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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

Off Eutectic, In-Situ Composites (Solidified with Plane Front)

The qrowth 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

alloy families. Bibring et all

have recently damonstrated 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 euzectic or near eutectic compositions. However, in 1967,

Mollard and Flemings2 showad that with sufficiently 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, - C.)
G/R > - n\-—liqy—ia— (1) ,

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.

4 However, aligned composites for actual use in high temperature k
applications will almost certainly be multi-component alloys, and j
i
i

the major ultimate practical significance of the Mollard-Flemings




study is thét the several princi>les can be generalized to these
malti-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 alicned 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 exanple, in a ternary system, a two phase aligned
composite can be grown with the third element in solid solution in
one or both phases. 1In a different regiuon of the ternary phase
diagram a three phase aligned composite can be grcwn. 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.

Rinaldi, Sharp and Flemings3 extended the constitutional
supercoolin~ analysis to the ternary aluminum-copper-nickel system.
hgain, they arrived al a cri.urion for plane front growth in a

ternary alloy of composition Com' C_

on’
(C*. - C_ ) (C* _-C_)
G/R > - p LmD om - g Ln = on (2)
mm nn
where p and s are the liquidus slopes given by : p = %%
Lm

2
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T
aan Lm
solid/liquid interface of elements m and n respectively.

and C*

and c*Ln are the liguid concentrations at the

For a three phase composite, the liquid in front of the
interface is of ternary eutectic composition CE and so the

stability criterion can be rewritten:

(C... = C_ ) (C.. - C )
G/R > - p ._Em_D__O_nl - 8 _EE.D__on_ (3)
mm nn

Rinaldi et al verified their analysis with the three groups
of alloys shown in Figure 1. Two of these lie about the 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 approximately
constant lwt8Cu and varying Ni content were used within the
range shown in Figure 1i. 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 quantii:itively about the stability requirements for alloys

such as these when tlic faceting phase is present in relatively large

3




gquantities., 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 N1A13 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 Lehavior 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
base eutectics wien confronted with a partial obstruction and

Chadwick et al7'8

have experimented with "J" shaped ingots of
varying radii of curvature. Also analysis by Curran and Erickson9

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 Flemingalo 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 variaticns.

A A s 5 2 it
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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.
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Summdrxgbf Air‘Fbrcé Spbnsbfed Workvat 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 Maéch, 1971,
andlédmpleted oa 1 July, 1974, 1In that time three reports
. (including this one) were issued. ‘A'totél of five papers published,

and two additional papers are being prepared for publication.
iv,v

on ternary alloys of Rinaldi et al that extends the principles

The first report1 and associated papers describe the work.

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

Xi-xiii

also been summarized in several review papers and in a

recently published text.Xiv

The second reportii,'and a related paperVi 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 fhan 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-gitu composites.

This work is of potential great engineering importance. The
structures so produced should have a useful combination of des.rable
vrocessing characteristics and final properties. Such structures
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 phase
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
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being explored or studied in detail. Structures (a) and (b)

are the conventional equiaxed and columnar dendritic type,
obtained at very low G/R. Structure (e) is the in-situ composite
obtained at very high G/R.

Several additional papers of fundamental importance have
arisen from the foregoing work on‘“cellular-compositesVi'Viii.
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
AFML-TR-72-161

ii  R.M. Sharp, M.C. Flemings Tech Report, AFML-TK-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. Youns, to be published.
xi M.C. Flemings, Howe Memorial Lecture, Met. Trans,Vol. 5 (1974)
21z1.
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M.C. Flemings, Scientific American, Dec. 1974, 88-95,

R.M, Sharp, M.C. Flemings, Conf. on in-Situ composites,
Lakeville, Connecticut, Sept. 1973.

M.C. Flemings, Solidification Processing, Chapter 4, McGraw
Hill, (1974).
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Equiaxed grains, two-phase
eutectic, three-phase eutectic

Aligned single-phase dendrites,
two-phase eutectic cells,
aligned three-phase composite

B U

Aligned single-phase cells
and aligned three-phase
composite

(c)
Aligned single-phase cells,
aligned two-phase cells, and i
aligned three-phase composite L
g
|
]
!
|
!
(4) l?

(e) ' i 3

N | Aligned three-phase composite 3

=1 1

‘ Figure I. Various possible microstructures obtained from ;
% three-phase alloys, in order of increasing G/R. .
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PART I. GROWTH OF TWO PHASE COMPOSITES FROM A TERNARY MELT

Apparatus and Experirmental Procedure

The apparatus for directionally solidifying the aluminum-
copper-nickel alloys at a high thermal gradient and controlled
low grewsth 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 chenmigal
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 alu: .ia tube, .035-inch outside diameter
by 3-inches long enclosed the .004-inch chromel-alumel thermoccuple
wires. The thermozouple junction was extended approximately 0.l0cm
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 vas cenetructed to achieve the higher thermal gradients

likely to be required.
Figure 3 shows a schematic diagram of the new apparatus. The
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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(#1139 + 3 wts polyvinyl-alcohol). The assembly was placed in a
furnace at 1300°C in order to sintexr the alumina and to decompose
the graphite into co2 gas. |

This design makes it possible to obtain higher furnace
tamperatures and therefore thermal gradients than in conventional
extexrnally wound tube furnaces. Also,'ainco the platinum=-20% rhodium
strip has a high surface to volume ritio, and the surface is exposed
to the interior of the furnace, the furnace windings can dissipate

energy more efiiciently. The temperature of the furnace is monitored

with a platinun-10% rhodium thormocouplé 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 prnp. The coolant water iz pumped through a coil in th» ice-
watcr reservoir, through the brass chill, and finally through a
sump before repeuting the cycle. The sample passes through the

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

The ice-water ressrvoir eliminates fluctuatioas in the coolant
temperature, whereas the sump removes air from the cooling system.

1wo master allcys (approximately 10 kg each) of aluminum-

nickel and aluminwt-coppar veoira prepared from high purity aluminum

(99.99%;, copper (95.9%) and nickel (99.9%). Ternary alloys

(approximately 2 kg each) were then prepared by mixing the two €5
master alloys. The graphite crucible filling technique employed
for the early part of this work represeinted a departure from that

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

prepared and induction melted under vacuum. Return to atmospheric :

pressure after insertion of the graphite tubes into the charge

D
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caused filling. One-inch specimens were cut from the end of each
filled tube and were subjected tov wet chamical analysis. With the
adoption ¢f the rew ay.aratus, recrystallized alumina crucibles,
which are sensitive to thermal shock, were 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 temp-
erature (as measured by the Pt-10% Rh thermocouple), the specimen
wnobdriven upwards into the furnace. The sample position was mon-
itored by means of a fixed pointer attached to the drive systenm.
Wnen 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
poincer system described earlier.

Each specimen was mounted and sectioned for metallographic
study. A transverse section was taken at about 2 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 guenched 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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Res\ lts

The specimens examined in this study ranged in composition

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

valua of approximately 1%. This places the specimens on the dark
line shown in Figure 1. The specimens were in the two-phase region
of the aluminum-copper-nickel ternary system. The microstructures
consisted of the a and ¢ phases in various distributions and
morphologies. The o phase is a face-centered cubic solution of
copper and nickel in aluminum. The ¢ phase is N1A13, 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 thke high
temperature gradient furnace in which thermal gradients of up to
590°C em™! 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+traddles the line of
two fold saturation, low values of G/R, typically 1x10° ¢ sec cm‘z,
resulted in interface breakdown in the form of either a or ¢ cells
or dendrites. Figure 4 shows a typical structure obtained from a
specimen containing 6.0 swt% Ni in which a faceted single phase ¢

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

As G/R increased, two phase o plus ¢ cell boundaries were no

13
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lenger observed and structures were typically single-phase a or

¢ cells protruding aheal of and surrounded at their roots by two
phase composites (Figure 5).

At still higher values of G/R. composite structures such as
that shown in PFigure 6 were cbtained.

Finally of note are the micrographs of Figure 7. The
upper transverse section has been taken from the report of Rinaldi
et alllahd as in Figure 4 shows no ternary eutsctic phase between
thé cell bhoundaries. The lower longitudinal micrograph taken from

the present work and from a specimen of similar composition grown

3
3
§
]
3
!
é
3
i

under similar conditions shows that ternary eutectic is jindeed

S b et

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

v ilid

Scheil equation:

1/1-%
£, = (Cy/Cy)

R 2 . -
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an approximate volume fraction ternary eutectic (f ) may be
calculated which for these alloys is less than 0.1%. Thﬁs. solid
state diffusion can easily diminish this guantity to zero in

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

© Dttt i i e, e a0 B i s

their transverse sections, some 1 cm behind the quenched interface,
this would, at their typical growth rates, easily'alloy sufficient

time for the camplete 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 to composition; therefore, rather than use the

14




data determined by kinaldi et alu in other portions of the phase
diagram, electron microprobe analysis ahead of the gquenched inter-
face of several specimens was used to determine Dpu and DNi after

the technique of Sharplz. Thias procedurs was identical to that

described oy Rinaldi et a13 . and yielded the following values:

-5

2
DCu = 3,25 % 10 “cm”/sec

Doy = 1.74 x lo'scmz/sec

E& = 0.189

The directional derivatives of the ligquidus surface and

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

Ln
outlined in Appendix B. The following results were obtained.

For C < 5.5 wt pct Ni

on
p = _?r'g_ = -3.16%c/wt pct Ccu
Lm
s = %%__ = -3.5°C/wt pct Ni
Ln
For cOn > 5.5 wt pct Ni
aT o i
p = = -1.58"C/wt pct Ni
Com
fo s = _g%‘_. = 18.6°%/wt pct Ni
Ln

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 mininum value

i
i
i
i
i
i

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 Ly insertion of different values of EM' DCu' DNi’ P
and s taken from Appendices A and B into equation (2). Model

I takes into account small variations in Eﬁ as determined from

a model of the phase diagram. Model II assumes E& is approximately

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 COn < 5,5 wt pet Ni

G/R > 4.16 x 10° + 2,01 x 10°(5.3 - C ) (4)
and for Con > wt pct Ni

| G/R > 1.28 x 10° - 10.6 x 10°(5.3 - C( ) ()

for the constant 1 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 oktained from references (13) and
(14). A model of the liquidus surface developed in Appendix B,

vas used to approximate the ligquidus near known isotiierms.

16
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CONCLUSIONS TO PART I

The experimental data for growth of in~-situ composites of

Al rich Al Cu-Ni alloys in the two-phase region ternary
syétem is in accord with a constitutional supercooling model
for plane-front growth.

At quencheéd cellular liquid-solid interfaces intercellular
ternary eutectic was observed. However, behind the interface,
solid state diffusion reduces the amount of eutectic present.

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.
A mathematical model of the liquidus surface was developed

and used in the calculation of the stability criterion.
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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
(A1-0.73 wt% Ni - 32.94 wt% Cu) eutectic composition (see Figure
1 of Part I) were directionally solidified using the apparatus and
technique described by Rinaldi et al?'lJSpecimens 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 40°, 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 witl 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

" Sl L L.
i T ki T LR :

In regions removed from the inserts, both the binary and

R 3 il

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

PRI O8 JENEE 1 Y-t S0 V7S

eutectic compositions, the following observations within the
inserts can be attributed to the shape and angular deviations
they imposed upon the composites.
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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
simultanenus change of growth direéection.

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, cro§s~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 converging, the lamellae and rods, consistent
with previous worklo, continued to grow parallel to the crucible
axis regardless of the value of 6 and this persisted through the
region of constant reduced cross-section also. Contrary to the
results of Faraglo, 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 A13Ni

phase .....ch was reversed as the cross~section diverged again. Such

19

AR I

£ e At S SRR b i ,.:.i'. P IROrR



S wna g I T T

rru, _

observations have been reported preViouslylo'l7'18 and éttributed
tolvarious causes, The present results, discussed further below,
support Hertzberg'é18 suggestion of a growth rate dependent
transition. 1In 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 8. For values of 8 greater than about 8°, 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 @ < 8°, regions close to the insert wall
exhibited rods or lamellae growing parallel to it (Figures 19 & 20)
while the central region ¢f the specimen continued to show no
deviation in rod or lamellar direction from the crucible axis.
Similar results were observed by Faraglo although he reported
a transition in growth structure at around 20° and also by Chadwick20
who has shown essentially the same effect for diverging cross
section with small or large radius of curvature. It would suggest
that in such regions, the liquid/solid interface becoumes curved;
althnugh it is unlikely that this would significantly weaken the
structure since the rods and lamellae remain essentially aligned.
From an analysis of the rod or lamellar spacings, A, in
reyions removed from the inserts, we have obtained for both alloys,

1
the expected linear relation A vg, K 2

shown in Figure 21 for the
ternary eutectic alloy. Using a serial polishing technique, which

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

20
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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 specihen
withdrawal rates employed. ﬁluctuations within each band can

be attributed to minor variafions in the withdrawal rate and no
correlation with @ was obtaihed. The measured change in growth

18

rate agrees well with llertzberg'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

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
8. In regions to either side of the orifice of insert (a),
regardless of €, the rods or lamellae, as reported previouslylo,
simply grew into and terminated at the insert bottom face without
deviation 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 lamellae of the central grain or grains adopted an orien-

tation between 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
lamellae) adopts a conczve downwards shape. For 6 > 8°, no multiple
grain structure developed and the rods and lamellae tended to align
themselves parallel to the insert wall, such that the liquid-solid

interface was 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
e > 8° 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
earlier, for 0 > 8° the 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
6. For angles of & larger than about 8°, 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




‘ Sec+.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 obligue angled corner, continuous rod or
lamellar growth was observed. This was also true for the entire
region in specimens with & < 8° in which, at all locations, the

rods or lamellas grow parallel to the insert wall.

TSI
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CONCLUSIONS TO PART II

1. Gradual convergence of the sclidifying cross-section resultsa
in a decrease in the raﬁe'of solidification, i.e. the rate
of movement ofAthe 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 variaticor - this is not expected to seriously impair

mechanical properties.

2. Gradual divergence of the solidifying cross-section at angles
less than 8° 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 20° does not alter the orientation of

the rods or lavellae from their iritial alignment.

4. Abrupt contraction of cross-section, when accompanied by changes
in growth direction > 8° and up to 20° result in the formation
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 > 8° does not produce the multiple grain
effect and the rods or lamellae grow parallel to the new

g growth direction. 24
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Abrupt changes in growth direction of large angle (> 8°)
give rise to lamellmr or rod misorientations which can be
potential areas of weakness. Deviations less than 8° result
in continuous lamellar or rod structures parallel to the

growth direction.
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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
is negligible, and (3) solute diffusion in the liquid is suffici-
ently rapid that there is negligible undercooling in interdendri-
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. From 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

= " oa (6)
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where cL is liquid composition at x', the distance in the growth
direction from the eutectic isotherm. G is the temperature
gradient at x' and m is the liquidus slope. A mass balance at the
sutectic interface yiolds the equation

aC
%)

n(cn-és) = ~Diyp* (7)

x'=0

where R is eutectic isothem velocity, Cg is the liquid composition
at the eutectic temperature, Es is the average composition of the
twvo phase solid forming at the eutectic temperature and DI, 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 (ES) to the solidification variables,

DG
S) e (8)

For negative m (hypoeutectic alloys), Es is always less than CE' )
approaching CE as a limit at very low values of G/R. At the other k
limit Es approaches Co. At this limit, at steady state, conserva-
tion of solute requires that there be no primary dendrites present; ;
i.e., that the gtructure be entirely a two phase composite. This 1
same conclusion is reached by re-writing equation (3) with Es = Co

in the following form:

ka4

(CE - Co) m

G/R = 5 (9
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Equation 9 is exactly the critical condition for stability of a
| plane front in a two-phase alloy (Mollard and Flemingaz--

equation (4)). Both equations (8) and (9) assume constitutional
superccoling 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
aoliditicatidn and equation (9) to a fully plane interface.

The usual 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 obtaiiied is cellular or dendritic and above
which it is plunar. Comparison of equaticns (8) and (9) suggests
a simpler way oi accomplishing this. Imagine a series bf 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, Es. as given by equation (8). Furthermore,
the composition is exactly equal to Cor the critical composition at
which a plane front would Le obtained with the given G/R. Thus,
measurement of Es in a dendritically solidified alloy gives
directly the criticai 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.
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Texnary Alloys
Exactly similax considerations apply to ternary as to binary

alloys. Consider, as example, an alloy such as alloy co from the
ternary syatem sketched in Figure 29a. In the general case, the
solid first forms as a primary single phase as sketched in
Figure 29%b. 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 phasea form simultanecusly as also

sketched in Figure 2%b. The variation of Cim with CLn ag x' is
%{ varied from 0 to x; is termed the "solidification path." This

t "2t
Following exactly the assumptions used to describe the binary

; - is shown schematically by the line C _-C -Cg in Figure 29a.

alloy case, we can relate concentration gradient to temperature 2

. S gl
‘ s

E‘ gradient for each minor component in equations analogous to
®
£ eguation (6). These are applicable in the liguid between the two-
E
§ phase dendrites;
ap
In G 3
t W e (10a)
3x Bem 1
: i
: ]
oC 3
Ln G B
- 2 (10b) :
x' Men !
Cnm. Cun %re liquid compositions in components m and n at position g
x'. Mom and m,, 2re the slopes of the line of two~-fold saturation E

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-diagonai diffusion coefficients negligible,
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3C

- B = - Lm
R (Cpn = Csn) = P —3xT (11a)
x'=0
- aan
R (Cp, = Cgy) = -D —xv (11b)
x'=0

Where aSm' ESn are the average conceptraﬁions of the interdendritic
eutectic in the two components, cEm' CEn are the concentrations of
m and n in the ternary eutectic. On¢ D, are the liquid diffusion
coefficients. Combining equations (10) and (11} for constant G

and constant liquidus slopes gives the results,

-D
(C... - Co.) = —=  (G/R) (12a)
Em Snm mem
(CEn - CSn) = E;; (G/R) (12b)

These equations predict the difference between the eutectic compo-
sition and the average interdendritic solid composition for.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

Rinaldi et a1.3

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
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line co-cE in Figure 29&.:,Epr maximum stability alloys, the

stability expression (Riﬁiiﬁi et al, equation (1ll)) can be written

for two liqguidus sﬁxfaceh, since both phases are in equilibrium at

the same time.

(C -C_) (C -C_ )
Em om En on
G/R 2p + 8, ——————
1l Dm 1 Dn
(C -C ) (C -C
G/R > p2 En = om” s, En I_r_on
m n

(13a)

(13b)

Pyr 8y Pye 8, are the liquidus slopes of the two compcnents for the

two liquidus surfaces, defined as:

BTL

Py = ae 1

aTL )
8, = {
1 Stin 1

82-

aT
(e 2
Ln

where TL is thé equilibrium liquidus temperature. Combining 1l3a and

13b and re-arranging

G/R >

2”5

P8y = Py8,
( 8

Cc - C
) D

(14)

From the geometry of the intersecting planes in the phase diagram

m ==

P18, — P,8
(41 2 2 1)

em 82-31
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where Mom 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:

om '
S (16)

G/R > m

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
by Rinaldi et al. 3

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 vas 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 détermined 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 : i
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

3

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 werevplotted against the function G/R. Results are
shown in Figures 30 and 31l. Points”plqtteé represent all the data
in Table 1V except from rungs of the ternary alloy where only singie-
phase cells or dendrites were obtained. This case is not covered
by the analysis presented.

FPigure 30 containing the results for tﬁe binary system, also
shows the theoretical line as calculated from eguation (8) using a
value of 3.25 x lo'scmz/sec for the diffusion coefficient24 and

values of m obtained from the phase diagram, viz:

My = 6.5°C/ats mCuAlz

= 5.,1°C/at%

It can be seer 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 Es and G/R is

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

- -5 2
DCu 1.9 x 10 “em“/sec m

em 4.58°C/ats

Dyy = 1.7 x 10" 9em?/sec n 23.30°C/at%

en
Figure 30 also shows the experimental results of Jordan and
Hunt 24 for the eutectic/dendritic transition in the Al-CuAl,
system. The experimental points for the interdendritic eutectic
composition fall more closely on to these sxperimental 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 ind Flemings analysis are also inherent in the derivation
of eguation (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 heen 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
agréement 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 3
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.

35

e A




&2

1.

3.

CONCLUSIONS TO PART III

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.

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 tarnary alloys it is equivalent
to that of the "maximum stability" alloy that would just grow
with a plane front at equivalent G/R.

The theory was tested on Al-Cu pinary alloys and on the Al-Cu=Ni
ternary alloys. In all specimens the composition of interdendri-
tic eutectic was not equal to the euatectic composition.
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-coéper-nickel
ternary system, it is necessary to obtain numerical values for Déup
Dyy and Em. This was done by the procedure outlined by Sharp and
- Hellawell, The composition profile measured ahead of the guenched
interfaces of ingots numbers 1, 11 and 19 with an electron beam
microanalyzer. A 25 micron round spot was used in order to average
over fine microsegregation in the quenched liquid. The background
level was approximately five counts per second.

The data obtained are shown in Figures 1l and 12. A semi-
logarithmic plot of cL - Es (C.P.S.) versus distance was used for
copper (Figure 13) and for nickel (Figure 14).

Th . difference in correction factor for the range of copper
concen:--stion en~~untered was sufficiently small that, within that
rangff}xafios of counts per second could be treated as ratios of

concentration. As outlined by Sharp 12 in the aluminum-copper system

with up to 20% Cu,

QH
5l

= ,8935 + .1 CA (17)

where Ca is t.c weiglt rraction of the alloying element added and
IA/I(A) is the intensity ratio of the specimen's radiation to that
of a 100% sﬁandard. Therafoxe, for 1% Cu

IA/ ila)

= .8945
Ca

and for 6% Cu
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IA/I(A)

Ca

= ,8995

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

weight percent is

.8995 - .8945 _ _.005

-2
= 5.6 x 10 r .5
.8995 + 8945 .8970 X ° 63

Exror =

Since

0
'
0
I
Olx
>

'scmz/sec were

= -5 2 _
values of DNi 1.74 x 10 "cm“/sec and DCu = 3.25 x 10
obtained from the slopes of Figures 13 and 14. From Figure 15 it was

found that

Ingot No. _m
k= .189

m 1 .189
11 .183
19 196

Average .189
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APPENDIX B

Determination of p, ‘s, C Lm' and the

Ln' c
Stability Criterion From the Al-Cu-Ni Diagram

Determination of p and s from the Liguid Surface

The liguidus surface was approximated by the following

peints on the a side.

0
ch 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 € side: V

4. 1l 9.0 700 14

A vector treatment was used to obtain the equation of the

liguidus. The notation Va b is used to denote a vector from
14

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

the line of twofold saturation:
Vy,g= 0L +57j-20k

Uy 5= ~14.24 + 13 + 41k

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

along the ch' CL n and T axes.

N = 1,2 X V3'2 = i 3 k
0 5.7 =20
-14.1 i 41
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N = 2531 + 280] + 80k
The equation of the plane is, therefore,
253CLm + 28°CLn + 80TL = D

where

C,.. = copper concentration in wt pct Cu

Lm

CLn = nickel concentration in wt pct Ni

Ty, = ligquidus temperature in %

Subgtituting (0, 0, 660) yields
D= 52,800

TL = 660 - 3.5CLn - 3.16CLm

(18)

where C, and Cpn are the concentrations of Cu and Ni respectively

in the liquid.
For the liguidus surface on the ¢ side:
62 4= 1li + 3.3 + 60k
’
63 4= -13.1i + 4.3j + 101k
14
=V2,4%¥V3,4 " 1 ]

N = 751 - 887§ + 47.5k
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Subati*uting {0, 5.7, 640)

D = 25,344

T, = 534 + lB.GCLn - ]..58CI‘m

L
P

A

L o -1,58

i

Determination of the Solidus Surface

(19)

The solidus surface was approximated by the following points:

o
Com Cen Tg (7C) References
(wt pct Cu) (wt pct Ni)
1. 1.7 0 599 16
2, 1.0 . 42 599 16
3. 0 5.7 640 15
V1,2 = -0.71 + 423) + Ok
-1.7 5.7 41
ﬁs = 1620i + 28.6j + 67.5k
o 1620CSm + 28.6CSn + 67.5TS = D
Substituting (0, 5.7, 640) yields
D = 43,362 (20)
Ts = 642 ~- .412CSn - 24.ocSm
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Detarmination of the Line of Twofold Saturation

The line of twofold saturation was approximated from the
following points:

C C

Lm Ln
7 (wtiCu) (wtNi) TL;‘C) Refarence
1. 0 5.7 640 15
2. 14.1 4.7 599 16

‘71,2 = (14.1-0)i + (4.7-5.7)3 + (599 - 640)k)

vl'z = l‘ul_i. - 1-01 - ‘1&

The equation oi' the line in the direction of Vl'z passing through
the point (0, 417, 640) is:

c c T
Im _ (Cln - 5.7) L - 640
11 =) ) (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 atability criterion are obtained. These values are plotted

in Fiqure 9.

R R s L PRI A

i Method II - This modifiass Method I and is based on electron

microprobe data.

It was established from electron microprobe data in appendix A

that im = ,189 for ingot no. l. Referring to the 600°C isotherm
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through the Al-Cu=Ni system given in Figure 15, it is seen that the

copper content §t the solidus is constant. Therefore, the value,
im = ,189 should be valid for the range of nickel composlition con-
sidered. Since all of the specimens were of approximately 1 wtiCu
and in = 8ep/C%p = +189, the liquidus composition, Cl,r Tust be

approximately 5.3 wti. Since, in composite growth, two phases

solidify simultanecusaly, cim and C*Ln must be on the line of two-

fold saturation. Referring to equation (21), c*Ln and T, are
obtained:
* ®
Ctm _ Sin-5.7 _ T - 640
17.T - -1 T
o
an 5.32
TL = 625.7

Substituting intdo equation 2, the following is obtained:

for con <5.5 wtiNi
G/R 2 4.16 x 10° + 2.01 x 10°(5.3 - C ) (22)

for COn >5.5 wteNi

G/R 2 1.28 = 10.6 x 10%(5.3 - c) (23)
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ingot Coﬁ cOm
no. vt $ Ni wt % Cu

1 3.92 - 1.11
2

5.02 .82

WOIAhUIS

11 5.15 .95
12
13
14
15

16

17
18

19 6.0 1.01
20

21
22 7.3 .92
23
24
25

25 \ 8.85 .92

Table I
Specimens (Part I)

G R G/Rx10™°
O o 2
C/cm cm/hx C-sec/cm
113 . .625 6.5
143 1.07 4.8
176 6.0 1.06
170 1.0 6.1
185 3.4 1.95
180 1.6 4.05
264 3.4 2.8
138 .75 9.0
200 3.36 2.4
185 6.7 .995
132 .98 4.85
126 2.35 1,95
203 5.2 1.40
213 6.0 1.28
140 6.0 .85
127 6.5 .71
179 6.0 1.05
157 1.5 3.78
154 .9 6.03
171 1.51 4.1
169 3.13 1,94
137 .6 7.6
151 1.66 3.26
132 .355 13.4
284 .4 25.5
.58 .56 10.5

Structure Types

Structure

VI
I1I

I- Aligned single-phase dendrites, alignad two-ph ase cells, and aligned

three-phase composite.

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

three-phase composite.

ITI-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 cOm ° G R G/RXIO-S
$ wteNi wtsCu c/cm cm/hr °c—sec£cm2 Structures
1A 6.54 .29 475 .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 3;5 1.28 10 ' Vi
6a 6.54 .99 430 1,74 9 VI
2 A 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
G loa 7.3 1.08 400 1.08 13 v
11a 7.3 1.08 360 2.11 6 1I
12a 8 : 1 460 .54 1 VI
Strxucture Types é é
C
I -~ Aligned single-phase dendrites, aligned two-phase cells, and aligned i §
three-phase composite. | E ;
Il - Aligned single-phase cells, aligned two-phase cells, and aligned ! ?
three-phase composite. i
III - Aligned single-phase dendrite and aligned two-phase composite.

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

¥ - Aligned two-phase cells and aligned three-phase composite. |

VI - Aligned two-phase composite. E
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Operational Parameters of Runs 0002-0021 (Part II)

Table III

Sample Angle Rate Gradient G/R
Number Alloy 0 cm/hr Oc/cm =5 °C'.sec/cm2

0002 Al-6.18%Ni 14°

0003 Al-6.1%Ni 14° .75 235 11.3

0004 Al-6.18%Ni 14° 1.83 278 5.47

0005 Al-6.18%Ni 14° 2.73 310 4.08

0006 Al-6.1%Ni 18° 1.85 270 5.46

0007 Al-6.1%Ni 18° 2.02 - -

0008 Al-6.1%Ni 18° 1.15 255 8.0

0009 Al-.738Ni- 18° 1.20 342 10.3

32.94%Cu

0010 " 16° 1.20 273 8.2

001l " 20° 1.20 276 8.27

0012 " 20° 2.22 276 4.5 :
0013 " 24° 1.2 400 12.0 !
0014 " 10° 2.0 350 6.3 1
0015 " 6° 1.2 375 11.0 ;
0016 " 14° 2.2 375 6.0

' ;
0017 ' 6° 1.8 330 6.6 g
0018 " g° 1.2 342 10.3 :
0019 " 12° 1.2 342 10.0 :
0020 " 12° 2.0 334 6.0 4
0021 " 8° 2.2 230 3.76 2
46
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Details of Solidification Conditions

Table 1V

and Results Obtained (Part III)

G
o
em
Binary-hypoeutectic
Co = 9,09 at %Cu 176
191
187
184
288
Binary - hypereutectic
Co = 21.2 at %Cu 176
157
160
Ternary
Com = 14.3 at %Cu 182
Con = 0.94 at %Ni 192
238
Com = 12,3 at %Cu 342
con = 1.32 at $Ni 270
294

] c, rogEnae
M8/ cec x 108 OC sec em™?x 10°%  at scu _present

5.50 0.32 14.7

2,62 0.73 13.35

2.26 0.83 13.6

1.07 1.72 11.4

0.86 3.37 9.1

5.35 0.33 18.6

1.46 1.08 20.4

0.93 1.71 21.2

5.43 0.34 15.4 yes

3.04 0.63 14.6 yes

2,53 0.94 14.7 no

2,70 1.29 12.4 yes

1.60 1.69 11.2 yes

1.41 2.09 10.9 no
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THERMOCOUPLE

INTERFACE

0-RINGS

Schematic representation of the furnace-chill assembly
of the apparatus used by Rinaldi et al.
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Figure 3. High gradient crystal growth apparatus.
(1) Lava plug, (2) Piberfrax insulation, (3) Viton O-
ring, (4) coolant water in, (5) alumina crucible % in.
diameter, (6) furnace thermocouple, (7) stainless steel
housing, (8) platinum-rhodium heating strip, inside
wound, .010"x.0625", (9) brass chill chamber, (10) cool-
ant water out, (ll) specimen thermocouple, (12) element
slectrical connection.
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(a)

Figure 4. Ingot #20, 6.0 wtX Ni, 1.01 wtX Cu,
G/R=4.1 x 105 °Csec/cm?, single-phase
cells, two-phase cells, and three-phase
composite structure. (a) Transverse
section, 100X. (b) Longitudinal section,
100X.
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Figure 5.
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(b)

Ingot #26, 8.85 wtX Ni, 0.92 wtX Cu,

G/R = 10.5 x 103°¢ sec/cm2, gsingle-phase
cells and two-phase composite. (a) Trans-
verse section, 100X. (b) Longitudinal
section, 1l00X.
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: Figure 6. Ingot #11, 5.15 wtX Ni, 0295 wtX Cu, 3
G/R = 4,85 x 105 *Csec/cm?, two-phase
: composite structure. (a) Transverse :
s section, 100X, (b) Longitudinal section,
! 100X,
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Figure 7.

(b)
(a) 1.3 wtX Cu + 5.85 wtX Ni, G/R=2.73x103°C
sec/cmé, two-phase cells and three-phase composite

structure. Transverse section, 200X (after Rinaldi
Sharp and Flemings3). (b) Ingot #21, 6.6 wtX Ni
+ 1.01 wt% Cu, G/R = 1,94 x 105°Csec/cu?, single-
phase cells, two-phase cells, and three-phase
composite structure. Longitudinal section taken
near the quenched liquid-solid interface, 500X.
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FPigure 8. Aluminum-rich corner of Al-Cu-Ni sgystem.
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FIGURE ©, STRUCTURE OF DIRECTIONALLY SOLIDIFIED INGCTS
AS A FUNCTION OF G/R AND Coni WITH Cogy = | wt %Cu.
» REFERENCE RINALDI, SHARP AND FLEMINGS.
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Figure 13. 1ln(Cp - ci) for Cu versus distance from the
nterfaces in ingot #'s 1, 11 and 19.

quenched
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Figure 14. 1n(Cp - Cg) for Ni versus distance from
the quenched interface in ingot #1.
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Figure 15.

Al-Cu-Ni ternary system, 600°C isotherm
(after Koster, 2Zwicker and Moellerld),
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Figure 16, Cross-sectional view of crucible and insert
system.
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b.

Figure 17. Insert b, lower portion, structure aligned in
the original growth direction, longitudinal
view, 1l15X. (a) Sample No. 0008, binary Al-Ni
sutectic, 6 = 18°. (b) Sample No. 0014, ternary
Al-Ni-Cu eutectic, 6 = 10°%, corresponding sche-

matic Figure 18,
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Figure

18.
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Schenatic view of insert type b, 9 > 8°, showing

the structure orientated in the original growth .
direction.
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Figure 19. Sample No. 0017, insert type b, ternary Al-Ni-Cu
eutectic, upper portion, structure follow the
contour of the insert, 6 = 6°, longitudinal view,
115X, corresponding schematic Figure 20C.
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Figure 20. Schematic view of insert type b, 6 < 8°, ghowing
the structure following the contour of the insert :
at the upper portion.
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? Figure 21. Lamellae spacing as a functionm of growth rate i
: for ternary Al-Ni-Cu eutectic, Rinaldi's data3 ‘
¢ for compositions containing from 17.5 to 12.3 :
‘ at. pct. Cu and from 0.0 to 1.32 at. pct. Ni, 3
Chadwick's?2 data for the Al-Cu binary eutectic.
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: Figure 22. Sample Ne. 0014, ternary Al-Ni-Cu eutectic,
! transversse viaw, 1150XK.
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Figura 23. Solidification rate at various percentages of
initial cross-sectional arers into the portions
of insert type b, ternary A.,-wi-Cu eucsctic.
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Figure 24.

BT T P RV

Sawmple No. 0020, insert type a, ternary Al-Ni-Cu
eutectic, lower portion, viewed under polarized

1ight, 6 = 20°, longitudinal view, 115X.
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: Figure 25. (a) Sample No. 0003, insert type a, binary Al-Ni

: eutectic, lower portion, location of iiquid=-

! solid interface, 6 = 14°, longitudinal view, 115X,
(b) Schematic. 74
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Figure 26. Insert type a, middle portion after the bend,
downward face, depleted zone, longitudinal
view, 115X, (a) Sample No. 0004, binary Al-Ni,
: 8 = 14°, (b) Sample No. 0013, ternary Al-Ni-Cu,
;. 6 » 14°, correspouding schematic Figure 27.
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Figure 27.

Schema:ic view of insert type a, 6 > 8°, showing
the di.ierent grain orientations daveloped.
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Figure

28.

% SOLUTE

LIQUID

Schematic illustration of the unidirectional
solidification of cells of a binary alloy:

(a) phase diagram, (b) showing the concentrution
of solute as & function of distance.
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Figure 29, Schematic i1llustration showing the growth of
cells or dendrites in a ternary system. (a) Phase
diagram showing solidification path (full line)
and diffusion path for a planar interface (dashed
line). (b) Intercellular liquid composition,
Primary phase solidifies firset and, when the
liquid composition reaches Cs,, two-phase material
is formed. 78
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Figure 31. Average copper concentrations of interdendritic
eutectic plotted as in Figure 3 for ternary Al-Cu-Ni
systenm. The theoretical line is calculated from

. equation 12.

] 890

b4 U, 5, SOVERNMENT PRINTING OFFICE: 197% — h%ien30/129




