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Received: 18 July 2018 / Accepted: 23 December 2018 / Published online: 18 January 2019
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Abstract
Eutectic alloys are considered promising candidates for high-temperature structural applications. In spite of this, quanti-

tative examination of the effect of the length scale of the eutectic microstructure on mechanical properties remains a

challenge. In this sense, assessments of morphology, size and distribution of the phases forming the eutectic mixture,

solidified under transient regime and different cooling conditions, endure necessary. In the present study, a large spectrum

of cooling rates has been obtained during unsteady-state directional solidification of an Al–33 mass% Cu alloy. The main

techniques utilized were: optical microscopy; scanning electron microscopy with X-ray energy-dispersive spectroscopy,

X-ray fluorescence spectroscopy and Vickers hardness (HV). The resulting microstructures related to various solidification

cooling rates are shown to be formed by eutectic colonies. Three microstructural zones constitute the colony, that is, a fine

central regular lamellar Al–Al2Cu eutectic, an intermediate narrow wavy lamellar eutectic and a coarse boundary eutectic

zone. Iron impurity appears to be able to degenerate the eutectic into a more randomly distributed microstructure. The

colonies’ morphology exhibits a transition from regular to platelike cells with the increase in cooling rate. Furthermore, the

evolution of hardness as a function of the colony spacings is outlined. The highest hardness of 200 HV is related to an

ultrafine bimodal structure formed by platelike eutectic colonies with 13 lm in spacing with very fine lamellae of 330 nm

in spacing.
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Introduction

Alloys of eutectic or near-eutectic compositions are largely

employed in casting, soldering and welding processes

because of their low melting points, good forming flexi-

bility and high mechanical properties [1, 2]. For the

improvement in such properties, it remains essential to

trace relationships linking the solidification thermal

parameters and the eutectic microstructure scale. Previous

research efforts on the growth of eutectics have allowed

establishing experimental relationships [3–9].

In this respect, a general quantitative expression was

first proposed by Jackson and Hunt (J–H model) [10]. The

calculations are based on solving the diffusion problem at

the solid/liquid interface, and the growth model predicts

that kE
2v = const, that is, the product of the square of the

eutectic spacing, kE, and the growth rate, v, is equal to a

constant. In the case of the Al–Al2Cu eutectic, Çadırlı et al.
[11] found kE

2v = 156 lm3 s-1, Ourdjini et al. [12] reported

164 lm3 s-1 for stationary slow cooling conditions

(v\ 0.4 mm s-1), while Zimmerman et al. [13] found a

kE
2v = 88 lm3 s-1 during fast cooling (v[ 10 mm s-1) of

a laser remelting treatment. There are many discrepancies

among the data reported for Al–Al2Cu eutectic growth

[14]. Stoichev et al. [14] stated that a probable explanation

refers to freezing conditions that are not cared of during

experimentations, e.g., presence and intensity of convec-

tive flow at the solid/liquid interface or impurity influences.

The broad application of J–H constants confirms that the

lamellar eutectic spacing is one of the crucial parameters of
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eutectic alloys [15]. This is explained by the effects of

growth rate on the liquid diffusion coefficient ahead the

solidification front as well as on the melt convection,

changing kE accordingly. It is worth noting that there is a

lack of research substantiated in intermediate growth rates

under transient heat flow conditions, which are those clo-

sely related to the industrial practice. In the present

investigation, the thermal gradient and growth rate are

interdependent and vary freely with time. This is the same

as typically found in industrial casting processes.

According to Zimmerman et al. [13, 16], the increase in

cooling rate may propitiate various morphologies to hap-

pen in Al–Cu eutectic alloy, such as degenerated eutectic,

banded structure or even amorphous Al–Cu phase.

Çadırlı et al. [11] identified the presence of dendrite-like

colony arrangements for their highest tested pulling rate of

0.48 mm s-1. Although no measurement was taken on that

matter, it was stated that the eutectic colony influenced the

lamellar spacing measurement if some part of the colony

was considered. It appears that the eutectic spacing varia-

tion across the eutectic colony is often not examined.

Further, the eutectic spacing is generally believed to follow

the same scaling relation as that for a planar eutectic

interface. No detailed quantitative research work has been

developed on the relationships between the unsteady-state

scale of the Al–Cu eutectic colonies and the solidification

thermal parameters, such as the cooling rate and the growth

rate. The growth of the eutectic colony is mainly reported

to be related to the presence of a ternary impurity element,

which leads to the constitutional supercooling at the

solidification interface [5].

Stoichev et al. [14] researched the influence of iron

impurity on the Al–Cu eutectic solidification. The lamellar

eutectic spacing was shown to be affected by the concen-

tration of impurity. The larger values for an alloy modified

with 0.09 mass% Fe compared with that for a 0.05 mass%

Fe-containing alloy were justified by the non-uniform

distribution of the iron during solidification. A previous

research work [17] revealed that Fe is preferably deposited

within the a–b interlamellar surfaces. The main proposition

is that such deposit may change the specific surface energy.

If melt movement ahead the solidification interface is not

enough to equalize local iron concentration, a needlelike

phase would be possibly formed [14]. The growth of these

phases consumes the impurity on the solidification front,

lowering its concentration. Consequently, no effect on the

microstructure is expected to occur. Quite the reverse, a

vigorous movement of the melt takes away from the

solidification front the excess of iron atoms. As a result, no

new intermetallics would appear. On the whole, it has been

reported that iron additions may cause the enlargement of

the lamellar structure, which is partly changed into a coarse

rodlike one.

Zimmerman et al. [18] also dealt with local variations in

the lamellar spacing in three hypoeutectic Al–Cu eutectic

alloys with 25, 28 and 31 mass% Cu. The oscillatory

eutectic was characterized in detail. It was experimentally

found that the angle h between a boundary line and the

growth direction is about 358. It was stated that the

breakdown of steady-state lamellar eutectic structure is not

necessarily related to the appearance of dendrites of the

primary phase. According to this research, the destabi-

lization of the lamellas is first caused by the growth of an

oscillatory morphology. Such structure carries on over a

wide range of compositions and growth rates.

Sahoo and Ghosh [19] investigated the transient stage

microstructures resulting from the strip casting process of

an Al–Cu eutectic alloy. They observed the formation of a

globular a-Al phase within an Al–Al2Cu eutectic structure

for estimated growth rates higher than 20 mm s-1. Con-

sidering such fast cooling conditions, the Al–33 mass% Cu

alloy exhibited off-eutectic behavior, being the extension

of this behavior increased with the increase in cooling rate.

The Al–Al2Cu eutectic has been widely investigated so

far [20]. A regular lamellar morphology generally charac-

terizes its growth. However, the brittle nature of such

eutectic limits its application [21–24]. Improvement in

ductility may be obtained by refining the microstructure.

Microstructural refinements may be achieved by reducing

the interphase spacing, which is affected by either rapid

solidification or alloying additions [25, 26]. However, none

of the existing studies devoted to that have extended to the

level of two-phase cellular structures, that is, the eutectic

colonies. None of these studies examined the microstruc-

ture aspects inside the colony and their effects on

mechanical strength. It appears that the control of volume

fractions of the distinct morphologies forming a colony and

constituent phases could provide greater flexibility in pro-

cessing eutectics with a prospect of diversifying the

resulting mechanical properties.

The conditions (unsteady-state ‘v’ between 0.2 and

1.6 mm s-1) achieved during the present investigation are

closer to those of industrial processes dealing with liquid-

to-solid transformation. Based on the Al–33 mass% Cu

alloy directionally solidified specimens under transient

regime, the main purpose of this research work is to

quantitatively characterize the growth of eutectic colonies.

Various scales of the eutectic microstructure are assessed

as the variation in size of the eutectic colony, the pro-

gression of the lamellar eutectic and the scale of the coarser

randomly distributed zone. All scales will be associated

with the range of experimental cooling rates and growth

rates along the length of the directionally solidified (DS)

casting. A correlation between the Vickers hardness and

the colony spacing is also anticipated.
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Experimental procedure

Thermal analysis during solidification

An unsteady-state setup was employed in order to direc-

tionally solidify the Al–33 mass% Cu alloy casting. This

setup is detailedly described in previous research works

[3, 6] and also in Fig. 1. The directionally solidified body

shows different cooling conditions from the bottom to the

top which generates varied microstructural features

depending on the relative position. Commercial-purity Al

(99.79 mass%) and high-purity Cu (99.9 mass%) were

melted in order to prepare the alloy.

This setup operates an in situ remelting of the alloy by

heating with radial electrical resistances involving an inner

coated stainless steel mold. When the melt temperature

achieves 10% above the eutectic temperature, i.e., 603 �C,
the furnace windings were disconnected, and at the same

time, the external water flow at the bottom of the container

was to begin the cooling down procedure, thus permitting

the onset of solidification.

The solidification setup supports the placing of a number

of fine K-type thermocouples along the length of the

casting. Using as reference the cooled base of the casting, a

setting of the thermocouples’ tips was performed in distinct

quotas until 66 mm. The temperature device permitted

very accurate data acquisition of 5 Hz on each thermo-

couple for both cooling curve and directional solidification

thermal profiles. A checking of the thermocouples’ tips

after solidification allowed the examination of the exact

positions of measurement.

Microstructural measurements and hardness
tests

The following samples were examined through metallog-

raphy: 5 mm, 10 mm, 15 mm, 20 mm, 25 mm, 30 mm,

40 mm, 50 mm, 60 mm and 70 mm from the cooled base

of the DS casting. The metallographic process includes

evaluation of longitudinal and transverse samples of each

position, which were mounted, polished and etched with a

solution of 0.5% HF in water during 15 s. After that,

examination using an optical microscope was performed.

The microstructural features of each sample were

assessed by using an Olympus inverted metallurgical

microscope (model 41GX). The spacing between colony

units represented the length scale of the eutectic colony. In

addition to that, the determination of the Al2Cu spacing
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Fig. 1 Schematic representation of the casting assembly and cylindrical casting
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was referred to either center lamellar eutectic or edge

random eutectic shapes.

Measurements on the as-solidified microstructure were

taken using the line-intercept method [27, 28] for lamellar,

kL, colony spacings within the platelike region, kEC, and
coarse random zone, kE [27]. The triangle method was

employed to measure the kEC within the regular cells

region. The schematic representation in Fig. 2 shows more

clearly the methods employed to measure these spacings.

For each mentioned spacing, seventy measurements were

taken for each selected position in the DS casting.

Advanced characterization of the microstructures, mor-

phologies and compositions of the phases was carried out

through SEM analyses in both secondary electrons (SE)

and back-scattered electron (BSE) modes. In order to

enable the observation of the morphological details within

the eutectic colonies, deep-etched samples were prepared

(HCl during 3 min). The instrument used was a Zeiss SEM

(Zeiss—EVO-MA15) equipped with an Oxford-X-Max

energy-dispersive X-ray spectroscopy (EDS).

The instrument used to determine the Cu and Fe con-

tents on the whole longitudinal section of the DS casting

was a Rigaku Rix 3100 X-ray fluorescence spectrometer.

Vickers microhardness profiles were determined by

using a test load of 500 g and a count time of 15 s.

A Shimadzu HMV-G 20ST model hardness measuring test

device was used for those measurements. The adopted

Vickers hardness was the average of at least 15 measure-

ments on each sample.

Results and discussion

Macrostructure, microstructures
and solidification thermal variables

Figure 3a shows the equilibrium cooling curve of the Al–

33 mass% Cu alloy obtained before the directional solidi-

fication test. Eutectic temperature, TE, of 548 �C was

determined in this previous experiment in which the alloy

was slowly cooled in a well-insulated crucible, thus per-

mitting the transformation temperature to be followed. In

addition to that, the last 110 s during the eutectic trans-

formation reveals a drop in the transformation temperature.

The temperature decreased to 545 �C (Tt) during such

stage. According to Mondolfo [29], Fe impurity can pro-

mote two ternary phases in equilibrium with aluminum:

(FeCu)Al6 and Cu2FeAl7. Those can be present in very

low-iron Al–Cu alloys. The (FeCu)Al6 is the equivalent to

the unstable FeAl6 compound. A ternary eutectic reaction

is stated to take place at 545 �C for very low Fe quantity,

which means ‘liquid’ into Al ? CuAl2 ? Cu2FeAl7. It

appears that the ending part of the eutectic level in Fig. 3a

refers to that reaction.

The as-cast macrostructure, revealed after chemical

etching of the DS Al–33Cu alloy casting, is shown in

Fig. 3b. Very fine columnar grains prevailed along the

entire length of the casting.

The thermocouples inserted within the Al–Cu eutectic

alloy DS casting during solidification allowed to investi-

gate the evolution of temperature versus time along the

length of the casting, as shown in Fig. 4. Further, such

experimental thermal profiles and the alloy eutectic

λ  =
L

N – 1

λ  =
L1 + L2 + L3

3

(a) (b)

Fig. 2 Schematic representation of transverse sections of methods

used to measure microstructural spacings: a intercept method for kEC,
kL and kE and b triangle method for kEC in the regular cells regions.

‘L’ is the length of the line and ‘N’ is the number of intercepted

phases. ‘L1, L2 and L3’ are the sides of the triangle formed considering

the neighboring colonies
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temperature (TE) of 548 �C, measured by thermal analysis,

have been used in order to determine the solidification

thermal parameters: growth rate (vE) and cooling rate ( _T).

It is worth noting the formation of a metal/mold gap related

to 40 s of processing. This is due to the intense contraction

promoted by the first formed solid layer. This explains the

increase in temperature observed in three thermocouples

near the base of the casting. Such heating stage can be

considered intrinsic to the directional solidification process,

and such effect will be translated to the thermal solidifi-

cation parameters.

By analyzing the longitudinal and transverse

microstructures obtained by light etching procedures in

Figs. 5–7, it can be seen that eutectic cells predominate in

all cases. The microstructures typified in Figs. 5–7 are

associated with cooling rates of 13.2 K s-1, 1.6 K s-1 and

0.7 K s-1, respectively. Based on the highly magnified

images at the right side, a two-phase eutectic structure can

be recognized. A bimodal distribution of Al–Al2Cu can be

seen, that is, finer eutectic developed in the center zone of

the cells and coarser eutectic at the boundaries. The growth

of these so-called eutectic colonies is barely reported in the

literature. Some knowledge can be learned for metallic

systems such as Al–Ni [9, 30, 31], Sn–Cu [32] and Ag–Cu

[33, 34].

The microstructures show a predominance of lamellar a-
Al ? Al2Cu eutectic. But also show that there are darker

gray particles decorating the boundaries of the cells, indi-

cated by black arrows. It is quite clear that a single eutectic

cell includes three microstructure zones inside itself, which

are: very thin lamellas in the center, wavy lamellas and

coarser random eutectic at the boundaries. The segregation

of iron is the main reason for that. As observed by

Stoichev et al. [14], iron may cause the enlargement of the

lamellar structure. Iron is accumulated in the cells’

boundaries increasing local Fe concentration, so that Fe-

containing intermetallic particles could be formed. No such

particles were noted in the other two zones; besides, the

boundaries and the nature of these particles will be

described later in this paper.

The formation of new Al2Cu coarser phase (at the cell’s

boundary) seems to happen with basis on a preceding wavy

eutectic. This means that the morphological transition from

lamellar to random shape does not occur abruptly. The

fairly gradual transition is due to the wavy microstructure,

which forms a narrow zone previous to the onset of the

randomly distributed eutectic. Iron destabilizes the struc-

ture from the center to the edge of the cell. This is in

agreement with previous works in this field. According to a

few authors [35, 36], the presence of impurities can cause

the breakdown of a planar eutectic interface into a cellular

or colony structure.

There are indications in both the optical and the SEM

microstructures (i.e., Figs. 8, 9) that the adjustment of the

eutectic growth occurs through the tilting of the firstly

formed phase followed by the repeated splitting of a col-

lection of lamellas to conceive a new coarser arrangement.

This process of tilting and nucleation of a new eutectic

phase was shown to give rise to larger eutectic spacings, as

demonstrated by Han [37].

The optical and SEM microstructures in Figs. 5–9 show

coarsening of the microstructure features with the decrease

in cooling rate.

Some authors [32, 38] debated that non-equilibrium

during eutectic growth may be achieved if the composition

immediately ahead the solidification front diverges from
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the equilibrium one. In this case, the solidification kinetics

is more intense than the diffusion kinetics, which provokes

non-conventional microstructures to be formed. In the

present research with the Al–Cu eutectic alloy, solidifica-

tion advanced under relatively high unsteady-state growth

rates.

For monophasic alloys, it is well known that the

microstructure can transition either from plane front to

cells or from cells to plane front. Such transitions are

related to the limit of constitutional supercooling (vc) and

to the limit of absolute stability (va) for low-velocity and

high-velocity cells, respectively [39]. Xu et al. [40] stated

that the growth of ‘high-velocity platelike cells’ in Zn–Ag

alloys is an intermediate stage characterizing transition

from regular cells to a plane front. This has been proved for

either stationary solidified or laser remelted Zn-0.6% and

1.8% Ag alloys specimens. Such research affirmed that the

formation of Zn-rich plates depends on the growth rate.

However, the validity of such concepts regarding the

micromorphology of two-phase cellular structures remains

undetermined.

In the present investigation, the growth of platelike

eutectic cells is shown in Fig. 5 for regions close to the

cooled surface of the casting that is associated with higher

eutectic cooling rates of 13.2 K s-1. The platelike cellular

morphology in the Al–Cu eutectic alloy prevailed for

vE[ 0.6 mm s-1. Considering that the evaluation of sta-

bility of eutectic cells configurations is very scarce, a

comparison of the present results with those of monophasic

microstructures seems reasonable.

For example, Ma et al. [41] observed a transition from

regular cells to platelike cells for a Zn–1.52 mass% Cu alloy

when the growth velocity exceeded 1.0 mm s-1. Another

study [42] revealed that the morphology of the Zn-rich phase

for Zn–0.3 mass% Mg and Zn–0.5 mass% Mg alloys pre-

dominated as being platelike cells for v[ 0.8 mm s-1 and

v[ 1.5 mm s-1, respectively. Platelike cells were reported

to be dominant for ‘v’ higher than 1.0 mm s-1 and

2.4 mm s-1 for Zn–0.6 at% Ag and Zn–1.8 at% Ag alloys,

respectively [40]. In the present results, platelike cells started

to prevail for v[ 0.6 mm s-1, which is lower than the

aforementioned ones. The eutectic nature of the Al–Al2Cu

cells seems to anticipate the regular ? platelike cells tran-

sition as compared to what happens for monophasic alloys.

This is quite acceptable considering that eutectics tend to

grow following a plane solid/liquid interface and, in the case

of the eutectic colonies formed in the Al–33 mass% Cu

alloy, the growth of a platy structure for 0.6 mm s-1

\ v\ 1.4 mm s-1 could precede the stability of the front for

growth rates exceeding such range.

The cooling curves of Fig. 4 were used to combine pairs

of values of position (P), from the metal/mold interface,

and related time (tE) of the eutectic front passing by each

thermocouple, i.e., P = f(tE). A time derivative of a gen-

erated function with those values was estimated so that the

eutectic growth rate (vE) could be determined. In addition

to that, a time derivative of each cooling curve (dT/dt) in

P = 5 mm; Ṫ = 13.2 K s–1; vE = 1.4 mm s–1

λEC = 12.9 µm; λL = 0.33 µm; λE = 1.4 µm

(a)

(b)

Fig. 5 Optical microstructures

of the Al–33 mass% Cu alloy

representing a transversal and

b longitudinal features for a

cooling rate of 13.2 K s-1 at the

position P = 5 mm from the

cooled base of the casting

988 R. Kakitani et al.

123



Fig. 4 right after the passage of the eutectic isotherm was

calculated. So, the cooling rates could be determined as a

function of position (P) along the length of the Al–

33 mass% Cu alloy casting. The two experimental varia-

tions in vE and _T are shown in Fig. 10. The heating stage

observed in Fig. 4 due to gap formation in the metal/mold

interface was converted in the experimental cooling rate

points. It can be seen a certain stabilization of _T around

5.0 K s-1 for intermediate positions at 8 mm, 11.5 mm

P = 30 mm; Ṫ = 1.6 K s–1; vE = 0.4 mm s–1

λEC = 37.0 µm; λL = 0.8 µm; λE = 3.5 µm

(a)

(b)

Fig. 6 Optical microstructures

of the Al–33 mass% Cu alloy

representing a transversal and

b longitudinal features for a

cooling rate of 1.6 K s-1 at the

position P = 30 mm from the

cooled bottom of the casting

P = 60 mm; Ṫ = 0.7 K s–1; vE = 0.3 mm s–1

λEC = 64.7 µm; λL = 1.0 µm; λE = 5.5 µm

(a)

(b)

Fig. 7 Optical microstructures

of the Al–33 mass% Cu alloy

representing a transversal and

b longitudinal features for a

cooling rate of 0.7 K s-1 at the

position P = 60 mm from the

cooled bottom of the casting
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and 17 mm from the cooled base of the casting, despite

slight decrease in _T .

Scaling laws, elemental distribution
and hardness

The experimental variations in the eutectic colony spacing,

kEC, the lamellar spacing, kL, and the coarser eutectic

spacing, kE, as a function of vE and _T are plotted in Fig. 11.

For such, an overlap of data related to the evolution of vE

and _T and the measurements of spacings was performed.

The evolution of the solidification kinetics clearly affects

those spacings. Higher vE and _T are associated with smaller

k.
Even considering that a morphological transition hap-

pened during the growth of colonies in the Al–Cu eutectic

alloy, a single exponent of - 0.55 showed to be repre-

sentative of the entire range of colony spacings collected

and related to the cooling rate, as shown in Fig. 11a. This

exponent refers to the adjustment of a power function to the

experimental scatter.

A previous research on hypoeutectic Al–Cu alloys with

5, 8 and 15 mass% Cu demonstrated that the experimental

law relating the primary dendritic spacing to the cooling

rate was independent of composition if considered such

range of Cu concentrations [43]. For comparison purposes,

the derived growth law of such study is included in

Fig. 11a. The analysis of the multipliers when comparing

both compositions (i.e., 33 and 15 mass% Cu) allows

affirming that much lower spacings characterize the

eutectic Al–33 mass% Cu. This is so since the exponent in

both experimental equations is preserved. This kind of

comparison is very interesting in terms of the scale of the

main spacings, despite the difference in the microstructural

morphologies (primary dendritic spacings for hypoeutectic

alloys and colony spacings for the eutectic alloy).

Both eutectic zones within the Al–Cu colonies have

their growth laws k versus vE characterized by the - 1/2

exponent as shown in Fig. 11d, f. This is the same power

function exponent as that originally proposed by Jackson

and Hunt for the growth of regular eutectics [10]. The

adopted exponent in the present results roughly agrees with

those proposed by Stoichev et al. [14] for Fe contaminated

Al–Cu eutectic alloys. These authors recommended that the

exponent range governing the eutectic microstructure

Fig. 8 SEM deep-etched microstructures of the Al–33 mass% Cu alloy for a cooling rate of 4.9 K s-1. Details of the center and the boundary

zones of the cells are outlined
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Fig. 9 SEM deep-etched microstructures of the Al–33 mass% Cu alloy for a cooling rate of 1.1 K s-1. Details of the center and the boundary

zones of the cells are outlined
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dispersion is characterized close to - 1/2, varying from

- 0.41 to - 0.50.

A direct comparison between the eutectic length scales

of lamellas and of coarse boundary structures of the

eutectic Al–33 mass% Cu permitted to verify that the
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coarse eutectic spacing, kE, is of about 4.5 times larger than

the lamellar spacing, kL.
In order to confirm the presence of iron in the

microstructure as well as to operate as a guide for a point

SEM–EDS examination, a previous elemental SEM–EDS

mapping for the Al–33 mass% Cu alloy was performed.

The final distribution of the elements is shown in Fig. 12,

being clearer if considered the cellular boundary of the

microstructure. The red contrast for Al shows a high

intensity within the a-Al eutectic phase, as expected, while
the green for Cu is mainly concentrated in the Al2Cu

particles. Two spots highly concentrated in Fe can be noted

in a third EDS mapping in Fig. 12. These regions have

grown in the vicinities of the Al2Cu particles constituting

the coarse eutectic. Such spots will be next associated with

the points #4 and #6 of the point EDS analyses in Fig. 13.

The SEM–EDS measurements shown in Fig. 13 confirm

the growth of the Al–Al2Cu eutectic with basis on the

composition of points #2 and #7. The compositions found

for the EDS points #1, #3 and #5 emphasize the predom-

inance of Al in the a-Al eutectic phase composing the

eutectic. Some of the points (#4 and #6) characterize the

ternary AlFeCu intermetallic particles. Considering the

atomic percentage of these points it is possible to deduce

that this Fe-bearing intermetallic is the Al7FeCu2. Such

measurements are related to the darker gray particles

decorating the boundaries of the cells, as shown in Figs. 6

and 7.

The experimental solute distribution profiles of Fe and

Cu within the Al–33 mass% Cu casting showed quite

stable compositions for a number of specimens across the

length of the directionally solidified body.

Figure 14 shows that the Cu concentration is essentially

constant. This is due to the fact that Cu participates in the

eutectic reaction, which is basically dominated by the lat-

eral diffusion-coupled growth between phases [7, 10]. It

appears that frontal segregation of Cu is very inhibited. On

the other hand, despite the precipitation of the Al7FeCu2
intermetallics, it seems that the local iron concentration

ahead the solidification interface remains equalized and

constant for the experienced growth conditions. As a result,

Fe concentration is essentially constant.

The Vickers microhardness variation against the eutectic

colony spacing is shown in Fig. 15 for the Al–Cu eutectic

alloy. A tendency of increasing hardness is noted with

decreasing kEC. Such tendency is mainly associated with

the zone of predominance of platelike cells in the

microstructure. In this region, a Hall–Petch-type correla-

tion adjusts thoroughly. A decrease in the eutectic colony

spacing means also a decrease in lamellar spacing and

coarse eutectic spacing, which are other features charac-

terizing the microstructure. As a consequence, the Al2Cu

reinforcing phase may be more homogeneously distributed

throughout the microstructure. As such, hardness increases.

However, for low kEC
-1/2, where regular eutectic cells

prevail, Vickers hardness remained essentially constant.

This is explained by the comparative small variation in

30 μm Electron Image 1

Al Ka1

Fe Ka1

Cu Ka1

Fig. 12 Elemental distribution by SEM–EDS area analysis in a sample of the directionally solidified Al–33 mass% Cu alloy casting
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length scale of the eutectic features such as the average

eutectic colony spacing (from 39.0 to 71.0 lm) and the

average lamellar spacing (from 0.70 to 0.98 lm). Such

ranges of variation appear to be not enough to affect

hardness of the Al–Cu eutectic alloy.

Conclusions

The following conclusions can be drawn from the present

experimental investigation:

• The directionally solidified Al–33Cu alloy casting was

shown to have very fine columnar grains prevailing

#1        mass%   at%     

#2        mass%   at%     

#3        mass%   at%     

#4        mass%   at%     

#5        mass%    at%     

#6        mass%   at%     

#7        mass%   at%     

#8        mass%   at%     #9        mass%     at%     #10      mass%      at%     

Al         89.01      95.02
Cu        10.99       4.98

Al         92.11      96.49
Cu        7.89         3.51

Al         48.56      68.98
Cu        51.44      31.02

Al         69.40      83.74
Cu        22.29      11.42

Al         91.67     96.29
Cu         8.33        3.71

Al         49.39      69.68
Cu        50.61      30.32

Al         65.56      81.76
Cu        34.44      18.24

Al         69.50      84.29
Cu        30.50      15.71

Al         65.34      81.61
Cu        34.66      18.39

Fe         8.30        4.84

Al        65.05      80.73
Cu        23.31      12.29
Fe        11.64       6.98

Fig. 13 SEM microstructure and point EDS measurements related to the position 70 mm from the cooled bottom of the Al–33 mass% Cu alloy

casting
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along the entire length of the casting. The microstruc-

ture is typified by eutectic cells having a predominance

of lamellar a-Al ? Al2Cu eutectic. A bimodal distri-

bution of Al–Al2Cu was shown to occur with very thin

lamellas in the center of the cells, wavy lamellas and

coarser random eutectic at the boundaries, which has

been attributed mainly to the segregation of Fe. A

platelike cellular morphology prevailed for

vE[ 0.6 mm s-1.

• Experimental growth laws describing the evolutions of

the eutectic colony spacing, kEC, the lamellar spacing,

kL, and the coarser eutectic spacing, kE, as a function of

vE and _T have been proposed:

kEC ¼ 48:3 _T�0:55 and kEC ¼ 13:9 v�1:1
E

kL ¼ 0:77 _T�1=4 and kL ¼ 0:45 v
�1=2
E

kE ¼ 3:4 _T�1=4 and kE ¼ 2:0 v
�1=2
E

where kEC/L/E is expressed in lm, _T in K s-1 and vE in

mm s-1.

• A Hall–Petch-type correlation has been proposed

relating the evolution of Vickers hardness (HV) against

the eutectic colony spacing, kEC along the region in the

DS casting where platelike cells prevailed:

HV ¼ 146þ 194 k�1=2
EC

The highest hardness of 200HV is related to an ultrafine

bimodal structure (kEC = 13 lm). For low kEC
-1/2, where

regular eutectic cells prevailed, and HV remained essen-

tially constant (HV * 178).
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27. Gunduz M, Çadirli E. Directional solidification of aluminium–

copper alloys. Mater Sci Eng A. 2002;327:167–85.
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