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Microstructure and crystal growth direction of Al—Cu alloy
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Abstract: The microstructures and crystal growth directions of permanent mould casting (PMC) and directionally solidified (DS)
Al—Cu alloys with different contents of Cu were investigated. Simultaneously, the effects of pouring temperature on the
microstructure and crystal growth direction of permanent mould casting pure Al were also discussed. The results indicate that the
a(Al) crystals in the pure Al do not always keep common columnar grains, but change from the columnar grains to columnar
dendrites with developed arms as the pouring temperature rises. The growth direction also varies with the change of pouring
temperature. Cu element has similar effects on the microstructures of the PMC and DS casting Al-Cu alloys and the a(Al) crystals
gradually change from columnar crystals in turn to columnar dendrites and developed equiaxed dendrites as the Cu content increases.
The crystal growth direction in the PMC alloys gradually approaches (110) orientation with increasing Cu content. But the resulting
crystals with growth direction of (110) do not belong to feathery grains. There are also no feathery grains to form in all of the DS

Al—Cu alloys.
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1 Introduction

Compared with ZA27 alloy, the melting point of
10% Si (volume fraction) particle reinforced ZA27 in
situ composite (Si,/ZA27 composite) is significantly
raised from 497 °C to 625 °C [1]. Its pouring
temperature thereby is raised correspondingly. However,
the pouring temperature rise leads to the primary a(Al)
dendrites to change from original small equiaxed
dendrites to very developed columnar dendrites, even to
feathery grains with large anisotropic morphology as the
temperature is raised to 750 °C [2]. Feathery grain is a
kind of specific columnar dendrite that is often found in
Al alloys [3]. Due to its strong anisotropy and
nonuniform aspect, this kind of microstructure is highly
undesirable in Al manufacturing. The investigation
indicates that the mechanical properties of the Si,/ZA27
composite are obviously impaired due to this
microstructure [1]. To avoid the feathery grains, it is of
importance to verify their formation conditions.

In fact, the primary metal phase in the Si/ZA27
composite is identical to that of Al alloys and both of

them belong to a(Al) phase. So, it can be considered that
the formation of feathery grains in the composite is
similar to that of Al alloys. The existing investigations on
Al alloys indicated that high temperature gradient and
growth rate, the presence of fluid flow, the absence of
nucleation agents and a given amount of certain solute
elements with specific crystal structure can accelerate the
formation of feathery grains [4—6]. That is to say, the
composition of an alloy has large effects on the
formation of feathery grains. The reason is that the
solutes change the anisotropy of the solid—liquid
interface and the adsorption kinetics of atoms, thus
resulting in the formation of twins and the change of
growth direction [3,7-9]. But a recent study has shown
that the formation of feathery grains was not concerned
with solute kind, but with its amount [10]. The
investigation demonstrated that the formation actually
depended on Zn content for Al-Zn alloy and (110)
orientated feathery grains were clearly found above 60%
Zn[11].

In order to verify the formation of feathery grains in
the Si/ZA27 composite, it is necessary to clarify
the effects of all kinds of solutes. Cu is a main alloying
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element for the composite [12]. But the existing
investigations have not involved the effect of Cu element
on the microstructure, especially on the formation of
feathery grains. The proposed structure of feathery grains
is made of thin lamellar dendrites in the center of their
trunk by a coherent (111) twin plane [3,7]. Twinned
dendrite trunks always grow along (110) direction and
have a highly complex branch morphology of
(110) secondary arms [3,4]. The formation of the very
anisotropic morphology is essentially attributed to the
change of a(Al) growth direction from the isotropic

growth along (100) to the anisotropic growth along (110).

The present work indicates that the growth direction of
the a(Al) in Al-Cu alloy can change to (110) orientation
under given Cu content and solidification conditions, but
the resulting morphology is not so anisotropic.

Therefore, the study on the effect of Cu element on
the microstructure of Al-Cu alloy is significant not only
for verifying the microstructure of the Si/ZA27
composite, but also for understanding the formation and
structure of feathery grains in Al alloys. In the present
work the effects of Cu content and directional
solidification on the microstructure and crystal growth
direction of Al-Cu alloy were mainly investigated. For
comparison, the cases of permanent mould casting pure
Al, especially the effects of pouring temperature were
discussed.

2 Experimental

The raw materials used in this work are pure Al and
Al-50Cu master alloy. According to the compositions of
target alloys, the raw materials were melted in a
resistance furnace at 790 °C, then degassed using C,Clg
and poured into a permanent mould with a cavity of
dl16 mm x 130 mm at 740 °C. The mould temperature
was at room temperature prior to pouring. The Cu
content in the ZA27 alloy is always limited within
2%—2.5%, but to verify the effects of Cu content on the
microstructures and growth directions of primary a(Al)
crystals (including those in the ZA27 alloy and Cu-
containing Al alloys), the range of Cu content should be
chosen as wide as possible. So, the employed Cu content
was selected within the range from 0 to 23%. The
investigation indicated that feathery grains could form in
the ZA27 alloy when pouring temperature was elevated
to 650 °C or above [13]. So, the pouring temperature of
740 °C was employed in this work. A given amount of
pure Al was also remelted and poured into the same
mould at different temperatures ranging from 680 °C to
830 °C to investigate the effect of pouring temperature
on the microstructure and crystal growth direction. A
specimen with dimensions of d16 mmx10 mm was cut

from the bottom end of each casting rod away for 50 mm.

Then, each specimen was sectioned into two small
specimens along axial direction. The cross-section of one
of them was finished and polished. For the Al—Cu
specimens, the cross-sections were etched by 1% HF
aqueous solution and for the pure Al specimens, they
were etched by 15% NaOH aqueous solution at 70—80
°C. They were observed with an optical microscope
(OM) and analyzed by energy dispersive spectrometer
(EDS) on a scanning electron microscope (SEM). Finally,
some typical specimens were finished and polished again,
and then vibrating-polished and analyzed on the SEM by
electronic back scattered diffraction (EBSD).

To investigate the effect of Cu content on the
microstructure and growth direction of the Al-Cu alloy
under directional solidification conditions, casting
Al—Cu rods with a diameter of 10 mm and with the same
compositions (0—23% Cu) to those of the alloys
employed in the above experiments were first prepared.
Then each of the rods was put into a quartz tube with a
diameter of 10.5 mm, remelted and directionally
solidified on a zone-melted directional solidification
device. The employed solidification rate was 30 pm/s.
All of the solidified rods were cut into two parts along
their axis direction. One of them was used for
metallographic observation and analysis. The preparation
processes of metallographic specimens and EBSD
specimens, and the observation and analysis methods are
same as those of the above permanent mould casting
specimens.

3 Results and discussion

3.1 Effects of pouring temperature on microstructure
and crystal growth direction of permanent mould
casting pure Al

Figure 1 gives the microstructures of the pure Al
poured at different temperatures. It can be found that the
primary grains are in columnar form at 680 °C

(Fig. 1(a)). Then, the columnar crystals generate branches

(Fig. 1(b)) and the branches gradually evolve into

dendritic arms as temperature rises (Fig. 1(c)). The

crystals thereby become into columnar dendrites at

740 °C (Fig. 1(c)). The dendritic arms become more and

more developed and the crystals change into the

developed columnar dendrites when the temperature is
further elevated (Fig. 1(d)). Simultaneously, both the
length of the columnar crystals or columnar dendrite
region and the primary dendritic arm spacing (PDAS)
increase as the temperature rises, which can be more

clearly seen from the quantitative results shown in Fig. 2.

In addition, the columnar crystals, especially the

columnar dendrites are refined as they grow towards the

casting rod center and thus the primary trunk spacing
decreases (Fig. 1). In view of the variation of the primary
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Fig. 1 Microstructures of pure Al poured at 680 °C (a), 710 °C (b), 740 °C (c) and 830 °C (d)
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Fig. 2 Variations of length of columnar dendrite region (a) and primary dendritic arm spacing (b) of pure Al with pouring temperature

trunk spacing with the distance from the casting rod
edges, it should be noted that the results shown in
Fig. 2(b) are obtained by examining the microstructures
near the rod edges.

For the present casting rods, their length (130 mm)

is far larger than their diameter (16 mm). So, it is
reasonably suggested that the heat released after pouring
conducts mainly along the radial direction and the heat
flow along the axial direction can be ignored, as shown
in Fig. 3. The directional heat flow is the reason for the
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formation of the columnar crystals or columnar
dendrites. Under twin-roll casting conditions, columnar
dendrites and equiaxed dendrites can form for pure
Al [14]. It can be expected that the temperature
difference between the melt and the mould increases, and
thus the temperature gradient in the melt increases as the
pouring temperature rises. The increase of the
temperature gradient must enhance the directional
growth of crystals. So, the length of the columnar crystal
region or columnar dendrite region increases as the
temperature rises (Figs. 1 and 2(a)). Figures 1(d) and 2(a)
indicate that the length of the columnar dendrite region is
up to 8 mm and thus the whole cross section is composed
of columnar dendrites. The melt does not begin to
solidify until its temperature is cooled below the melting
point, whatever the pouring temperature is. But as the
pouring temperature rises, the temperature of the mould,
especially the part close to the melt, is elevated during
solidification. So, the cooling rate in this region
decreases, the resulting columnar dendrites thereby are
coarsened and the PDAS increases (Figs. 1 and 2(b)).

Circumferential direction

Heat flow Growth direction

- as

Circumferential direction

Fig. 3 Schematic of solidification behavior of cross-section of
casting rod

Theoretically, the planar growth of a pure metal
should always be maintained if the temperature gradient
in the front of solid—liquid interface is positive and the
resulting microstructure is always composed of planar
crystals [15]. But the pure Al used in this work has Al
content of 99.9% and there are about 0.1% impurities. In
addition, some impurities on the tools used for melting
can enter into the melt during melting. Figure 1 shows
that there are lots of black structures at the grain
boundaries, which demonstrates that quite large amount
of impurities really exist in the pure Al. The EDS result
indicates that the impurities mainly include Fe, Si and
Mn. The impurity content in the front of solid—liquid
interface will increase as the columnar crystals grow
towards the rod center. Simultaneously, the temperature
gradient in the growing front also decreases. So, a

constitutional supercooling may generate when the
cellular or columnar crystals grow to a degree and the
supercooling degree increases as the crystals further grow.
Subsequently, renucleation will occur and equiaxed
dendrites will form in the center region of the rods.

As described above, the temperature of the mould
close to the melt is elevated as the pouring temperature
rises. Thus, the temperature gradient in the melt close to
the mould wall is decreased. So, the possibility of
forming constitutional supercooling increases as the
pouring temperature rises. In addition, no temperature
gradient exists theoretically along the circumferential
direction shown in Fig. 3. Therefore, constitutional
supercooling is easy to form in the side fronts of the
columnar crystals. Side branches thereby generate
around the columnar crystals and they gradually evolve
into developed dendrite arms as the temperature rises.
Similarly, more and more branches or dendrite arms can
form as the columnar dendrites grow towards the center
region due to the increased constitutional supercooling.
This is the reason why the columnar dendrites are refined
as they grow towards the center (Fig. 1).

Figure 4 gives the pole figures of the columnar
crystals or columnar dendrites of pure Al poured at
different temperatures. Through comparing with the
standard pole figures in the texture application software,
it can be found that the crystal growth directions at
680 °C and 740 °C are [233] and [021] respectively
(Figs. 4(a) and (b)) and that at 830 °C is towards [0T2]
orientation (Fig. 4(c)). That is to say, the growth
directions of the a(Al) crystals under different pouring
temperatures are all not towards the theoretical
orientation (100) and they vary with the pouring
temperature. But no crystal grows along (110) direction,
the typical growth direction of feathery grains [3,4]. So,
it can be concluded that the pouring temperature has
large effects on the crystal morphology and growth
direction of pure Al, but there are no feathery grains to
form, even if the resulting crystals have large anisotropic
morphology. This is consistent to the existing viewpoint
that a given amount of solute element is one of the main
factors for forming feathery grains [4—6]. The solutes can
change the anisotropy of solid—liquid interface and the
adsorption kinetics of atoms, thus resulting in the
formation of twins [3,7-9]. The twins then change the
a(Al) growth direction from the isotropic growth along
(100) to the anisotropic growth direction (110) and the
crystals finally grow into feathery grains [3,4]. A
previous investigation indicated that the (100) plane
would preferentially grow towards the direction opposite
to heat flow, but several (112) planes could grow along
the direction having an angle of 10° with heat flow if this
preferential growth direction was disturbed by other
solute elements or vibrating [16].
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Fig. 4 Pole figures corresponding to columnar dendrite structures of pure Al poured at 680 °C (a), 740 °C (b) and 830 °C (c)

Therefore, it can be concluded that the crystal
morphology of pure Al does not keep the common
columnar form, but changes from columnar form to
columnar dendrite shape with developed arms as the
pouring temperature rises. The reasons that lead to this
change should be attributed to the constitutional
supercooling from impurities and the decreased
temperature gradient. The growth direction does not also
maintain the metallographic preferential direction of
(100) and can vary with pouring temperature. But there
are no feathery grains to form, even if the resulting
crystals have large anisotropic morphology.

3.2 Effects of Cu content on microstructure and
dendrite growth direction of permanent mould
casting Al—Cu alloy
Figure 5 shows the microstructures of the Al-Cu

alloys with different Cu contents. It indicates that the

length of columnar dendrite region decreases with the
increase of Cu content (Figs. 5(a)—(c)), just contrary to
the change of pure Al with rising pouring temperature
discussed in the above section. The columnar dendrite
region completely disappears when the content increases

to 17% and the whole microstructure is composed of
equiaxed dendrites (Fig. 5(d)). But the changes of crystal
morphology and PDAS are similar to those of pure Al
with pouring temperature. The crystal morphology
changes from columnar shape to columnar dendritic form
with developed arms and the PADS increases. The
quantitative variations of the length of columnar dendrite
region and PADS can be seen in Fig. 6. The dendrite
morphology does not obviously change when the content
is over 17%. But the amount of eutectic structures
increases and the number of dot-like or short rod-like
arms that are separated from the dendrites also increases
(comparing Figs. 5(d) and (e)).

It is known that under given solidification
conditions, the higher the solute concentration, the larger
the constitutional supercooling. So, it can be expected
that the solid—liquid interfaces at the tips or sides of a
columnar crystal become more and more instable as the
Cu content increases. Then branches generate at these
sites as the content increases to a given value and they
gradually evolve into the developed arms as the Cu
content further increases (Fig. 5). As the columnar
dendrites grow towards the casting rod center, the Cu
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Fig. 5 Microstructures of Al—-Cu alloys with 2% Cu (a), 7% Cu (b), 13% Cu (c), 17% Cu (d) and 23% Cu (e) poured at 740 °C
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Fig. 6 Variations of length of columnar dendrite region (a) and primary dendritic arm spacing (b) with Cu content

content in the front of solid—liquid interface becomes
higher and higher, and thus both the constitutional
supercooling degree and constitutional supercooling
region increase. In addition, these two factors can also be
enhanced with increasing the added Cu content. Based
on these standpoints, the formation of the equiaxed
dendrites in the casting rod center and the variation of
the length of the columnar crystal region or columnar
dendrite region with the Cu content can be easily
understood.

According to the AI-Cu binary equilibrium
diagram [17], when the pouring temperature is
maintained at 740 °C, the superheating degree should

increase as Cu content increases. So, it can be expected
that the heat released prior to crystallizing increases, and
thus the mould is heated to higher temperatures. This
results in the decrease of the solidification rate and the
increase of the PDAS. In addition, as discussed above,
the dendrite arms become more and more developed as
Cu content increases due to the increased constitutional
supercooling. The more developed arms must result in
longer distance between the primary trunks. That is to
say, the increased constitutional supercooling is another
reason that makes the PDAS increase. Furthermore, the
solute agglomeration at the arm roots should also
increase as Cu content increases, and the arms are easier
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to melt at their roots to form the dot-like or short rod-like
grains that are not connected with the primary trunks
(Fig. 5(e)).

As discussed in the above section, the growth
direction of a(Al) in the pure Al poured at 740 °C is
[051], having an angle of 18.43° with direction (110).
The growth direction turns into [320] when 2% Cu is
added, having an angle of 11.3° with direction (110)
(Fig. 7(a)). As Cu content increases to 13%, the growth
direction of most of the a(Al) crystals is [110]
(Fig. 7(b)). So, it can be concluded that Cu element has
large effects on the growth direction of a(Al) crystals,
and the direction gradually approaches orientation (110)
and even completely turns into (110) as Cu content
increases. That is to say, the growth direction is same to
that of feathery grains. But as shown in Fig. 5(c), the
columnar dendrite region is quite narrow; the dendrite
morphology is not so anisotropic with feathery grains
and is also not in laminar form. So, it can be proposed
that it is not sure that the a(Al) crystals which grow
along (110) must belong to feathery grains. This result is
consistent to that from the investigation on Al-23%Zn
alloy, the direction of the primary trunks is (110) and the
dendrite morphologies are also very anisotropic, but they
are regular columnar grains and do not belong to feathery
grains [10].

In summary, Cu content has large effects on the
microstructure and crystal growth direction of Al—Cu
alloy. The a(Al) crystals gradually change from
columnar crystals to columnar dendrites and finally to
equiaxed dendrites as Cu content
Simultaneously, the PDAS increases. All of these
changes are attributed to the increased constitutional

increases.

Yo
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supercooling. The growth direction approaches the
orientation (110) and even is completely along (110) as
Cu content increases. But the crystals grown along (110)
do not belong to feathery grains.

3.3 Effects of Cu content on microstructure and
dendrite growth direction of directionally
solidified AlI-Cu alloy
Figure 8 gives the microstructures of the Al—Cu

alloys with different Cu contents solidified under a given

directionally solidified condition. The solidification
condition was determined by the criterion that columnar

grains can form in the Al-13%Cu alloy, an alloy with a

middle Cu content employed in this work. The result

indicates that the microstructure of pure Al is composed
of columnar grains on which there are lots of protruded
particle-like secondary dendrite arms (Fig. 8(a)). The
addition of 2% Cu makes the columnar grains branch

(Fig. 8(b)) and the branches become closer and closer

with the increase of Cu content (Figs. 8(c) and (d)). And

the microstructure evolves into columnar dendrites with

quite developed arms when Cu content increases to 21%

(Fig. 8(e)). Simultaneously, the length of columnar

crystal region decreases. As Cu content further increases,

the columnar dendrites then turn into the developed
equiaxed dendrites that are distributed randomly

(Fig. 8(f)). In summary, the increase of Cu content

causes the primary crystals to form branches, and the

branches become more and more developed, finally, the
crystals change from columnar crystals to the developed
equiaxed dendrites.

From the existing investigations, it can be
concluded that feathery grains are very easy to form
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Fig. 7 Pole figures corresponding to columnar dendrite structures of A1-2%Cu alloy (a) and Al-13%Cu alloy (b)
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Fig. 8 Microstructures of Al—Cu alloys directionally solidified under certain conditions (parallel to solidification direction):
(a) Without Cu (pure Al); (b) 2% Cu; (¢) 7% Cu; (d) 13% Cu; (e) 21% Cu; (f) 23% Cu

under directional solidification conditions [10,11]. To
judge if feathery grains generate in the present
directionally solidified Al—Cu alloys, comparing the
microstructures with those of the proposed feathery
grains should be a useful method. Feathery grains consist
of thin lamellar dendrites in the center of their trunk by a
coherent (111) twin plane [3,7]. Twinned dendrite trunks
always grow along (110) direction and have a highly
complex branch morphology of (110) secondary dendrite
arms [3,4]. The microstructure in the section parallel to
the trunk growth direction is composed of continuous
rows. The rows are alternatively separated by straight
boundaries and wavy boundaries [3,4,7]. The transverse
section also consists of continuous rows, but the
boundaries between them are not so clear with those of
the longitudinal section and the crystals in the rows are
more equiaxed [10]. As shown in Fig. 8, the longitudinal
sections of some Al—Cu specimens are composed of

rows of columnar crystals or columnar dendrites,
especially the pure Al and Al-21% Cu alloy have the
straight trunk boundaries and the wavy boundaries
resulted from the impingement of side branches
(Figs. 8(a) and (e)). But the microstructure morphologies
of the transverse sections are obviously different from
those of feathery grains, which indicate that there are no
feathery grains in all of the present Al—Cu alloys
(including pure Al). From Fig. 9, it can be seen that in
the transverse section, the crystals of pure Al are in round
or polygon form (Fig. 9(a)), which is consistent with the
characteristic of columnar crystals. For the AI-Cu alloys,
the crystal morphologies change from the mixture of
round and polygon forms of the pure Al to polygon shape
(Fig. 9(b)) and equiaxed dendrite shape (Fig. 9(c)) as Cu
content increases. The branches of equiaxed dendrites
become closer and more developed as Cu content further
increases (Figs. 9(d) and (e)). The polygon shape
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corresponds to the cross-section shape of columnar
grains and the equiaxed dendrite shape matches that of
columnar dendrites. In contrast, the growth anisotropy of
the columnar crystals in the pure Al is more obvious than
that in the Al-2%Cu alloy because the angle shown in
Fig. 9(a) is sharper than that shown in Fig. 9(b). The
reason is the higher constitutional supercooling resulted
from Cu element for the Al-2%Cu alloy. For the
Al-23%Cu alloy, the transverse section also consists of
the developed equiaxed dendrites, similar to the
longitudinal section shown in Fig. 9(f). That is to say,
there are no feathery grains forming in the Al-Cu alloys
in view of their microstructure morphologies.

In addition, the crystal growth direction is another
criterion for judging if the crystals belong to feathery
grains as discussed in the above two sections. Figure 8(e)
shows that the parallelly-distributed grains of the
Al-21%Cu alloy have the most anisotropic
morphologies and thus the crystal growth direction of

this alloy was analyzed by EBSD. The result indicates
that the crystals have [211] orientation growth
direction (Fig. 10), different from the common growth
direction (110) of feathery grains. WOOD et al [18]
proposed that the growth direction of primary trunk in
the twined feathery grains could change from (110) to
(112). Another investigation on directionally solidified
Al—Cu alloy indicated that the primary trunk of feathery
grains grew along (112) direction [19]. That is to say, the
growth direction of feathery grains can be (112). But
from the microstructure morphology discussed in the
above section, it is found that the grains in the
Al-21%Cu do not belong to feathery grains.

As for the microstructure variation with Cu content,
it can be well interpreted by constitutional supercooling
resulted from Cu element. It is known that under a given
solidification condition, both the degree and region width
of constitutional supercooling all increase as the
solute amount of Cu increases [20]. These two increased

Fig. 9 Microstructures of Al-Cu alloys directionally solidified under certain conditions (perpendicular to solidification direction):
(a) Without Cu (pure Al); (b) 2% Cu; (¢) 7% Cu; (d) 13% Cu; (e) 21% Cu; (f) 23% Cu
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Fig. 10 Pole figures corresponding to columnar dendrite structures of directionally solidified A1-21%Cu alloy

parameters accelerate the formation of branches and
make the branches closer and more developed. The
crystals then change from original columnar grains in
turn to columnar dendrites and equiaxed grains [20].

Generally, Cu element also has large effect on
microstructure of the directionally solidified Al-Cu alloy
and the primary phase changes from columnar grains in
turn to columnar dendrites and developed equiaxed
dendrites as the Cu content increases. There are also no
feathery grains to form in all of the Al-Cu alloys
employed in this work although the grains in some alloys
have very anisotropic morphology, parallel distribution
and growth direction of (112).

4 Conclusions

1) The primary a(Al) crystals of pure Al do not
maintain the common columnar crystals, but change
from columnar crystals to columnar dendrites with
developed arms as the pouring temperature rises. The
growth direction of the primary crystals also does not
maintain the metallographic preferential direction of
(100) and can vary with the pouring temperature.

2) Cu content has large effects on the microstructure
and crystal growth direction of the permanent mould
casting Al—Cu alloy. The a(Al) crystals gradually
change from columnar crystals to columnar dendrites and
finally to equiaxed dendrites as Cu content increases,
while the growth direction gradually approaches
orientation (110) and is completely along (110) as Cu
content increases to 13%. But the resulting crystals
grown along (110) do not belong to feathery grains in
view of their structures.

3) Cu
microstructure of the directionally solidified Al-Cu alloy
and the primary phase changes from columnar crystals in
turn to columnar dendrites and developed equiaxed
dendrites as Cu content increases. There are also no

element also has large effects on

feathery grains to form in all of the Al-Cu alloys
although the crystals have (112) growth direction.
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Al-Cu & BEMBALARERBIREK AT
MIKE, BGM, e,
S NERT K AT (4 R S T 5 AU 5 A%, 4 730050

B E: UEEAEIEPMCO)NIE FEEE (DS) AN A Cu &5 Al-Cu ISV A KT, [, R
PRI R 20 AL AL U AR AR TT R S8 . G980, 200 AL B O FARAR 2 ORAFIRDIR, T B e Sl e
I et AR, ity A Dby AT B a2k it AR B, LR A A2 KT I B2 . Cu J630%6 PMC F DS Al-Cu
F 4 WAL R AL BEAT Cu SRR, a(AD S A IR SR A AR S FRIR B S AR A 1
SER . B Cu S RIEEIN, PMC &<l AR K K [ HHEIT(110) )5 1), BT RICL10) 1) (1 A0 AN T
PIBR A FEFTHT DS Al-Cu & 4P A R U BAR A4
KEER: Al-Cu 13 ERGER ALK, eEiws; D4R
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