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THE THERMAL EXPANSION OF THE DIRECTIONALLY

SOLIDIFIED AleuA17 HUTECTIC

Dennis Frank Baker

ABSTRACT

Alloys of AleuAlz eutectic composition were prepared with
high purity materials (99.999%) and directionally solidified horizon-
tally in a rectangular ceramic boat at 0.96, 4.0, 8.3, 17.5, and
82.0 um/sec through a temperature gradient of 45 °C/cm. These ingots
were examined macroscopically and the best single grain regions were
selected for further measurements. From micrographs taken of the top,
side and cross section of the ingot, it was found that the interlamel-
lar spacings were 7.5, 3.5, 2.6, 1.8 and 1.4 ym respectively, and from
the measured lamellar orientation relationships specimens were
machined with axes aligned in the principal lamellae coordinate direc-
tions. Transmission Laue photographs taken using Ni filtered Cu Ko
radiation verified that the texture is consistent with the crystallo-

graphic relationships

(121)g || (11, 5 123y, || €121,

Thermal expansion was measured by standard dilatometry (Cu
standard) using a set point program cycling between room temperature
and 500°C. It was found that the thermal expansion of the direction-

ally solidified AlﬂCuA17 eutectic decreases with increasing inter-
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lamellar spacing, is greatest in the growth direction (approximately

5
2D,
tion {approximately <101>AJ, in the plane of the lamellae), and inter-

in the plane of the lamellae) least in the transverse direc-

mediate in the second transverse direction (approximately (111>Al nor-
mal to the lamellae).

These results confirm that the CuAlZ phase is anisotropic with
respect to thermal expansion, but the interlamellar spacing dependence
of thermal expansion is not predicted by any known theory of composite

materials,



I.  INTRODUCTION

R. W. Kraft and D. L. Albrightl were the first workers to
directionally solidify the Al“CUAlZ eutectic. This alloy is in the
class of materials known as in situ composites, i.e., the composite
as grown consists of a reinforcement phase (CuAlZ) embedded in a
softer matrix phase (Al solid solution) in a regular microstructure.
This material has the prototype lamellar microstructure for in situ
composites with better mechanical properties at higher temperatures
such as in the Ni-Cb-Cr-Al systemez The principal subject studied so
far besides mechanical propertieszml3 and the characterization of the

5,4,5,7,9,14,21 has been the characterization of the micro-

interface
structure as a function of the material and solidification parameters.
Since only the Al-Cu eutectic system is investigated in this
work, the materials parameters remain constant. The solidification
parameters are growth velocity v, which is generally taken to be the
same as the rate R that the melt is withdrawn from the furnace, and
the constitutional undercooling AT, which is related to the thermal

gradient G at the interface. These parameters have been related to

each other and to the lamellar spacing A by the following relations

as derived by K. A, Jackson and J. D. Huntzz following the volume dif-
fusion approach of C. Zenergz3
A2 v = constant (1)

t

ATZ/V = constant. (2)



Both constants depend upon material parameters. The first relation
 hesern vyl £ i 24-7 e L
has been verified by numerous workers and also in this investiga-
. . e A e v . : ) 28-9
jon. The undercooling is more difficult to measure, but workers

have confirmed this second relation for the Pb-Sn eutectic. A third

o o Lo 50
criterion derived by A. S, Yue”  is that

- .
g " o Ik, (T-T) D%q .
R D k kk o
where m is the slope of the liquidus line
CO::C»CP where C is the concentration and CF
is the eutectic composition
k 1s the segregation constant
K is the thermal diffusivity of the melt
D is the diffusion coefficient in the melt
D' is the thermal diffusion coefficient
T is the temperature of the furnace
and TO is the temperature of the interface.
The first term had been derived earlier by W. A. Tiller et a1,931 and

F. R. Mollard and M. C. Flemings,gz When this criterion is not met, a
microstructure described as degenerate, disordered, banded and cellu-
lar results, whereas when it is satisfied, the regular lamellar micro-
structure with period A results. This was observed by the earliest

workersol?zs
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The object of this work is to measure the thermal expansion
of the Al-Cu directionally solidified eutectic so as to determine its
lamellar dependence and anisotropy. The universal law of composites
as proposed by Zvi Hashin33 does not have a lamellar spacing depen-
dence, having only the properties of the phases and their volume frac-
tions as parameters for determining the particular property of the
composite. The approach taken in this work is to grow several differ-
ent ingots with different lamellar spacings and to cut three dilatom-
eter specimens with their axes along the principle lamellae coordi-
nates, that is, normal to the lamellae (vertical), in the lamellae
close to the growth direction (longitudinal) and in the remaining
orthogonal direction in the lamellae (transverse), and measure the
thermal expansion.

Little work has been reported about the thermal expansion of
the Al-Cu eutectic.,34 The thermal expansion of the Al phase is well

35, 36

known. However, the thermal expansion of the CuAlZ9 or 0 phase,

is not well known.37'8



IT,  THEORY

The ideal microstructures as shown in Figure 1 is briefly de-
scribed as a set of alternating planar plates consisting of the two
phases, such that the extent of the plates is much greater than their
thickness or spacing A. The volume fractions of the two phases are
nearly equal. The volume fraction of the 0 phase is 0.475, and that
of the Al phase is of course 00525012

An universal law of composites that has been proposed Z.

Hashin33 is

VA‘ ~vB~1
e B < < + V.K /
KA_+ Kg) KC VAKA 'VBKB (4

where V is the volume fraction, K is a physical property, and the sub-
scripts A and B refer to their respective phases and C refers to the
composite. This expression is independent of all microstructural
parameters except volume fraction. Analogous formulas for electrical
conductivity, dielectric constants, magnetic permitivity, and heat con-

duction are known to be valid. B, Pau139 and R, Hi1140

have shown

that the right hand side holds for elasticity. In the somewhat more

elaborate derivation below, this rule of mixtures has been invoked.
In the elastic model, we have the constraint that there is no

5,5,12 therefore the strains

slip at the interface between the phases,
of the two phases in the interface are equal.  Since all the surface

forces are assumed to be zero, a condition of plane stress in the
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lamellae exists due to the difference in the thermal expansion of the

phases.
Assuming the rule of mixutres h01d5933’39940 we have
= T . oyt

EC EAivA1+ heVé where E is Young's modulus. (5)

The Duhamel-Neumann relations41 are

_(1#)

i i 013 61]Ukk AT (6a)

Ev 6 Ee..
Kk oo B ot (6b)

%5 7 - Z\))C1+\)) v~ T2 i

where Uij and Eij are stress and strain respectively, 6ij is Kronecker
delta, and aij and AT are the coefficient of thermal expansion and the
change in temperature. From the rule of mixtures (Eq. (4)) and the

equilibrium condition that forces at a surface must total zero, one has

that
Vv
Al .
O.. = - g.. e i,j =1,2 (7)
g Unt Ve ’
Ogz = 0 because of geometry (8)
(031 = 013 = 05550,7 = 0 also).

From the condition of no slip at the interface

S SV S )

. <%+v <E> +oo.. AT = (%%ED g. .
We g Bar Mag

v
<E> Ovryy My AT (10)
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Again invoking the rule of mixtures,

Gijc vAl OijAl + Végif = {) (11)

then from Eq. (10)

T vV
(oci, o AT = 0. (»%X) + (1%2) »VA%
Mo Hag Ja1 AL ‘e Ve
_
Al
S ® v ® «_miJ o S. . (12)
[EM B Vo J vap 4
(O, -0y, ):. AT =06.. A-Bo (13)
0 TAl"1j 1ipq YYaq

where 1 = j since thermal expansion is pure dilation and

. <1+\)\ (1) Va1

sz By e () e (Y ALY
\L/e vy L{E)Al (E)o VO]

E / Al

[f one assumes that 0417 9995 then

. v_-
1-v 1-v Al
(0= Cpq).. AT = [(wﬁm) L G R I PO (14)
S Al71] ﬁ E Al E 5 V6 13}\1

B o M . - — ™ = 11 Lo g
Letting MAl = (E/1 V)Al, M@ = (E/l V)es one has lLazlo's solution for

the stress between two flat plates joined together:

M, M,V ’
. Al "6 "0
0.. = (0, -0, ).. AT . (15a)
1 0 TAl7ij MVGM@ + VAIMAJ
m M, M,V -
. Al 0 "Al
.. = (0, 70n). . AT . (15b)
ijg Al T0671j gVG Me + VAlMA}J

Ifo,, #0

22

11 which is likely if 0611@ 7 oz,zze, then



By Vg AT {’(O‘ijo"%ﬁ(l“\’) ”(%"O‘Al)w‘sij] o)
.. = e a
Yar EarVag *Bg Vg 1= v
Bofyy VAT [ a1 %) 70 vl - O‘e)wéij
%3 T E VBV 7 (16b)
Jo A1 A1 eV 1 - v
i=j=1,2; y=1,2.
From the condition that at the interface there is no slip, one has
€5 =04 AT + €rs = €. 1=3=1,2 (17
Jc Jc JAl 136
(ae* aAl]ij AT MG V@
.. = , + .. AT (18a)
ag Vo My 1ip
OV O‘e)ij AT Mag Vg
£.. = + .. AT. (18b)
g VMg *+ VaiMaq g

Thus in the plane of the lamellae, the thermal coefficients of expan-

sion are

M,V

(org- “Al)ij o '6
Os s = + oo (19a)
e VMgtV My a1
@y - O‘e)ij M1 Y
0. . = 0. . . 1%b
e Vg Mg+ Vi My g L)
In the vertical direction, one has
€ . € V., + ¢ V =ua AT (20)
ZSC SSAI Al 336 5 SSC

€47 Can be found by substituting Eq. (6a) for the strains of the two
c

phases, expressing the stresses as in Eq. (16a-b).



Finally,

o = O V. + o
BSC 33A1 Al

v Vg Vaql Epg Bl ZO‘Aj{,"C‘me SOPR.

0
(Eap Vap * Bg Vo) (1-V)

since the thermal expression of aluminum isotropic.

(21)

In summary then, the matrix stresses due to the difference in thermal

expansion can be written

By VghT (O‘longe“%l)” mtrans@“ N
o = g e 1 -
longyy My EpgVar*Be¥y 1 - v

07A1° 0
2

Yerans,. Y22, B V. 4RV

E.E, V.AT { (%ranse”o‘m)"‘”\) mlonge” %1)
Al AL PA1 AT e Ve

-

a . = g = (,
vert1ca1A1 33A1

}» (22a)
}>(22b)

(22¢)

The thermal expansion of the composite can be written thus in terms of

Figure 1:
yong 7 %) My Vgt oy
“11. 7 Mong AT T VW At
C HOlEe ) 00 AL TAlL
“(utransew O”Al) M@ V@ * “a1
€ = 0 AT = e —s AT
22 transc Vé M6 i VAl MA1

EBSC - Otve]:‘c:ic:alCM z‘{}XAZLVALLJr O‘ver“cicale V@

vVéVAl[EAl*E@][Za

Aludlong@“atransek¥
+ : AT
(-v)(Ey Vo * g V) )

(23a)

(23b)

(23¢)



The above equations have been derived assuming that both the
Al and 0 phases are elastically isotropic and that Poisson's ratio v
for the 0 phase and the Al phase are the same. Notice that the equa-
tions for thermal expansion fall nearly into the universal law of
composites formulation, except for terms that can be catagorized as
accounting for Poisson effects.

It is extremely difficult to grow single crystals of CuAlz,
Most of the single crystal work done on this material has been done on
material imbedded in the directionally solidified eutectic. Tensile
strength of the directionally solidified eutectic is a function only of
the angle the tensile axis makes with the lamellar plane. A. S. Yue
et al,3 show that Young's modulus of the eutectic does not vary signif-

07 R. W. Hertzberg,

icantly (*+10%) with orientation, as does S. Justi.
F. D. Lemkey, and J. A. Ford through microbend tests obtained the same
results. Considering that Young's modulus varies over #10%with direc-
tion for the Al phasm43 one can conclude that the anisotropy of the ©
phase is nearly the same as for Al. The assumption that both Al and 6
are elastically isotropic can be considered a good approximation.
The mechanical properties of the 6 phase are not well known at
high temperatures. It is known that the hardness at 500°C is 10% of
the hardness at room temperature and that 0 can be extruded successfully
at 44OOC.44 The mode of fracture in the 6 phase is known to be brittle
at room temperature but ductile at higher temperatures (“'SOOOC)E
Young's modulus for aluminum has been measured dynamically at

high temperatures by R, F. Wilde and N. J. Grant,45 They found EAl to
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be 67.6 GN/m° (9.8 x 10° psi) at room temperature and 53.8 GN/m?
(7.8 x 106 psi) at 427°C (800°F). Noting that the thermal expansion
as derived in Eq. 23a-c¢ is a {unction of the ratio of Young's modulus
for the 6 and Al phases, it is assumed that this ratio is independent
of temperature, since EG(T) cannot increase as T increases, and it is
unlikely that Ee < EAI’
For the purpose of making calculations, it will be assumed that
any temperature dependence of &é is independent of orientation, so that
it may be approximated by the polycrystalline data of D. M. Rabkin, V.

R. Ryabov, A. V. Lozovskaya, and V. A, Dorzhenk037 by taking the mean

coefficient of thermal expansion at lower temperatures to be a fraction

of that measured at SOOOC, for whichgg
— o ~ -6 0.1
%00 ~ %10 © 16.5 x 10 C
— ., -0 0.1
Cogy = 24.5 x 10 c .

Since the growth direction is approximately [12§]6 and the vertical

- . 1.
direction (lamellae normal) is I121]63’4’5’/79’1‘ 21

the thermal expan-
sion of the 6 phase in the eutectic along the principle axes of the
lamellae can be calculated. The literature thermal coefficients to be
used in the calculations are listed in Table 1. A. Pattnaik's and

A, Lawley'slz values for E6(99°3 GN/mZ or 14.4 X106 psi) and EA1(7SQZ
GN/mZ or 10.9 x 106 psi) will be used. It is assumed that‘vAlzvexODBB
as B. Cantor and G. A. Chadwick7 have done. The volume fractions have

been assumed constant, though this is only approximately true, as will

be discussed later.
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Table 2 is a table of the calculated thermal expansion values
{for the composite to be used for comparison with the experimental
results. They are plotted in Figure 34. The prediction according to
theory is that the longitudinal direction thermal expansion should be
greatest, that the thermal expansion in the transverse direction should
be least, and that thermal expansion in the vertical direction should
be slightly greater than thermal expansion in the transverse direction.

Using the universal law of composites directly results in a
narrower range of values that aé can take.

The shortcomings of the model, aside from microstructural de-
fects, are that other temperature effects and mechanical phenomena are

not fully appreciated.
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ITI.  EXPERIMENTAL

Ao MATERIAL PREPARATION

1. Solidification

Briefly, a charge of alloy is melted in an alumina boat and
slowly drawn out of a horizontal tube furnace and thus directionally
solidified as shown in Figure 2.

A charge is material that has been cut from a master ingot
(and its surface relatively smoothed out by milling). The shape of the
charge should approximate that of the boat because the melted charge
does not flow readily, apparently due to high surface tension. The
master ingot consists of 33.25 w/o Cu-Al made from 99.999% Cu and
99.999%5 Al by inductively melting and stirring them together in a zir-
conia crucible and casting them into a massive Cu mold.

The boats used in this work are made of Norton Alundum, AL788,
and are known as combustion boats. The particular model used has out-
side measurements of 25.4 cm (10') long, 2.5 cm (1") wide at the open
top, 1.3 cm (1/2") wide at the bottom, and 1.4 cm (9/16') high with a
wall width of 3 mm (1/8"). The end of the boat is cut off square with
a diamond saw. A slot 1.5 mm (1/16") x 1.5mn (1/16") x10cm (4') is
similarly cut down the center of the boat for the thermocouple used to
determine the melt temperature.

A type K (chromel-alumel) 0.25 mm (10 mil) thermocouple in a
2-hole 0.38 mm (15 mil) mullite insulator tube (Coors) is placed in the

slot and covered with Ceramobond, a high temperature, low porosity,
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ceramic adhesive and coating. A smooth continuous surface is maintained
in the bottom of the boat.

The boat is fitted into a carbon block water cooled ChillQTQAG
The whole assembly is then mounted in a fused quartz tube 91.4 cm (36")
long, 45 mm (1.75") OD with a 3 mm (0.10") wall width. A nut and screw
at the handle end of the boat is used to level it. The quartz tube is
mounted between two brackets, one end leading to the mechanical pump,
and the other end open, so as to be fitted with a cap on the chiller as-
sembly which contains the water feedthroughs to the chiller and the
thermocouple feedthrough as shown in Figure 3. To prevent fracture of
the quartz tube due to thermal expansion, both ends are water cooled at
the brackets.

The furnace is 30.5 cm (12") OD, 7.6 cm (3") ID, and 45.7 cm
(18'") long. It is wound with 40% RH-Pt furnace wire. A Typo K thermo-
couple is used to monitor the core temperature, with a second Type K
thermocouple also in the core as a safety precaution against overheating.
One end of the furnace is water cooled by a copper insert extending in-
side the furnacee46

After placing the charge in the boat and placing the chiller
assembly and boat in the quartz tube and sealing the tube by tightening
the screws in the cap to snug the cap against an O-ring, the tube is
evacuated by a mechanical pump to a pressure of less than 50 um Hg.
The quartz tube is then flushed with Ar to a slightly positive pressure,
and then pumped out again. This is repeated at least three times.
Directional solidification is done under a slightly positive pressure

of Ar.
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Heating of the furnace can start while it is pumped out and
flushed out with Ar. This procedure provides a final check for the
thermocouple connections leading to the boat (it is easy to cross con-
nect the thermocouple wires because the identifying red and yellow in-
sulation will soon burn off, and the difference in the stiffness of the
wiTes is not always perceived well enough to tell the difference). Also,
the higher temperature of the directional solidification apparatus al-
lows all the surfaces to outgas a bit better so that a better inert gas
atmosphere is finally obtained. Some time can also be save because it
takes time for the furnace to heat up to the final ambient temperature.
One should not exceed the current ratings for the furnace because the
capacity of the power supply may be exceeded but more importantly the
furnace wire may heat up so fast that not enough heat can be conducted
away to keep the furnace wire itself from melting and creating an open
circuit. This catastrophe necessitates rewinding the furnace with new
wire, though the furnace can be shorted across the "dead" part, but
this measure is not recommended.

The furnace is heated to the temperature of 1000°C as read by
the furnace monitoring thermocouple where it can be set for the remainder
of the run by means of a controlling thermocouple feedback circuit to
the power supply. The thermocouple measuring the temperature of the
melt should read the same or a few degrees less. The furnace is held
at this ambient temperature TO until the furnace comes to equilibrium,
i.e., the temperature of the boat no longer changes. This usually

takes an hour or so after the furnace controlling thermocouple measure TOD
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Once the furnace has come to equilibrium, the furnace is ready
to be slowly and steadily drawn away from around the boat. The rate at
which this is done is determined by a pair of gear boxes in series con-
nected by simple pulleys to the furnace as shown in Figure 3. The gears
arc powered by an electric motor, the speed of which is controlled by a
resistor box. A regulated power supply supplies the power to the elec-
tric motor through the regulated the resistor box. Not surprisingly
the speed the furnace moves for a given gear setting varies linearly
with the resistor box settings. Thus a continuous range of furnace
rates is available.  The upper bound is limited by the maximum rate
that heat can be withdrawn from the melted charge. The lower bound is
limited by practical consideration of the length of time to solidify the
ingot. These maximum and minimum furnace rates are about 90 umswl and
0.6 ums“1 respectively.

The rates used for the five ingots solidified in this investi-
gation were 0.96, 4.0, 17.5, and 82.0 1Ow4cm/seco These ingots were
later found to have lamellar spacings of 7.5, 3.5, 2.6, 1.8, and 1.4 um
respectively. Figure 4 confirms that kzv = const., as predicted by
theory.

The thermal gradient G can be determined by measuring the slope
of a curve marked by a pen on a chart recorder with the emf of the
Type K thermocouple as a function of time. Temperature and the emf
generated by a Type K thermocouple have a nearly linear relationship.
Given the rate the paper moves, the rate the furnace is withdrawn

(calculated by noting time and the position of a pointer fixed to the
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furnace on a fixed scale beside the furnace track), the thermal gradi-
ent can be calculated. Also, the gradient can be calculated by noting
the temperatures and making the calculations directly (assuming linear-
ity) when the rate of the furnace is determined. The thermal gradient
G for most of the ingots directionally solidified in this work was about

4SOC/cm°

2. Characterization

After the ingot is removed from the boat, it is squared up on a
milling machine, i.e., the top of the ingot is leveled, and flat parallel
surfaces are milled on the sides of the ingot. The bottom of an ingot
is the best reference surface, but this is not ideal because the Cera-
mobond covering the thermocouple slot in the boat may not have been
ideally smooth. Even though the bottom of the boat is planar, the bot-
tom surface of the ingot is convex. The top surface of the ingot is not
flatAbecause the charge will not flow and evenly distribute in the boat
due to high surface tension,

The whole ingot is then polished along the top and a side sur-
face through four grades of emergy paper (0,00,000,0000), rotating the
ingot 90° and washing between papers, using kerosene as a lubricant.

Then these large surfaces are polished by hand on a 1 um diamond wheel

to remove a majority of scratches. The whole ingot is then immersed into
a dilute solution of Keller's etch. The whole grain structure of the in-
got is thereby revealed and the extent of the single grain regions can be
surmised, and thus it can be determined whether an acceptably large single

grain has been produced. Typically only about 50-60% of the ingot is a
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good single crystal region suitable for use in this experiment. The
end of the ingot which freezes first is polycrystalline. Farther along
the ingot, a single grain finally grows large enough to exclude the
other grains, and at the tail end of the ingot, the microstructure is
again polvcrystalline.

Figures 5-9 are rough sketches of the macrostructures of the
ingots from which specimens were taken for this work. Note that the
length of '"good'" crystal as well as its width and height decrease as
the lamellar spacing decreases, until for the smallest spacing, the
macrostructure appears uniform because of the large quantity of grains.
Figure 9 shows the generalized characteristics of the grains, greatly
exaggerated. This macrostructure does tend to have the lamellae
oriented in the growth direction. The direction of the hatched lines
in Figures 5-8 indicates the general projection of the lamellae for the
particular view. Solid lines drawn across the sketches show the parts
from which particular dilatometer specimens were cut.

After examining the ingots to determine the macrostructure. the
parts of the ingot from which the dilatometer specimens will be cut are
then spark cut (to save material) from the ingot. The pieces are then
mounted in Koldmount, a self-curing resin, and polished through the
four grades of emergy papers (0, 000, 0000) making sure to turn the
specimens 90° from paper to paper, and washing thoroughly between papers
so as not to bring the larger grit down to the new paper from the pre-
vious one. The specimens are then polished on a 1 um diamond wheel.
When no scratches are visible to the unaided eye, about 20 minutes of

polishing in a Leco 0.05 um grit (cerium oxide) siurry will finish the
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polishing. The specimens are then etched for about 3 seconds in the
strong Keller's etch solution by immersion. A dilute solution will not
etch evenly, and spots and splotches will be evident.

The ideal microstructure for the directionally solidified eutec-
tic is flat planar sheets of alternating phases bound fast to one another.
An example of a near ideal microstructure is Figure 10.

One of the defects that occurs commonly in the microstructure
is called a "dislocation" by analogy with a defect for planes of atoms
in metals. In this defect, one of the lamellae ends abruptly (as seen
in the surface of a specimen). Figure 11 shows numerous dislocations.

A fault line is defined by the great number of dislocations along it.
Dislocations are formed due to small perturbations in the solidification

parameters of composition, growth rate, and undercooling°22’47

Generally
the density of defects increases with decreasing lamellar spacing.

Thé lamellae also tend to shift in orientation with respect to
ingot coordinates. Figure 12 shows that the extremum orientations can
be as much as 20° apart. These variations are due in part to the fact
that the heat gradient in the furnace during freezing of the ingot is not
constant, but varies slightly with position in the melt.

Figure 13 shows that all the defects are magnified by a factor
of 1/sin 6, where 6 is the angle between the normal of the lamellae and
the normal of the polished surface.

The ingot with a lamellar spacing of 1.4 pm was polycrystalline,
consisting of elongated needle-like crystals along the growth direction

(Figures 14a-b). The degenerate structure is an indication that the com-

position of the specimen is slightly off eutectic, or that some small
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amount of impurity is present.
Laue transmission photographs were taken to verify that the tex-
ture of the.Al—CuAlZ directionally solidified eutectic is consistent
with the crystallographic relation (111]MH(121)@9 <10T5A11|<1TO>@ with
the growth direction approximately <1?1>A1]I<1233

0
R. W. Kraft and A. L. Albrightlg’lg and shown by L. Valero49 and

3,5,7,9

as first found by

others.

A transverse slab where the normal coincides with the growth
direction, is cut off with a diamond wheel about 0.50 mm thick, and me-
chanically thinned down to about 0.12 mm, which is approximately 2 ut
for Cu Ka radiation (u 1s the linear absorption coefficient and t is the
thickness). Specimens thinner than this are not self supporting. If
the face of the specimen to be cut is polished and etched before being
cut, then the macrostructure of the ingot can be seen, and thus the
orientation of each grain individually can be determined. Etching one
side of the slice is also a method of marking which side is which.

The transmission Laue photographs were made by mounting the
specimen on a goniometer with the top of the ingot up and the growth
direction toward the beam. The specimen-film distance was 3 cm. Cu Ku
filtered radiation was used. A typical transmission Laue photograph is
shown in Figure 15.

Figures 16-19 are stereographic projection plots of Laue photo-
graphs. Figures 16-18 are superpositions of two photographs taken a few
millimeters apart in the same specimen. If two or more reflections can
be identified for a phase, its orientation can be determined. Figures

16-19 verify that the crystallographic orientation of the ingot was that



-20-

¢
18,19 and ValeT04)

found by Kraft
The Laue photographs for the ingot having a lamellar spacing

of 1.4 um showed that the ingot is polytrystalline as was evident in

Figures 14a and b. The Laue photographs for this ingot did not show

contiﬁuous rings, but that there were several grains in the x-ray rings,

but that there were several grains in the x-ray beam. It was impossible

to determine which reflections belonged to which of the several grains,

but all of the observed arcs are consistent with the ideal growth direc-

tion of 12D, ¢ 123),.

B. SPECIMEN PREPARATION

1. Determination of Dilatometer Axes and Measurement of X

The lamellar orientation can be calculated by finding the nor-
mal to the lamellae. From the three polished surfaces, one can take
the vector cross product of the vectors lying along the average projec-
tion of the lamellae on the polished surfaces. Thus one has a set of
three calculated 1émellae normals which should closely agree. Table 3
gives the average lamellar normals of the ingots plotted on the sterco- .
graphic projections (Figure 17-20) and used in machining the dilatom-
eter specimens. All of the normals lie far away from the growth direc-
tion 1s expected.

To determine the lamellar spacing X in the general case, one can
use the inclinations and the spacing of the lamellae as projected on the
micrographs to generate the five parameters in the following formula

as shown in Figure 20:
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1
'W‘\‘Z “"“”"2 '“T"QAZ
A= (d) +dy) sin Jeos! [P 2 S0 (24)
" 28D < DC
SD = SB sin 0,
bC = BD tan 64 = 5B Cosfﬁ tan.64
SC = (3@2 v R - 258 x EEJCOS(SZ)l/Z

where 6¢ is the angle between the edge and projection of the lamellae
on the first surface, 6, is the angle between the edge and projection
of the lamellae on the second surface, 64 is the angle between the pro-
jections of the lamellae, and dl and dz are directly measurable on the
first surface. If the surfaces are at right angles to each other, then
finding A is much simplified. One may find the lamellae normal as be-
fore and then calculate what lamellae spacing will give the projected
lamellae spacing. Results are best when the normal lies nearly in the
surface, because the difference between the projected spacing and A it-

self will be minimal.

2. Machining of Dilatometer Specimens

Once the orientation of the lamellae in an ingot have been de-
termined, a piece of the ingot can be machined into a dilatometer spec-
imen.

The dilatometer axes are chosen to coincide with the average
normal of the lamellae (vertical), a direction in the plane of the
lamellae closest to the growth direction (longitudinal) and the remain-
ing direction in the plane of the lamellae (transverse). Since the

specimen with a lamellar spacing of 1.4 um is polycrystalline, the
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dilatometer axes in this case were the ingot principal axes, with the
growth direction the longitudinal direction, and the vertical and trans-
verse ingot principal axes the dilatometer specimens’' vertical and
transverse axes respectively,

Dilatometer specimens are made by machining a parallelepiped of
square cross section as in Figure 21 with angles N and Y. as determined
by the dilatometer axis with the other two minor axes from a piece of
the ingot with the parallel and orthogonal surfaces of a rectangular
prism. These '"square' parallelipipeds can be held in a square collet
and turned down and faced off on both ends to give the finished dilatom-

eter specimen ready for drilling a blind hole for the thermocouple.

C. THERMAL EXPANSION MEASUREMENTS

1. Dilatometer Apparatus

The instrument used to measure thermal expansion in this exper-
iment is known as a Theta IIIR dilatometer, Its principle parts are:

a measuring head, low thermal expansion rods on either side of the spec-
imen, a heater, and a temperature measuring device (thermocouple). The
specimen chamber is shown in Figure 22,

The measuring head consists of a hermetically sealed linear
voltage differential transformer (LVDT) transducer with a sensitivity of
]‘X1O=5 cm (experimentally) and a range of 0.125 cm and an accuracy of
5><1()wS cm for this range. A massive Invar rod is connected to the mea-
suring head. The movement of the rod to the measuring head is controlled
by a set of cantilever springs. At the other end of the Invar rod a

knurled nut containing set screws can be screwed on. The set screws can



be tightened to hold a fused quartz rod rigidly. A second fused quartz
rod is held in a metal clamp held fixed by a lucite rod.

This whole assembly so far described slides on a track so that
the specimen may be placed between the fused quartz rods and then slide
inside the induction radiation (IR) coils used to heat the specimen in
ductively. These coils are kept cool by water flowing through them.

The specimen itself is a right cylinder. The diameter ranged
from 4.75 mm to 6.35 mm. The length ranged from 6.35 mm to 14.30 mm.
The controlling factors for these dimensions were the finite size of
the ingots from which the specimens were taken the dimensions of the
IR coils.

Temperature is measured by a Type S 10% Rh-Pt thermocouple
which generates an emf which can be translated to a temperature reading
within 0.5°C of the true temperature. Due to the temperature recording
system (chart recorder), temperature can only be read to within 2° of
the true temperature. The legs of this thermocouple are spot welded
together. A blind hole large enough to accept the thermocouple bead is
drilled into each specimen, the thermocouple bead inserted, and the edge
of the hole peened lightly so that the thermocouple will be held in
place.

Measurements are made under a reduced pressure of about 10 pm
Hg achieved with a mechanical pump. This is done to ensure that the
specimen integrity is maintained by avoiding excessive buildup of oxide

films and other contaminants.,
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2. Procedure

There are two methods oy procedures for thermal expansion mea-
surements:  the continuous method and the set point me’thodu50 The con-
tinuous method is usually faster (even if the maximum heating and cool-
ing rate is only 2°C/min to cut back on thermal lag between the measured
temperature and the temperature the specimen actually experiences) and
can be used to directly determine AL/L as a function of temperature
merely by plotting the dilatation and temperature directly as the ordi-
nate and abscissa on a chart recorder.

The set point method is more accurate as the density of set
points is increased. Consequently for good measurements, it will take
longer than the continuous method. The set point method eliminates con-
cern about thermal lag, since no measurements are read until the temper-
ature equilibriates. Also, isothermal changes in length can be dis-
cerned to some extent, while they would be completely obscured in the
continuous method.

The set point method was chosen because of this last consider-
ation: It was observed in preliminary runs that a directionally solid-
ified specimen when heated above ~230°C would deform 1sothermally.

This deformation has been attributed to the softening of both the Al and
CuAlZ phases and the fact that the specimen is spring-loaded between the
fused quartz rods. Hence, if there is a small misalignment of the quartz
rods, or of the surfaces of the specimen or a combination of both, a
small portion of the total surface bears all the force of the springs,

and thus deforms locally. Even with the best alignment, some deformation
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could occur because of surface roughness of the specimen and quartz rods.
[f the surface roughness of the four surfaces is each, say, 15um, then

the observed shrinkage for a maximum mismatch could be as great as 30um
or 1.2 mils.

The set point method was put into effect by scribing a program
on a Datatrak drum. The Datatrak system consists of a wooden drum
around which a plastic sheet is wrapped. One side of the plastic sheet
is covered with a conductive film. The program is determined by a con-
tinuous scribed line. A servo driven by a magnetic sensor follows the
scribed line marking the change in electrical potential.

The specimen and heater furnace controlling thermocouple emf
must match an emf which is a function of position of the servo driven
sensor. The heater power supply will supply power as a roughly linear
function of the difference between the Datatrak emf and the specimen
thermocouple emf if the difference is positive, or shut off if the dif-
ference is negative. The speed at which the program is executed depends
on how fast an electric motor turns the drum. The program scribed on
the plastic sheet is for set points at ~20°C intervals with holds as
determined from preliminary runs long enough to ensure that the spec-
imen will come to equilibrium.

These hold times for increasing temperatures are

less than 230°C ~ 3 1/2 min.

more than 230°C ~ 6 min,

and for decreasing temperatures are
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greater than 100°C ~ 3 min.,

less than 100°C ~ 3 min,

Because the specimen takes so long to cool in a vacuum at temperatures
less than 1OOOC, running times, that is, the time it takes to move
through a set point to the next one, are of the order of 15 min, Vari-
ations in holding times are due to the small errors in scribing the pro-
gram, and the "stepping'' of the electric motor that turns the drum at
these slow speeds (1 rev/6 hours). A run consists of two revolutions
of the drum. The reason for longer times at temperature greater than
230°C for increasing temperatures is that it is at approximately this
temperature that deformation of the specimen due to misalignment, mis-
match, etc. first becomes apparent. Holding times were long enough so
that most of the deformation due to softening of the material had oc-
curred before the temperature was increases to the next set point.
Figure 23 is a section of a raw data chart recording.

It should be noted that the response of the heater was not to
gawnmeﬂw'wmwnﬁmesthammgamw&:xrwaiﬂmgmﬁz%r~1§c
lower., Also, not enough time for cooling in vacuum was allowed for
some of the lower temperatures less than 100°C. The cooling time is a
function of temperature, and is approximately an exponential function
of the difference between the specimen temperature and room temperature
since heat is conducted out of the specimen primarily but not exclu-

sively through the fused quartz rods.
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3. Standard Measurements and Corrections

The dilatometer has to be calibrated with a known standard
material, in this case 99.999% Cu. (Because of the deformation prob-
lems aforementioned, data obtained with 99.999% Al did not reproduce
well.) The difference between the experimental data and accepted value
is the correction function as shown in Figure 24. The correction func-
tion contains all the deviations from the accepted value for thermal ex-
pansion of Cu,65 The principal component term is due to the thermal ex-
pansion of the quartz rods themselves. Experimentally the correction
function was approximated as a linear function of temperature with a

slope of 2.5 x 10"6cm/OC° This slope is of the correct order of magni-

tude for the length of quartz rod involved, that is

"’1 e e 9 = 1 . 6@
slope = Z—(a Leff) + 5 (0.55%x 1579 cm)

fused quartz = 2.4 %1570 em/°C.

The factor 1/2 is included to average change in temperature in the rods
from the specimen temperature to room temperature. Leff is the effec-
tive sum of the fused quartz push rods. o is the mean coefficient of

thermal expansion for fused quartz.66
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Iv. RESULTS

A, RAW CURVES

The raw curves have been qualitatively divided into four groups,
depending on how tightly the curves for each cycle of both increasing
and decreasing temperatures were grouped together. Ideally, all the
curves should overlap each other. There were two such runs where the
curves were tightly grouped together. There were five runs in which
the curves were only moderately tightly grouped together, mostly due to
the small amount of isothermal deformation occurring at higher temper-
atures especially during the first high temperature cycle. The curves
at low temperatures tend to overlap each other. The largest classifi-
cation (loose) of seven runs was that group where large amounts of iso-
thermal deformation occurred in the first high temperature cycle, very
little in the second high temperature cycle, and no deformation in the
second low temperature cycle. Figure 25 is a typical representative of
this group. There was a single case where isothermal deformation oc-
curred at higher temperatures in all cycles, so that the curves were
very loosely grouped together. These results have been tabulated in
Table 4.

Qualitatively, there is a very weak trend for more isothermal
deformation in the dilatometer specimens as A decreases. A stronger
trend is that for a given lamellar spacing, the longitudinal direction
raw data is always grouped as tightly or more tightly together than the

vertical direction raw data, which is as tightly or more tightly grouped
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together than the data for the transverse direction, with only a single
exception. The amount of deformation due to misalignment and surface
roughness should be considered a random source of error. This trend is
an indication of the relative compressive strengths of the eutectic in
the three orthogonal directions at high temperatures.

Partially because of the problem of isothermal deformation, no
definite pattern of hysteresis was found.

The finished curves are derived from the raw curves by first add-
ing back in the isothermal deformation. Then a local coefficient of
thermal eﬁpansion, calculated over a change of temperature of ~60°C
centered over a specific 20°C interval is used to calculate the thermal
expansion that occurs in that specific 20°C interval. This is a com-
promise between precision and sensitivity. Then the thermal expansion
for all the same specific 20°C intervals are averaged together for both
increasing and decreasing temperatures. The average thermal expansions
for specific 20°C intervals are added together to build a smooth curve
from which the correction factor is subtracted to get the finished
curve., Some extrapolation was necessary over ~20°C to room temper-
ature because of the cooling time problems in vacuum and to 500°C be-
cause of the shortfall in the Datatrak program. The standard deviation
for the thermal expansion at 500°C is plotted on the finished curves as
error bars. Because of the way the curve was constructed, these error

bars are greater than for any other point on the curve.



- 30~

B. FINISHED CURVES

The results of this work are briefly summarized in Table 5 and
in Figures 26-33,

The first general trend that should be noticed in Figures 26-30
is that the greatest thermal expansion occurs in the longitudinal direc-
tion, i.e., near the growth direction, that the least thermal expansion
is in the transverse direction, and that the thermal expansion in the
vertical direction is slightly greater than it is in the transverse
direction as predicted. In the polycrystalline specimen with a lamellar
spacing of 1.4 um, the vertical and transverse directions are not well
defined. Since the thermal expansion of the aluminum solid solution 1s
isotropic, the anisotropy of the thermal expansion of the composite
must be due to the anisotropic thermal expansion of the © phase.

The second trend that should be noticed is that the thermal ex-
pansion of the composite is a function of the lamellar spacing. As can
be seen from Figures 31-33, thermal expansion in all three directions
is generally least for large lamellar spacings, and increases as A de-

creases.
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V. DISCUSSION

A, COMPARISON WITH PREDICTED VALUES AND INTERPRETATION

The most significant finding of this study is that the thermal
expansion of the A1~CuA12 directionally solidified eutectic varies
with interlamellar spacing. This phenomenon is not considered in any
known theoretical treatment of composite materials, such as the rule of
mixtures.

It should be observed that for the slowest growth rate the ther-
mal expansion of the composite is approximately equal to that calcu-
lated in Table 1 from the reported values for the 6 phase alone, and
that the intermediate values generally lie between values for the 8
phase and those predicted by the elastic rule of mixtures model as tab-
ulated in Table 2.

An empirical approach to the interpretation of these findings
other than using a more detailed and/or other continuum mechanics model,
is to consider the mechanical properties of the composite as a function
of A and of temperature.

As a function of the lamellar spacing, yield Stressglo911’63

7,11 and elastic modulus,67 increase as A decreases,

well as hardness
This indicates that the Al phase bears more of the load as A decreases
if the effective yield stress of the 6 phase remains the same.

The constraint in the composite is that at the interface no slip

3,5,12

OCCUTS. Therefore thermal stress builds up at the lamellar inter-

face and across both lamellae. The Al phase will yield when its yield



-39

stress 1s reached. If the yield stresses of the composite increases as
A decreases, then the Al phase can bear larger thermal stresses (and
consequently larger changes in temperature) before plastic deformation
occurs. This establishes that the thermal expansion of the Al phase
could conform almost immediately (small AT) to that of the 6 phase for
large A, but that the elastic model should be more correct as A de-
creases.,

The minimum and maximum of the thermal expansion of the compos-
ite are approximately equal to those of the 0 phase and values as pre-
dicted by the elastic rule of mixtures model, respectively. However,
since thermal stress is a function of the difference in thermal expan-
sion between the two phases rather than additive, it is unclear what
function of A should be used to represent the thermal expansion of the
composite. No mechanical property of the composite has yet been shown
to be consistently predicted by a specific function of Acé
B. DEFICIENCIES IN THE ELASTIC MODEL

There are several phenomena that are neglected by the elastic
rule of mixtures model, which will be mentioned here. They are plastic-
ity, creep, work hardening, anmealing, and thermal cycling.

Due to the difference in thermal expansion of the phases, ther-
mal stress builds up in both lamellae as the temperature changes. If
the total stress in the lamellae (thermal stress plus any residual
stress) exceeds the yield strength of the phase, plastic deformation,
rather than exclusively elastic strain, will occur. For the aluminum

solid solution, this will occur for a temperature change of about 300°C
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from room temperature in the transverse direction using the yield
strength of aluminum at room temperature. Of course, the yield
strength itself 1s a function of temperature such that near the melt-
ing point of the eutectic, plastic deformation occurs for small temper-
ature changes.

Even if plastic deformation does not occur during the exper-
iment, creep or relaxation will occur. The aluminum phase will tend
to relax under steady state conditions until some low residual stress
state is reached. Creep is greatly accelerated at higher temperatures.

In addition, the aluminum solid solution is known to work hard-
en as it is deformed. This effect will tend to be offset at higher
temperatures as the aluminum is annealing at these temperatures.

Damage to the microstructure of composites can occur because of
repeated cycling of the thermal stresses in the composite by raising
and lowering its temperature. Thermal cycling can be ignored in this
work because of the large number of cycles (~ 104)5Z needed for thermal
cvcling damage to the microstructure to be evident.

The thermal history of the specimen has generally been ignored
in this work.

G. Garmong51 has attempted to model this system to account for
plastic deformation, creep and thermal cycling; however, he could not
supply direct evidence for his standard linear solid model, which works
well for the Al-NiAl, directionally solidified composite (fiberous).
Once could use his approach and take advantage of the fact that the

microstructure allows one to assume plane stress conditions, and thus
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one can use an Airy's stress function to map out elastic properties

analytically.

C. EFFECTS OF TEMPERATURE ON MICROSTRUCTURE
1. Coarsening

At high temperatures, the directionally solidified AlmCuAlz
eutectic will coarsen, i.e., the 6 lamellae will become thicker and
shorter, and begin to spheroidize.

5

Y. G. Nakagawa, G. C. Weatherly, and E. Ho 3 have advanced a

theory based on the grain boundary grooving diffusion model of W. W.

455 using a continuous coordinate system to describe a lamella

Mullins,s
at its termination. According to their theory, the rate at which the
lamellae coarsen is inversely proportional to Aza This result is in
qualitative agreement with the results of L. D. Graham and R. W. Kra£t§6
The rate of coarsening also increases linearly with the number of lamel-
lar terminations. Degenerate microstructures and lamellar microstruc-
tures that have been mechanically deformed can show coarsening quite

13,58 57

quickly (in a few minutes at 54OOC), Significant changes in

stable lamellar material will not be evident for many hours at temper-

atures near the melting point of the eutectic556
Coarsening can be ignored in this work because of the relatively

short times at high temperatures involved (1/2 hour at highest temper-

ature/run). In any case, the change in microstructure was not signif-

icant enough to merit changing the ideal model microstructure.
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2. Precipitation

A. D. Banchik and Alberto Bonfiglioli59 have found through dif-

fraction and small angle scattering of x-rays that the precipitation

60,61

process common to other Al alloys i.e., the precipitation sequence

GP(1) » GP(2) - 0" = 6 can occur in the A1=CuA12 lamellar eutectic.
The process is similar to that in metastable Cu-rich Al solid solutions,
with the exception that since the © phase is already present in the ad-

02 Banchik and Bonfig-

3,10,63

jacent lamellae, no 6 phase need be nucleated.
liolisg also cite evidence of age-hardening in the eutectic, or-
relating the peak hardness times and temperatures with work in 4 w/o
Cu-Al alloys.6o Banchik and Bonfigliolisg have also published a scan-
ning electron microscope photograph of 6' precipitates in their typical
Widmanstatten pattern in the Al phase of the lamellar eutectic.

For precipitation to occur in the Al phase in the A1=CuA12 direc-
tionally solidified eutectic, a supersaturation of Cu in the Al solid
solution must be obtained by quenching the material. If the material is
not quenched hard enough, the excess Cu solute will diffuse directly to
the 6 phase lamellae. This is an explanation of why previous workers64
may have missed finding precipitates in the Al phase. None of the
specimens in this work were quenched, as all measurements were made in
.the as grown condition and relatively slow cooling rates in vacuum were
employed. Therefore, it is concluded that precipitation is not a major
consideration,

A related consideration is that the solubility of Cu in the Al

solid solution varies with temperature. Thus the change in thickness of
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the 6 lamellae from solidification to room temperature is ~ 10%.64 The

shrinkage and expansion17 of the 9 phase as the temperature increases

and decreases has been ignored in this work.

D.  EFFECTS OF MICROSTRUCTURE ON THERMAL EXPANSION

The effects on thermal expansion of dislocation, misorientation
of the lamellae with respect to the ideal dilatometer axis, bending of
the lamellae, and texture of the 6 phase are considered here.

The effect of dislocations is not accounted for in the elastic
rule of mixtures. The coupling effect at the lamellar termination is
not known, though it is known that the density of misfit dislocations in-
creases with curvature, and is considerably greater than for the planar
Surface.16’17’20

The effect of changes in lamellar orientation with respect to

ingot coordinates is of the form

= = |coso 31 _ sing gzl
where for the ideal orientation ¢ =0, 31 is the thermal expansion in the
1deal direction, and ?2 is the thermal expansion in a direction ortho-
gonal to the ideal direction. Hence if ¢ is small, € = ]?1\ still. Of
greater concern is the fact that one is forced to use an average lamel-
lar orientation, so that

2 2 2 2
jspecimen [(COSZ¢)€1 + (COSZ¢)€Z + (cos n)ES 1dv

| av
specimen
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where the axis of the dilatometgr specimen is expressed as

€ € £,
a = cosd :}» + COSY -%;u+ cosn ;é'and the ideal orientation is when ¢ =0,
[Eﬂ ‘Ezl 153‘

p o= 90°, n = 90°

The bending of the lamellae presents two other difficulties in
approximating the real microstructure with the ideal microstructure as-
sumed for the calculations. The first difficulty is finding an average
normal of the lamellae to designate an orientation of the lamellae in
ingot coordinates. The average inclination of the lamellae in a photo-
graph may be difficult to ascertain because of the bending and defects
present (though less so), especially in photographs of polished surfaces
whose normals coincide with the growth direction where the number of
defects and variance in inclination of the projection of the lamellae
have been found to be greatest, and in photographs where the polished
surface normals are close to the lamellae normals (defects and variance
in orientation will be exaggerated). Once vectors have been assigned to
these projections, the three sets of cross-products may be different be-
cause these vectors are taken from different parts but howbeit close
parts of the ingot, and hence the orientation of the lamellae may be
slightly different. Hence, the average of the three cross-products is
used, or the best determined normal, usually that cross-product of vec-
tors from the top and side of the ingot. For these reasons, the lamellae
spacing formulae (Eq. (24)) may not be completely consistent when the

two surfaces exchange roles.
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The second effect is that bending of the lamellae violates the
condition that the lamellar are planar in the ideal microstructure, but
the cffect should be small as far as the role of mixtures is concerned
1f the radius of curvature is much greater than the lamellar spacing,
in which case the approximation of plane would still be valid.

The effects of the apparaent bending of the lamellae locally
(Figure 13) should average out as above if the period and amplitude of
the bending is not too great.

The effect of changing texture of the 6 phase can be treated
similarly to the method described above with the analogous condition
that the orientation of the 6 phase cannot change rapidly over the vol-
ume of the lamellae; the result would be an average value for the ther-
mal expansion of the & phase to be used in the computations.

The relationship (111)A1 I (121)6 <121k1 }|<12336 is not exact
but only a low indice expression for the true relationship about this
relationship. The interface relationship between the phases has been

16,20 . )
This variance can be as

found to vary within the same specimen.
much as 120314 Also the normal calculated by using the average projec-
tions of the lamellae as described earlier is not exact for reasons
stated above. Since this variance is of the order of #10° depending on
the ingot, the fact that the normal and the (lll)Al and (121)6 poles do
not coincide on the stereographic projections is not surprising. However,
the crystallographic relationship above has been taken as the average in-

terface relationship for all the ingots, and has been so used in the cal-

culations.



-39-

VI. CONCLUSIONS

The thermal expansion of the directionally solidified A1~CUA11
cutectic decreases with increasing lamellar spacing for the range 1.4 to
7.5 un. This lamellar dependence is not accounted for by the rule of
mixtures based on volume fractions. The thermal expansion is greatest
in the growth direction, least in the transverse direction, and the ther-
mal expansion normal to the lamellae is slightly greater than it is in
the transverse direction. These results confirm that the CuAlZ phase 1is
anisotropic with regards to thermal expansion.

The most important implications of the results of this work is
that the designer not only must take into account the fact that for high
temperature applications the yield strength of the directionally solid-
ified lamellar eutectic declines, but also that the dimensional toler-
ances will change due to the change in thermal expansion as coarsening

proceeds.
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Table 1. Mean thermal expansion coefficients of
Al and CuAlZ (literature).
(S o S G, . Q. -
Temp Al . longg § trans . VGTTLC%%@
°c  x159%  x10%%  x10%%  x10° O
100 23.8 21.0 15.3 17.3
200 24.5 21.3 15.5 17.5
300 25.4 21.6 15.7 17.8
400 26.5 21.7 15.8 17.9
500 27.1 22.7 16.5 18.7
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Table 11. Calculated composite mean thermal expansion.

°c Longitudinal Vertical Transverse
o o o
m m m
AL o AL, -1 AL, -]
T % 10% ot L 107° O L 107° O
100 .178 22.5 .162 20,3 154 19.2
200 .410 22.8 374 20.8 .353 19.6
300 .652 23.3 . 596 21.3 .503 20.1
400 .908 23.9 832 21.9 . 787 20,7

500 1.186 24,7 1.085 22.6 1.022 21.5




Table I1T. Summary of lamellar spacings and orientations.

48 -

R

an/sec X 1074

0.958

Dot D ede D

gt
el

A

A n

um ingot coordinates
7.5 041 1+ L0735 + .997 k
3.5 003 1 + .347 § + .938 k
2.6 S 1771+ L3045+ .935 k
1.8 077 %+ .988 - .130 k
1.4 polycrystalline

growth direction
vp (from horizontal)

transverse (right hand coordinate system)




Table 1V. Qualitative raw data results (grouping toget

-49.

her cycles).

A (um) 7.5 3.5 2.6 1.8 1.9
direction
longitudinal mod. tight  tight loose loose mod. tight
vertical mod. tight  loose tight loose mod. tight
transverse mod. tight  loose loose very loose loose
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FIGURE CAPTIONS

Figure 1. Ideal microstructure.

Figure 2, Solidification apparatus schematic (furnace).
Figure 3. Detailed furnace schematic.

Figure 4. AZ vs. R.

Figure 5. Sketch of macrostructure, A = 7.5 um.

Figure 6. Sketch of macrostructure, A = 3.5 um,

Figure 7. Sketch of macrostructure, A = 2.6 um.

Figure 8. Sketch of macrostructure, A = 1.8 um,

Figure 9, Sketch of macrostructure, A = 1.4 um.

Figure 10.  Micrograph of ideal microstructure, A = 3.5 um,
side projection.
Figure 11.  Micrograph of dislocations A = 2.6 um,
transverse projection.
Figure 12. Micrograph of shifting lamellae orientation.
Figure 13, Micrograph of surface near lamellae normal, A = 3.5 um,
vertical projection.
Figure 14A. (top half) Polycrystalline eutectic micrograph,
A= 1.4 ym, top projection.
Figure 14B. (bottom half) Polycrystalline eutectic micrograph
A = 1.4 um, transverse projection.
Figure 15. Laue transmission photograph, A = 7.5 um¢(111)A1 orien-

tation evident by 3-fold symmetry of streaks at center.
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16.

18.

19,

20.

22,
23.
24,
25.
26.
27,
28,
29.
30.
31.
32.
33,

34,

Stereographic projection of transmission Laue photograph,
A= 705 .,

Stereographic projection of transmission Laue photograph,
A= 3.5 ym,

Stereographic projection of transmission Laue photograph,
A= 2.6 pm.

Stereographic projection of transmission Laue photograph,
A= 1.8 um,

Two surface lamellar spacing determination, general case.
Machining of parallelepiped along dilatometer specimen
axis.

Specimen chamber of Theta IIIR dilatometer.

Section of raw thermal expansion data chart recording.
Determination of correction function. {(Cu standard)
Typical raw thermal expansion data.

Thermal expansion for A = 7.5 um.

Thermal expansion for A = 3.5 um.
Thermal expansion for A = 2.6 um.
Thermal expansion for A = 1.8 um.

Thermal expansion for A = 1.4 um (polycrystalline).
Thermal expansion for the longitudinal direction.
Thermal expansion for the vertical direction.
Thermal expansion for the transverse direction.

Calculated thermal expansion.
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Growth Direction

XBL 773-5200

Figure 1
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10 -

12 -

14 -

16 -

18 -

19 -

Quartz tube with crucible (C).

Copper tube.

Support of quartz tube (copper).

Copper end disc with O-seal ring and thermocouple passage.
Aluminum support.

Water colling system.

Moving furnace, front and end face: asbestos, laberal side:
aluninum sheet, Marshall furnace, Max., AMP = 14.7.

Track.

Switch-end of course.

Adjustable rods.

Stainless steel wire for mechanical transmission.

Drums (D=21).

Scale.

Pointer.

Indicator of pressure on line.

Indicator of pressure after regulator.

Regulator.

Indicator of pressure on tank.

Flowmeter.



Figure 3 Index (continued)

Valve of argon tank.
Argon tank.
Pulley Pl'
Bear box:=

Electrical motor shaft.
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A=l.4 um
Top HS&@% Transverse
T 21
0.0 C)C)C}
0O 0O
080 0%
Transverse
Vertical
Longitudinal

Figure 9

Polycrystaliine

Lamellae in general
contain growth
direction

XBL783-4770



-65-

XBB 784-443%

Figure 10
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XBL783-4764
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