbetween these extremes as shown in the schematic of Figure 25.
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These results suggest that in this region, the liquid-solid interface

(assuming it can be delineated by constructing perpendicular to the

lamellas) adopts a concieve downwards shape. For e > 80o no multiple
grain structure developed and the rods and lamellae tended to align

themselves parallel to the insert vail, such that the liquid-solid

interface warn perpendicular to it.

(3) Abrupt Changes in Growth Direction with Constant Cross-Section

These observations relate to the central portion of insert

(a) in Figure 1.

From experiments in which growth was terminated within the

upper portion of the insert, the liquid-solid interface in this

region remained planar and perpendicular to the insert wall

regardless of the value of 8. These results are confirmed by the

observation that also in this region, in all specimens, (and for

0 > 80 for all regions), the rods or lamellae grew parallel to

the insert wall consistent with the suggestion of Chadwick that

they grow parallel to the local heat flow path. As discussed
0

earlier, for 8 > 8the liquid-solid interface shape would appear

to be concave downward in the lower portion of insert (a).

The behavior of the structure at the bend was dependent upon
0. For angles of 8 larger than about 80, a misorientated zone was

observed on the down face in the region just beyond the acute angled

corner projection (Figures 26 & 27). This region corresponds to

that in which the local interface movement tends to zero. It also,

however, corresponds to the region in which one of the matrix

grains completely outgrows its competitors, as discussed in

22



Secti.On 2 and is therefore a region in which fresh nucleation must

take place. On the upward face of the same specimens, i.e., in

the region of the oblique angled corner, continuous rod or

lamellar growth was observed. This was also true for the entire

region in specimens with 0 < 80 in which, at all locations, the

rods or lamellas grow parallel to the insert wall.

2,
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CONCLUSIONS TO PART 11

1. Gradual convergence of the solidifying cross-section result3

in a decrease in the rate of solidification, i.e.ý the rate

of movement of the composite interface with an associated

increase in inter-rod or inter-lamellar spacings. Gradual

divergence of the solidifying cross-section causes an equal

and opposite increase in the solidification rate. For mild

section variatio"-• this is not expected to seriously impair

mechanical properties.

2. Gradual divergence of the solidifying cross-section at angles

less than 80 cause the surface rods or lamellae to grow

parallel to the diverging contour rather than the main growth

direction and inter-rod or lamellar spacing dicreases.

3. Gradual divergence of the solidifying cross-section at

angles between 8 and 200 does not alter the orientation of

the rods or laiellae from their iiitial alignment.

4. Abrupt contraction of cross-section, when accompanied by changes

in growth direction > 80 and up to 200 result in the formation I

of new matrix grains with lamellae or rods orientated either

parallel to the original growth direction, parallel to the new

growth direction or midway between these extremes the grain

or grains with lamellae or rods growing in the original

direction eventually dominates.

5. Abrupt contraction in cross-section accompanied by changes in

growth direction > 80 does not produce the multiple grain

effect and the rods or larnellae grow parallel to the new

growth direction.
24



6. Abrupt changes in growth direction of large angle (> 80

give rise to lame3br or rod misorientations which can be

potntil aeasofweakness. Deviations less than 8 result

in continuous:amell1 ar or rod structures parallel to the I

A-



PART III. THE COMPOSITION OF INTERDENDRITIC EUTECTIC

Binary Alloys

When cells or dendrites grow into a melt of a binary alloy

the solute is rejected laterally and progressive enrichment of

solute occurs in the interdendritic liquid (if k<l) until the

eutectic composition is reached. At the eutectic temperature the

remaining liquid solidifies as a two phase solid. Although the

liquid composition is then at the eutectic composition, the

solid which freezes out is not, and may differ substantially from

it. Consider cells or dendrites of a binary alloy freezing uni-

directionally as schematically shown in Figure 28. We assume

that (1) equilibrium pertains at all liquid solid interfaces,

(2) the effect of interface curvature on the liquidus temperature

K;;• is negligible, and (3) solute diffusion in the liquid is suffici-
L •i ently rapid that there is negligible undercooling in interdendri-

F I tic spaces. These are the basic assumptions that have been used

in recent papers in quantitative description of solute redistri-

bution in dendritic solidification. 23,24 Now assume further

that isotherms are planar. rrom assumption (3) alone isoconcen-

trates must also be essentially planar. Then, at any point in the

liquid between the dendrites, the concentration gradient in the

growth direction is given by

L G (6)
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where CL in liquid composition at x', the distance in the growth

dixection from the eutectic isotherm. G in the temperature

gradient at x' and m in the liquidus slope. A mass balance at the

eutectic interface yields the equation

OC'L
R(c -D ( ) (7)

where R is eutectic isothexavelocity, CE is the liquid composition

at the eutectic temperature, a is the average composition of the

two phase solid forming at the eutectic temperature and D# the

liquid diffusion coefficient.

For constant thermal gradient and liquidus slope, liquid

concentration gradient is independent of x' and equations 6 and 7
can be combined to relate the average concentration of inter-
dendritic eutectic solid to the solidification variables,

(CEs (8)

For negative m (hypoeutectic alloys), S is always less than C

approaching CE as a limit at very low values of G/R. At the other

limit a approaches Co. At this limit, at steady state, conserva-

tion of solute requires that there be no primary dendrites present;

i.e., that the structure be entirely a two phase composite. This

same conclusion is reached by re-writing equation (3) with C - CS 0
in the following form:

G/R = (CE - C) m
7 (9)
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Zquation 9 is exactly the critical condition for stability of a

plane front in a two-phase alloy (Zollard and Flemings 2--

equation (4)). Both equations (8) and (9) assume constitutional

supercooling in front of the two-phase interface which is exactly

zero, and both equations give the required G/R to achieve this.

Equation (8) applies to the interdendritic eutectic in dendritic

solidification and equation (9) to a fully plane interface.

The unual way of comparing the stability equation (9) with

experiment is to perform a series of erperiments at constant Co,

varying G/R. A critical value of G/R is ultimately bracketed, below

which the structure obtaitied is cellular or dendritic and above

which it is planar. Comparison of equations (8) and (9) suggests

a simpler way oZ accomplishing this. Imagine a series of experi-

ments conducted at a given constant G/R such that a dendritic

structure is obtained. Composition of the alloys studied, Co, is

varied from CE to Co, the critical composition at which a plane

front is obtained according to equation (9). Now, in all these

experiments the composition of the interdendritic two-phase

material is a constant, as, as given by equation (8). Furthermore,

the compositioit is exactly equal to Co, the critical composition at I
which a plane front would be obtained with the given G/R. Thus,

measurement of ES in a dendritically solidified alloy gives

directly the critical, composition for stability of a plane front

at the given G/R. This simplified method of determining inter-

face stability has the advantage of requiring only a single

experiment to obtain the critical value of G/R.

26
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Ternary Alloys

Exactly similar considerations apply to ternary as to binary

alloys. Consider, an example, an alloy such as alloy C from the

ternary system sketched in Figure 29a. In the general case, the

solid first forms as a primary single phase as sketched in

Figure 29b. Then, except at very high G/R, the interdendritic

liquid composition is enriched to that of a line of two-fold

saturation, at which time two phases form simultaneously as also

sketched in Figure 29b. The variation of Cm with CLn as x' is

varied from 0 to xt is termed the "solidification path." This

is shown schematically by the line Ct-C2 t-CE in Figure 29a.

Following exactly the assumptions used to describe the binary

alloy case, we can relate concentration gradient to temperature

gradient for each minor component in equations analogous to

equation (6). These are applicable in the liquid between the two-

- (10a)" mem

•CLn Glb -- (10b)
-. X., m men

CLm, CLn are liquid compositions in components m and n at position

x . mem and men are the slopes of the li.ne of two-fold saturation

in terms of components m and n respectively at the given compositions.

Setting up a mass balance at the eutectic interface for each com-

ponent, assuming the off-diagonal diffusion coefficients negligible,
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3 CLn
R (C ~ - s -Dm Lm ha

R (CEn - Can) = -D L (11b)

x'=0

Where CSmg CSn are the average concevtrations of the interdendritic

outectic in the two components, CFV, CEn are the concentrations of

m and n in the ternary eutectic. Dm, Dn are the liquid diffusion

coefficients. Combining equations (10) and (11) for constant G

and constant liquidus slopes gives the results,

C - C = m (G/R) (12a)

CSn)-=-D (G/R) (12b)(En - = men• :;
en

These equations predict the difference between the eutectic compo-

sition and the average interdendritic solid composition fot each

of the minor components as a function of G/R.

We shall show now, that these are equivalent to the equations

obtained for the stability of the "maximum stability" alloys of
3

Rinaldi et al. Maximum stability alloys were described as those

alloys which, when solidified with plane front have diffusion paths

which approach the ternary eutectic along the line of two-fold

saturation. A diffusion path is shown schematically by the dashed

30
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line C.-CE in Figure 29a. Fpr maximum stability alloys, the

stability expression (Rinaildi et al, equation ())can be written

for two liquidus surfaces, since both phases are in equilibrium at

the same time.

G/R p1  (C ~ C ) (C En ConDM m En on(1a

G/Rp 2  (C mCom (C nCon 3

Pll all P. s are the liquidus slopes of the two compcnents for the

two liquidus surfaces, defined as:

3TL BTL L

LM LM

where TL is the equilibrium liguidus temperature. Combining 13a and

13b and re-arranging

(P1'2 - P2'1 C~m ~COr
G/R > 8 - 82 1 Dm (14)

Frov; the geometry of the intersecting planes in the phase diagram

m =(l - 2l(15)
em 8~ 8s
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where mem is the slope of the line of two-fold saturation in terms

of component m. Substituting this into equation 13, the stability

equation simplifies to:

G/R > m ( m(16)
-emD Dm

A similar equation can be written in terms of component n.

Comparing equations (12) and (15), we note again the equival-

ency in considering the stability of the planar, three phase inter-

face with the stability of the interdendritic eutectic front. We

conclude that for a particular set of growth conditions the compo-

sition of the interdendritic eutectic in a ternary alloy, whose

dendrites are two-phase over at least part of their length, is the

same as that of the maximum stability alloy which would just be

stable under those growth conditions.

Experimental Apparatus and Procedure

Experimental verification of the ideas outlined above was

obtained using binary Al-Cu alloys and ternary Al-Cu-Ni alloys.

Relevant portions of the phase diagrams for these systems are as

shown schematically in Figures 28a and 29a respectively. The

apparatus and method for producing specimens grown were as reported
3

by Rinaldi et al.

Microanalysis was carried out on an ARL microprobe using a

30 KV accelerating potential. A beam size of the order of 20 um

was employed in order to average over the two or three phases in the

interdendritic eutectic. Because of the necessity of averaging over
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an inhomogeneous solid, it was decided not to attempt to use

theoretical methods for the calculation of correction factors.

Three two-phase standards were used covering the range of alloy

compositions studied. A smooth curve was drawn through the

results for the standards and this curve used to correlate X-ray

intensity ratios with composition in weight percent. The compo-

sitions of the three standards were determined by wet chemical

analysis. These and the ratio of intensities on the standards to

those on pure copper are given below:

Wt. % Cu Intensity Ratio

19.1
33.9 31.5 "--.

38.5 37.2

In the specimens investigated, CuK X-ray counts were taken in the

interdendritic eutectic. Counts for ten seconds were made and

twenty such readings taken. No analysis was made for nickel in

the ternary system because the percentage of nickel in the ternary

eutectic is small (0.4 at %) and it is therefore time consuming to

determine quantitatively using electron microprobe analysis.

Results and Discussion

Specimens of four initial compositions were prepared, two in j
the binary Al-Cu system and two in the ternary Al-Cu-Ni system.

These compositions are listed in Table IV divided into three groups--

hypoeutectic binary, hypereutectic binary and ternary. Also listed

are the growth conditions used for the solidification of each

specimen. All specimens had dendritic or cellular microstructures
2!

of the type shown by Rinaldi et al. All but two of the alloys
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from the ternary system also possessed two-phase cells or dendrites.

Compositions of the interdendritic eutectic as determined by micro-

probe analysis were plotted against the function G/R. Results are

shown in Figures 30 and 31. Points plotted represent all the data

in Table IV except from runs of the ternary alloy where only single-

phase cells or dendrites were obtained. This case i& not covered

by the analysis presented.

Figure 30 containing the results for the binary system, also

shows the theoretical line as calculated from equation (8) using a

value of 3.25 x 10"cm2 /sec for the diffusion coefficient 2 4 end

values of m obtained from the phase diagram, viz:

6.5C/atm = 5.1OC/at%Sre~~AI . s¢ meu l2

"It can be seen from the figure that average interdendritic

eutectic compositions are not equal to the eutectic composition,

but differ by amounts which depend on G/R. This is also seen on

Figure 31 where the theoretical relation between Cs and G/R is
53

calculated from equation (12) using the following constants. 3

Dc1 - 1.9 x l0-cm2 /sec mem = 4.58°C/at%

D x 1 x m /sac= 23.30°C/at%Ni 1.7 I0 e men

Figure 30 also shows the experimental results of Jordan and
24

Hunt for the eutectic/dendritic transition in the Al-CuAl 2

system. The experimental points for the interdendritic eutectic

composition fall more closely on to these experimental lines for the

eutectic/dendritic transition than on to the line representing
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equation (8). Apparently, the same approximations inherent in the

Mollard and Flemingo analysis are also inherent in the derivation

of equation (8). An important conclusion to be drawn from Figure

30 is that measurement of interdendritic "eutectic" composition

provides a simple method of determining the stability of composite

structures. The determination can be done with many fewer specimens

than has previously been required, since each specimen gives a point

on the curve. The accuracy of determination is shown here to be

equal to that obtained by the earlier method.

Turning to the ternary system, we have already noted that good

agreement exists between the experimental results and the theoreti-

cal line for alloys of maximum stability. Our experimental results

are also compared in Figure 4 with the results of Rinaldi et al

for alloys on the line of two-fold saturation. Alloys on this line

are not far from those on the line of maximum stability. Thus, G/R

for stability of these alloys should be close tc, but above, that

for alloys on the line of two-fold saturation. This is the result

obtained in Figure 31 for alloys several percent or more removed

from the eutectic. For alloys closer to the eutectic the several

curves and data are essentially equivalent.

i
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CONCLUSIONS TO PART III

1. A theory has been developed which relates the composition of

interdendritic "eutectic" in unidirectional solidification to

solidification variables. The theory predicts that this compo-

sition should be not equal to the true eutectic composition,

but tend towards it at low values of G/R.

2. The theory predicts that in binary alloys the composition of

interdendritic eutectic is exactly equivalent to the compcsi-

tion of that alloy which would just grow with a plane front

at equivalent value of G/R. In ternary alloys it is equivalent

to that of the "maximum stability" alloy that would just grow

with a plane front at equivalent G/R.

3. The theory was tested on Al-Cu binary alloys and on the Al-Cu-Ni

ternary alloys. In all specimens the composition of interdendri-

tic eutectic was not equal to the eatectiu composition.

4. Experimental values of G/R for stability determined by the new

method described herein are close to those obtained by the method

used previously. The new method has the advantage of greater

simplicity. In ternary alloys it also provides information

directly as to which alloys are those of maximum stability.
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APPENDIX A

Analysis of Electron Microprobe Data

In order to apply equation (2) to the aluminum-copper-nickel

ternary syetem, it is necessary to obtain numerical values for DCu,

DNi, and This was done by the procedure outlined by Sharp and

Hellawell. 12 The composition profile measured ahead of the quenched

interfaces of ingots numbers 1, 11 and 19 with an electron beam

microanalyzer. A 25 micron round opot was used in order to average

over fine microsegregation in the quenched liquid. The background

level was approximately five counts per second.r •The data obtained are shown in Figures 11 and 12. A semi-

logarithmic plot of CL - CS (C.P.S.) versus distance was used for

copper (Figure 13) and for nickel (Figure 14). ri

Thb. difference in correction factor for the range of copper

conce•%•zvi•.ton en-nuntered was sufficiently small that, within that

ranc, ratios of counts per second could be treated as ratios of

concentration. As outlined by Sharp in the aluminum-copper system

with up to 20% Cu,

S.8935 + .1 C( 17)

where CA is t.a weighl" traction of the alloying element added and

IA/I(A) is the intensity ratio of the specimen's radiation to that

of a 100% standard. The-afore, for 1% Cu

- .8945
CAcA

and for 6% Cu
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IA/' (A) - .8995

So the maximum error introduced by counts per second in place of

weight percent is

Error - .8995 - .8945. .005 5.6xi0 2  or .56%2
.8995 + .8945 .8970

2

Since Rx

L 0 D

S0I=1.74 x 10 cm2  -5e 2n 32values of D/sec and Dcu 3.25 x 10 cm /sec were

obtained from the slopes of Figures 13 and 14. From Figure 15 it was

found that

Ingot No. km

km .189 1 .189
38 .18319 .196 •

Average .189 _
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APPENDIX B

Determination of p, s, CLn, CLm, and the

Stability Criterion From the Al-Cu-Ni Diagram

Determination of p and a from the Liquid Surface

The liquidus surface was approximated by the following

points on the a side.

0C CLn TL( C) reference

(wt pct Cu) (wt pct Ni)

1. 0 0 660 14,15

along the line of two-fold saturation:

2. 0 5.7 640 15

3. 14.1 4.7 599 16

and on the e side:

4. 1 9.0 700 14

A vector treatment was used to obtain the equation of the

liquidus. The notation Vab is used to denote a vector from

points a to b. For the liquidus surface on the a side of

the line of twofold saturation:

V1 ,2 = 0i+ S.7j - 20 k

V3 ,2 = -14.1i + 11 + 41k

where i, • and k are orthogonal unit vectors located respectively

along the CLm, CLn and T axes.

-V 1 ,,2 x 3, i j k

0 5.7 -20

-14.1 1 41

39
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if-2531 280J. + 80k

The equation of the plane is, therefore,

253Cm 280Cn + 80TL D

where

C -copper concentration in wt pct Cu
LmA

Cn- nickel concentration in wt pct Ni

TL liquidus temperature in 0C

Substituting (0, 0, 660) yields

D - 52,800

TL= 660 - 3.5C -3.16C (18)
LLn LM

aTL 31
Pt 1rd L 31

-Lm

3TL
S - 3.5

Ln

where C~ and Cn are the concentrations of Cu and Ni respectively

in the liquid.

For the liquidus surface on the c side:

V2,4 ' 4i + 3.3j_ + 60k

V3,4 M -13.1i + 43.+ 101k

N m 2 , 4 X 3 , 4 ijk

1 3.3 60

-13.1 4.3 101

75i 887j + 47.5k

:. 75C -887C + 47.5T D
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Suabstitutin~g (0r 5.7, 640)

D *25,344

TL 534 + 18.6Cn- 1.58C~ (19)

IaT

aTL

Deterflinati~lm of the Solidus surface

The solidus surface was approximated by the following points:

0
SnC C) References

(wt pct Cu) (wt pet Ni)

1. 1.7 0 599 16

2. 1.0 42 599 16i

3. 0 5.7 640 15

1, -07 + 42j + Ok

v -1.7i + 5.7j + 41k
1,3

-0.7 42 0

-1.7 5.7 41

NS 1620i + 286_+ 75

160 + 28.6C + 67.5k S

.. l6 OSm + Sn +6.T

Substituting (0, 5.7, 640) yields

D = 43,362 (20)

T= 642 .412C~n-24. OC
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Determination of the Line of Twofold Saturation

The line of twofold saturation was approximated from the

following points:

C C
(wtCu) ythi) TL(*C) Reference

1. 0 5.7 640 15

2. 14.1 4.7 599 16

rVl" 2  (14.1-O)i + (4.7-5.7)j. + (599- 640)!E)

1,2 14.11 - 1.01* - 41k

The equation of the line in the direction of V1,2 passing through

the point (0, ý17, 640) is:

C C UTL4Lm (CLn- 5.7) L 640l•['•" " -1 " -41(21) •

Determination of the Stability Criteria

Method I - This is based on an approximate model for the

liquidus surfaces, solidus surface and the line of two-fold satura-

tion.

Using relationships derived earlier in this appendix, values

of the stability criterion are obtained. These values are plotted

in Figure 9.

Method II - This modifies Method I and is based on electron

microprobe data.

It was established from electron microprobe data in appendix A

that km - .189 for ingot no. 1. Referring to the 6000C isotherm
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V .. through the l-Cu-N system gien in Figure 15, it is sKen that the
ii~i•i:copper content at the solidus in constant. Therefore, the value#

ka - .189 should be valid for the range of nickel composltion con-

sidered. Since all of the specimens were of approximately 1 wtCu

and km am -, .189,, the liquidias composition,, C* # must be

approximately 5.3 wt%. Since, in composite growth,# two phases

solidify simultaneously, C* and C*n must be on the line of two-

fold saturation. aeferring to equation (21), C*Ln and TL are

obtained:

,n ,57 TL - 6 4 0
XT -41

Ctn - 5.32

TL - 625.7

Substituting into equation 2, the foil owing is obtained:

for C <5.5 wt%Nion
G/R > 4.16 x 105 + 2.01 x 105(5.3 - COn) (22)

for Con >5.5 wt%Ni

G/R > 1.28 - 10.6 x 10 (5.3 - C on) (23)
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Table I

specimens (part I).....

ino C~r G R G/RxlO

n. Wt %'Ni wt % Cu OCICM cm/hr OC-sec/cM2  Structure

i3.92 1.11 113 .625 6.5 V
2143 1.07 4.8II

176 6.0 1.06I

4 5.02 .82 17.0 1.0 6.1 Vi

185 3.4 1.95
6 180 1.6 4.05 I

8 1s8 .75 9.0 VI
9120 3.36 2.4 I

11 5.15 .95 132 .98 4.85 VI

1232 2.35 1.95 VI
203 5.2 1.40 V

14 213 6.0 1.28 V
15 140 6.0 .85 VI
16 127 6.5 .71

17 179 6.0 10
18157 1.5 3.78 VI

19 6.0 1.01 154 .96.03 VI
20 171 1.51 4.1 I

21 169 3.13 1.94 I

22 7.3 .92 137 .6 7.6 I
23151 1.66 3.26 I
24132 .355 13.4 IV

25 284 .4 25.5 IV

25 8.85 .92 .58 .56 10.5 IV

Structure Types

I- Aligned single-phase dendrites, aligned two-ph ase cells, and aligned
three-phase composite..4

II-Aligned single-phase cells, aligned two-phase cells, and aligned
three-phase composite.

ITl-Aligned single-phase dendrite and aligned two-phase composite.

IV- Aligned single-phase cells and aligned two-phase composite.

V- Aligned two-phase cells and aligned three-phase composite.

VI- Aligned two-phase composite.
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Table II

Specimens from High Thermal Gradient Apparatus (Part I)

Ingot COM OG R G/RxlO 5

* wt%Ni wtCu C/cm cm/hr °C-sec/cm2  Structures

1A 6.54 .99 475 .353 48 VI
2A 6.54 .99 344 .424 30 VI

3A 6.54 .99 358 .5 26 VI

4A 6.54 .99 286 .82 13 VI

5A 6.54 .99 345 1.28 10 VI

6A 6.54 .99 430 1.74 9 VI i
7A 6.54 .99 300 2.52 4 V

8A 7.3 1.08 500 .6 30 VI

9A 7.3 1.08 590 .81 26 VI

10A 7.3 1.08 400 1.08 13 IV

11A 7.3 1.08 360 2.11 6 II

12A 8 1 460 .54 31 VI

Structure Types

I - Aligned single-phase dendrites, aligned two-phase cells, and aligned

three-phase composite.

II- Aligned single-phase cells, aligned two-phase cells, and aligned

three-phase composite.

III - Aligned single-phase dendrite and aligned two-phase composite.

IV - Aligned single-phase cells and aligned two-phase composite.

V - Aligned two-phase cells and aligned three-phase composite.

VI - Aligned two-phase composite.
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Table III

operational Parameters of Runs 0002-0021 (Part II)

Sample Angle Rate GradientG/
0 -50o 2

Number Alloy e) ca/hr C/cm 10 C'.sec/cm

0002 Al-6.1%Ni 140

0003 A1-6.1%Ni 140 .75 235 11.3

k0004 Al-6.1%Ni4 140 1.83 278 5.47

0005 Al-6.1%Ni 140 2.73 310 4,08,

0006 A1-6.1%Ni 180 1.85 270 5.46

0007 Al-6.1%14i 18 0 2.02-

0008 Al-6.1%Ni 180 1.15 255 8.0

0009 A1-.73%Ni- 180 1.20 342 10.3

* k '.32. 94 %Cu

0010 160 1.20 273 8.2

0011 200 1.20 276 8.27

0012 200 2.22 276 4.5

0013 -40 1.2 400 12.0

0014 100 2.0 350 6.3

0015 60 1.2 375 1.01

0016 140 21.2 375 6.0

0017 60 1.8 330 6.6

0019 120 1.2 342 10.0

00012 2.0 334 6.0

0021 80 2.2 230 3.76

46



A~

J

A

Table IV

Details of Solidification Conditionsj

and Resuults Obtained (Part III)-6to ae

G R s dendrites
0 / crs/4o 2 6cm sec x 10 C sec cm x 10 at %Cu present

Binary-hypoeutectic
co 9.09 at %Cu 176 5.50 0.32 14.7

191 2.62 0.73 13.35

187 2.26 0.83 13.6

184 1.07 1.72 11.4

288 0.86 3.37 9.1AI
Binary - hypereutectic
Co 21.2 at %Cu 176 5.35 0.33 18.6

157 1.46 1.08 20.4

160 0.93 1.71 21.2

Ternary

Corn 14.3 at %Cu 182 5.43 0.34 15.4 yes

c on =0.94 at %Ni 192 3.04 0.63 14.6 yes

238 2.53 0.94 14.7 no

Corn 12.3 at %Cu 342 2.70 1.29 12.4 yes

c 1.32 at %Ni 270 1.60 1.69 11.2 yes

294 1.41 2.09 10.9 no
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ThERMOCOUPLE
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Figure 2. Schematic representation of the furnace-chill assembly
of the apparatus used by Rinaldi et al.
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PI

Figure 3. High gradient crystal growth apparatus.
(1) Lava plug, (2) Fiberfrax insulation, (3) Viton 0-
ringj, (4) coolant water in, (5) alumina crucible hg in.
diamietero (6) furnace thermocouple, (7) stainless steel
housing, (8) platinum-rhodiuaa heating strip, inside
wound, .0100x.0625% (9) brass chill chamber# (10) cool-
ant water out, (11) specimen thermocouple, (12) element
ilectrical connection.
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Figure 4. ingot #20, 6.0 wtZ Nis, 1.01 vt% Cu,
G/R-4.1 x 105 *Csec/cu 2 , single-phase
cells, two-phase cellos, and three-phase
composite structure, (a) Transverse
section, 10OX. (b) Longitudinal section,
10ox.
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figure 1.01), vtX Cu, +i 5 .94 wX Ni 5secicm2*7 single-

phase cellos, two-phase calls, and three-phase
composite structure. Longitudinal section taken
near the quenched liquid-solid interface, 500K.
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i ~Figure 14. in(CL - CS) for Ni versus distance from.
the quenched interface in ingot #1.
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Figure 15. Al-Cu-Nj ternary system, 6000C isotherm
(after Koster, Zwicker and Moellerl4).
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Graphite Crucible

90-e

Insert b

Insert a

Thermocouple

3/32"1 disaseter hole

Graphite centering plug

Figure 16. Cross-sectional view of Crucible and Insert
systems
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a.

Figure 17. Insert b, lower portion, structure aligned in
the original growth direction, longitudinal
view, 115X. (a) Sample No. 0008, binary Al-Ni
eutectic, e 18*. (b) Sample No. 0014, ternary
Al-Ni-Cu eutectic, e - loo, corresponding sche-
=&tic Figure 18.
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Figure 19. Sample No. 0017, Insert type bo ternary Al-Ni-Cu
eutectic, upper portion, structure follow the
contour of the insert, 0 - 6*, longitudinal view,
115X. corresponding schematic Figure 20.
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I1MMI

Tigure 20. Schematic view of insert type bo 6 < 8', shoving
the structure following the contour of the Insert
at the upper portion,
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Figure 21. Lamellae spacing as a function of growth rate
for ternary Al-Ni-Cu eutectic, Rinaldi's data3

for compositions containing from 17.5 to 12.3
at. pet. Cu and from 0.0 to 1.32 at. pct. Nit,
Chadwick's22 data for the Al-Cu binary sutectic.

70



717



0009 ' 00014

0010 0 0 0017

Growth Direction

Portion

Lover Middle Upper

El3 0

00

4J ~000
0 00IsI

00

000 'I' z'I
11.11 ___C

100 50 11 1150 100

Pnrcentage of Initial Cross-sectional Area

Figur'i 23. SolielificatSion rate at various percentages of
initial cross-sectioual are&~ into the portions
of insert type br ternary A,-"ii-Cu sucsctic.
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Figure 24. Sam~ple No. 0020, insert type a, ternary Al-Ni-Cu
eutectic, lower portion, viewed under polarized
light, 0 20% longitudinal view, 115X.
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Figure 25. (a) Sample No. 0003, insert type a, binary Al-Ni

eutactic, lover piortion, location of liquid-
solid interface, e - l40, longitudinal view, 115X#
(b) Schematic.
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Figure 28. Schematic illustration of the unidirectional
solidification of cell. of a binary alloy:
(a) phase diagram, (b) showing the concentrution
of solute as a function of distance.
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Figure 29. Schematic ilutrto showinfg the growth of
cells or dendrites in a ternary wystem. (a) Phase
diagram shoving solidification path (full line)
and diffusion path for a planar interface (dashed
line). (b Intercellular liquid composition.
Primary phase solidifies first and, when the
liquid composition reaches C2tv two-phase material
is formed. 7
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Figure 31. Average copper concentrations of interdendritic
euteoctic plotted an in Figure 3 for ternary Al-Cu-Ni
system. The theoretical line is calculated from
equation 12.
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