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In this work, the effect of the growth rate (VL) and cooling rate (TR), primary dendritic arm spacing (1) and Al2Cu
intermetallic phase on the microhardness was investigated during transient horizontal directional solidification of
Al-3wt%Cu and Al-8wt%Cu alloys. Microstructural characterization of the investigated alloys was per-
formed using traditional techniques of metallography, optical and SEM microscopy and X-Ray diffraction.
The microhardness evolution as a function of the thermal and microstructural parameters (VL, TR, and 1) was
evaluated using power and Hall-Petch type experimental laws, which were compared with other laws in the lit-
erature. In order to examine the effect of the Al2Cu intermetallic phase, microhardness measurements were per-
formed in interdendritic regions. Finally, a comparative analysis was performed between the experimental data of
this work and theoretical models from the literature that have been proposed to predict primary dendrite arm
spacing, which have been tested in numerous works considering upward directional solidification.
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1. INTRODUCTION

Aluminum is the second most widely used metal because
of its desirable chemical, physical and mechanical properties
and represents an important category of technological mate-
rials [1]. Because of its high strength-to-weight ratio in addition
to other properties, e.g., its appearance, non-toxicity, non-
sparking and non-magnetic behavior, high corrosion resis-
tance, and high electrical and thermal conductivities, alumi-
num and its alloys are used in a wide range of industrial
applications with different aqueous solutions [1].

The Aluminium Association has summarized the vari-
ables that affect the mechanical properties in an aluminum
alloy casting, namely, the chemical composition, solidifica-
tion rate, metal soundness, and heat treatment [1]. Cast alumi-
num alloys mainly contain Si, Cu, and Mg as the major alloying
elements [2-4]. Cu, for example, is added to Al primarily to
increase the strength. Increasing the Cu content causes a
continuous increase in the hardness; however, the strength
and especially the ductility depend on how the Cu is distrib-

uted [5].
The Al-Cu equilibrium phase diagram is eutectic and in

equilibrium with the Al2Cu intermetallic phase at 548 °C at
approximately 32 wt% copper. The extent of solution solu-
bility at the aluminum-rich end is approximately 5.7 wt% cop-
per. In these alloys, the Al2Cu intermetallic phase is responsive
for the high strength family of 2xx casting alloys. Commer-
cial alloys of this type are 2219, 2011, and 2025. During
solidification of these alloys, the first solid formed has a
dendritic structure, and its center is composed of a low content
of copper. Moving toward the outside of the arms, which
corresponds to metal freezing later, the copper content increases
and combines with Al to form the Al-α + Al2Cu eutectic
mixture.

After casting, these alloys are generally used in one of four
conditions: as-cast, heat treated after casting, mechanically
worked after casting, or worked and heat treated. In all the
cases, the casting process has a significant effect upon the
mechanical properties, especially in the first two cases [6].
Quaresma et al. [6] have reported that these properties are
governed mainly by factors such as the porosity, presence of
a second phase, grain cast size, and dendrite spacings. Accord-
ing to these authors, the improved properties of fine-grain-
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sized castings result from the finer distribution of micropo-
rosity and second-phase particles. In addition, the solute
segregation pattern is characterized mainly by the primary
and secondary dendrite spacings; moreover, the degree of
microsegregation that can be obtained in a casting alloy with
commercially practical homogenization treatments depends
on the dendrite spacings [6-8].

Microstructural evolution during solidification depends
on the alloy characteristics and is primarily a function of the
temperature profiles at the solidification interface [1,6-9]. During
the solidification of metallic alloys, the most frequently observed
solid morphology is the dendritic microstructure [10]. The
solidification parameters of alloys are the temperature gradi-
ent (GL), growth rate (VL) and cooling rate (TR). These parame-
ters directly affect the microstructure of alloy systems and
significantly affect their mechanical behaviors; these effects
have been intensively studied in the literature for Al-based
alloys, the majority for upward and downward vertical direc-
tional solidification [1,3,4,6-33].

For vertical upward directional solidification, the effect of
the convection is minimized when solute is rejected for the
interdendritic regions, providing the formation of an inter-
dendritic liquid that is denser than the global volume of liquid
metal [6-9]. When the process is performed vertically downward,
the system provides the melt convection that arises during
the process [11]. In horizontal unidirectional solidification,
when the chill is placed on the side of the mold, the convec-
tion is a function of the composition, and gradients in the
liquid always occur. An interesting feature of the horizontal
configuration is the gradient of the solute concentration and
density in the vertical direction because solute-rich liquid falls
down, whereas free solvent-crystals rise because of the buoy-
ancy force. Moreover, a vertical temperature gradient will also
arise in the sample as soon as a thermosolutal convection
roll emerges. Despite these particular physical characteristics,
only a few studies have reported these important effects of melt
convection and the direction of growth on the columnar-to-
equiaxed transformation (CET) and dendrite arm spacings
for this particular case [12-14].

Realizing the effect of structural parameters on the mechani-
cal properties of the produced material, some researchers
have conducted studies that correlate the microstructure and
properties, as in the 1950s, when Hall and Petch [16,17]
proposed a relationship that relates the grain diameter to the
hardness or yield stress of the material:

HV = HV0 + k × d(-1/2) and σe = σe0 + k × d(-1/2), (1)

where HV is the hardness of the material, σe is the yield
stress, and d is the average grain size; HV0, σe0 and k are
particular constants obtained experimentally for the mate-
rial. However, for some metallic systems, the dendrite arm
spacings may have a more significant effect on the result-
ing mechanical properties of the material than the actual

grain size.
Recent studies [1,18-21] have investigated the variation

of the microindentation hardness (HV) with solidification
and microstructure parameters (VL, TR and 1, respectively)
in Al-based alloys. In these works, the Hall-Petch power
type relationship was also observed according to the follow-
ing general expressions:

HV = C1(VL, TR)m and HV = C2(1)
n, (2)

where m and n are the exponent values relating to VL and
TR and 1, respectively, and C1 and C2 are constants, which
have been experimentally determined.

Çadırlı [1] determined for Al-(3, 6, 15, 24 and 33)wt% Cu
alloys, solidified in a Bridgman system, exponent values with
TR equal to 0.09, 0.08, 0.07, 0.08 and 0.08, respectively, and
with 1 and E (E-eutectic) equal to -0.29, -0.23, -0.25, -0.25
and -0.19, respectively. Kaya et al. [18,20] obtained for the
Al-3 wt% Cu, Al-3.0 wt% Si and Al-1.0 wt% Ti alloys [18],
solidified in a Bridgman system, exponent values with VL

equal to 0.12, 0.12 and 0.14, respectively and with 1 equal
to -0.40, -0.28 and -0.43, respectively, and for the Al-7 wt%
Ni [20], also solidified in a Bridgman system, exponents of
0.26 and -0.35 with VL and 1, respectively. Vasconcelos et al.
[21] established for the Al-5.5 wt% Sn alloy, solidified in a
horizontal directional solidification system under transient
heat flow conditions, exponent values with VL, TR and 1 equal
to 0.71, 0.13 and 0.30, respectively. 

Thus, the main objective of this work is to investigate the
effect of the thermal parameters (VL and TR), primary dendrite
arm spacing (1) and Al2Cu intermetallic phase on the micro-
hardness during transient horizontal directional solidifica-
tion of Al-3 wt% Cu and Al-8 wt% Cu alloys.

2. EXPERIMENTAL PROCEDURES

The casting assembly used in the solidification experi-
ments has been detailed in a previous article [14] and is sche-

Fig. 1. Schematic representation of the horizontal experimental solid-
ification setup: (1) water inlet, (2) water outlet, (3) insulating ceramic
shielding, (4) electric heaters, (5) casting (stainless steel mold - inner
wall), (6) thermocouples, (7) top cover, (8) temperature controller, (9)
data logger, and (10) computer and data acquisition software.
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matically illustrated in Fig. 1. The assembly was designed in
such a way that the heat was extracted only through the water-
cooled system placed in the lateral mold wall, promoting
horizontal directional solidification. The carbon steel mold
used had a wall thickness of 3 mm, a length of 110 mm, a
height of 60 mm and a width of 80 mm. The lateral inner mold
surfaces were covered with a layer of insulating alumina, and
the upper part of the mold was closed with refractory mate-
rial to prevent heat losses. The thermal contact condition at
the metal/mold interface was also standardized with the heat-
extracting surface being polished.

Experiments were performed with two Al-Cu alloys (3.0
and 8.0 wt% Cu) with superheats of 10% above the liquidus
temperature. The thermophysical properties of these alloys
are based on those summarized in Table 1 [7]. 

During the solidification process, temperatures at different
positions in the alloy samples were measured, and the data
were acquired automatically. For the measurements, fine-type
K thermocouples were used. The thermocouples were sheathed
in 1.6-mm-diameter steel tubes and positioned at 5, 10, 15,
20, 30, 50, 70 and 90 mm for the Al-3 wt% Cu alloy and 5,
10, 15, 30, and 50 mm for the Al-8 wt% Cu alloy from the
heat-extracting surface. The thermocouples were calibrated
at the melting point of Al, exhibiting fluctuations of approx-
imately 1°C and 0.4°C, respectively, and connected by coax-
ial cables to a data logger interfaced with a computer. Previous
measurements of the temperature field were performed,
confirming that the described experimental set-up fulfills
the requirement of heat flow in the horizontal direction.

Each ingot was sectioned along its longitudinal direction,
which was parallel to both the sample axis and the direction
of solidification. Then, the metallographic specimens were
mechanically polished with abrasive papers and subsequently
etched with an acid solution composed of 5 ml of H2O, 60 ml
of HCl, 30 ml of HNO3 and 5 ml of HF to reveal the macro-
structures. A columnar-to-equiaxed transition (CET) was
observed in both cases. The CET positions in the investigated
alloys were clearly delineated by visual observation and opti-
cal microscopy on the etched surface, and the distances from
the side of the samples were measured. 

Selected transverse sections (perpendicular to the hori-
zontal growth direction) of the directionally solidified spec-
imens at 3, 5, 7, 10, 15, 20, 30, 40, 50, 60 and 70 mm from

the metal-mold interface were polished and etched with a
solution of 5% NaOH in water for micrograph examination.
The image processing system Olympus BX51 and Image Tool
(IT) software were used to measure the primary dendrite arm
spacings (approximately 20 independent readings for each
selected position, with the average taken to be the local spacing)
and their distribution range. The triangle method was used
for measuring these spacings on a transverse section [7,9].
One sample of each analyzed alloy was selected and subjected
to X-ray diffraction (XRD) analysis. The patterns were obtained
by a XRD diffractometer with a 2-theta range from 5° to 90°;
Cu-Kα radiation with a wavelength, λ, of 0.15406 nm was
employed.

The mechanical properties of any solidified material are
usually determined using hardness, tensile, and ductility tests.
The microhardness measurements in this work were per-
formed using a Shimadzu HMV-2 model hardness measur-
ing test device using a 100 g load and a dwell time of 10 s.
The adopted Vickers microhardness values were the aver-
age of at least 20 different measurements on the transverse
section of each sample. The experimental results of each micro-
hardness value as a function of both the position and primary
dendritic arm spacing are represented by a variation between
the minimum and maximum limit obtained from 20 differ-
ent measurements. 

3. RESULTS AND DISCUSSION

The complete Al-Cu phase diagram is a complex system.
Numerous intermetallic compounds are formed. Some of
the phases in this system include -Al2Cu, -AlCu, -AlCu2

and β-AlCu4. In the aluminum foundry industry, there is a
concern over the aluminum-rich portion and the formation
of the phase  (Al2Cu). 

Thermo-Calc software has been used to generate the par-
tial equilibrium phase diagram, showing the most important
region, which is presented in Fig. 2. The dashed lines repre-
sent the compositions used in this work. The microstructure
evolution of hypoeutectic Al-Cu alloys during solidification
can be divided in two stages: primary dendrite Al-phase for-
mation (α-matrix) and the subsequent eutectic transformation
with the formation of the intermetallic compound Al2Cu (),
being located between the interdendritic ramifications. 

Table 1. Casting materials used for experimentation and the corresponding thermophysical properties [7]

Properties Density
Latent heat of 

fusion
Solute

diffusivity
Gibbs-Thomson

coefficient
Solidus 

temperature
Liquidus 

temperature
Partition

coefficient
Liquidus

slope

Symbol/units
S [kg/m3] (solid)
L [kg/m3] (liquid)

L [J/kg] D [m2/s] Г [m.K] TS [°C] TL [°C] kO mL (K/wt%)

Al-3 wt% Cu
2614.6
2448.8

382849 3.5 × 10-9 1.56 × 10-7 548 653 0.172 3.4

Al-8 wt% Cu
2745.6
2580.0

379264 3.5 × 10-9 1.47 × 10-7 548 633 0.172 3.4
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Under conditions of equilibrium, the Al-3 wt% Cu alloy
does not form a eutectic mixture. Fig. 3a reveals the solidi-
fying paths, indicating the presence of an isothermal trans-
formation temperature (TE - eutectic temperature) of the eutectic
mixture for both analyzed alloys. This transformation tem-
perature is also observed in the experimental curves of tem-
perature versus time for characterization of the investigated
alloys in Fig. 3b. 

However, in the XRD patterns in Fig. 4, the presence of α-
Al and Al2Cu phases is confirmed for both the Al-3.0 wt% Cu
and Al-8.0 wt% Cu alloys. 

Figures 5a and 6a present the microstructures of cross sections
of samples at 5, 30 and 60 mm (Al-8.0 wt% Cu) and 5, 50 and
100 mm (Al-3.0 wt% Cu) from the metal-mold interface,
showing the primary dendrite arms. The dendrite arm spac-
ings were sufficiently distinct to make reasonably accurate
measurements along the casting length. Higher amounts of
the Al2Cu phase in the interdendritic regions of the Al-8.0

Fig. 2. Partial Al-Cu phase diagram: the dotted lines indicate the alloys
examined in the present study.

Fig. 3. (a) Solidification paths obtained by Thermo-Calc software and calculated by Sheill [34] and (b) Thermal characterization of the analyzed
alloys (temperature versus time) showing the liquidus and solidus temperatures.
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wt% Cu alloy can be observed in Figs. 5b and 6b. In Figs. 5a
and 6a, the solidification macrostructures for both studied
alloys are shown. The anticipation of the columnar-to-equi-
axed transition is observed for the Al-8.0 wt% Cu alloy.

Figure 7 presents the micrographs obtained by scanning
electron microscopy (SEM) with the microanalysis performed
using energy dispersive spectroscopy (EDS). The resulting
spectra reveal the presence of an Al2Cu-intermetallic phase
between the dendritic branches, where the highest amount
of this phase micro segregated in the eutectic mixture is observed
for the Al-8.0 wt% Cu alloy.

Figure 8a shows the experimental cooling curves for one
of the analyzed alloys for the eight thermocouples inserted
into the casting during the solidification. The primary den-
dritic arm spacings are known to be dependent on the solid-
ification thermal parameters such as VL and TR [1,3,4,6-44],
all of which vary with time and position during solidification.
To determine more accurate values for these parameters, the

Fig. 4. Typical X-ray diffraction (XRD) patterns of (a) Al-8 wt% Cu
and (b) Al-3 wt% Cu alloys for P = 40 mm.

Fig. 5. Optical micrographs of directionally solidified Al-8 wt% Cu
alloy: (a) cross section showing the variation in primary interdendritic
spacings with the distance from the cooled stainless steel chill for dis-
tance from chill of 5 mm, 30 mm, and 60 mm, respectively; (b) cross
section showing the interdendritic microsegregation of Al2Cu interme-
tallic phase for distance from chill of 30 mm.

Fig. 6. Micrographs of directionally solidified Al-3 wt% Cu alloy: (a)
cross section showing the variation in primary interdendritic spacings
with the distance from the cooled stainless steel chill for distance from
chill of 5 mm, 50 mm, and 100 mm, respectively; (b) longitudinal sec-
tion showing the interdendritic microsegregation of Al2Cu intermetal-
lic phase for distance from chill of 30 mm.
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results of experimental thermal analysis have been used to
determine the displacement of the liquidus isotherm, i.e., the
thermocouple readings are used to generate a plot of position

from the metal-mold interface as a function of time corre-
sponding to the liquidus front passing by each thermocouple.
A curve fitting technique on such experimental points gen-

Fig. 7. SEM micrographs and microanalysis by energy dispersive spectroscopy (EDS) of the analyzed alloys: (a) Al-8 wt% Cu and (b) Al-3 wt% Cu.

Fig. 8. (a) Experimental cooling curves at different positions along the casting length during the directional solidification of the Al-3 wt% Cu
alloy. TL is the liquidus temperature, (b) growth rate, and (c) cooling rate as function of the liquidus isotherm position.
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erates power functions of position as a function of time. The
derivative of this function with respect to time yields values
for VL. The TR profile is calculated by considering the thermal
data recorded immediately after the passing of the liquidus
front by each thermocouple. The method used for measuring
the tip cooling rate has been detailed by Rocha et al. and Sá
et al. [8,23-25]. Figs. 8b and 8c plot the experimental growth
and cooling rates as a function of the liquidus isotherm posi-
tion, i.e., (VL, TR) = f(P).

Figures 9a and 9b show the power-type experimental laws
represented by 1 = C1 (VL)

-1.1 and 1 = C2 (TR)-0.55 obtained for
both alloys studied in this work. The same values   of C1 and C2

equal to 167 and 440, respectively, have been observed for
the Al-3.0 wt% Cu and Al-8.0 wt% Cu alloys, which char-
acterize the experimental variation of the primary dendrite
arm spacing as a function of VL and TR. These results are
consistent with observations reported by Carvalho et al. [15],
Peres et al. [25] and Rocha et al. [7], who claim that expo-
nential relationships λ1 = constant (VL)

-1.1 and λ1 = constant (TR)-0.55

best generate the experimental variation of the primary den-
dritic arm spacings with the growth rate and cooling rate
along the transient solidification of binary Al-Si (horizontal
solidification, upward and downward vertical solidification)
and Al-Cu (upward vertical solidification) alloys, respectively.
The same power-type experimental laws verified in this work
have also been observed in the literature for other systems
of non-ferrous alloys independent of the growth direction.
Table 2 summarizes the experimental results from the liter-
ature. These results reinforce the proper application of the
exponent -0.55 to correlate the primary dendrite arm spacing
evolution with the cooling rate for every non-ferrous alloy
systems. 

A comparison between the experimental growth law obtained
in this study and another law in the literature for upward

directionally solidified Al-Cu alloys is presented in Fig. 9b.
For the horizontal system, higher values   of the primary den-
drite arm spacing are needed to fix the liquidus isotherm
position on the axis of abscissa. This finding may be associ-
ated with the convective effect of solute-rich liquid flow and
with the effect of the direction of the gravity vector, which
is perpendicular to the direction of advance of the solidifica-
tion interface.

Figure 9 shows the dependence of the microhardness (HV)
on the distance (P) from the metal-mold interface (Fig. 9a)
as well as the effect of the thermal parameters VL and TR (Figs.
9b and 9c) for the investigated alloys. HV decreases with the
advance of the liquidus isotherm (P) and increases to higher

Fig. 9. Experimental primary dendrite arm spacings for the analyzed alloys as a function of (a) growth rate and (b) cooling rate.

Table 2. Experimental laws for predicting primary dendritic arm 
spacing for Al-based binary and multicomponent alloys, 

considering transient directional solidification

Growth direction Alloy Experimental law Ref.
Upward Al-Cu 1 = 250(TR)-0.55 [7]
Upward

Downward
Horizontal

Al-Si 1 = 220(TR)-0.55

1 = 85(TR)-0.55

1 = 90(TR)-0.55

[25]
[29]
[12]

Upward
Horizontal

Al-Sn 1 = 70(TR)-0.55

1 = 144(TR)-0.55
[28]
[21]

Upward Al-Ni 1 = 100(TR)-0.55

1 = 220(TR)-0.55
[26]

Upward Al-Fe 1 = 95(TR)-0.55 [ 30]
Upward Al-Cu-Si 1 = 153(TR)-0.55 [31]
Upward

Downward

Sn-Pb 1 = 80.5(TR)-0.55

1 = 44(TR)-0.55

1 = 25(TR)-0.55

1 = 27(TR)-0.55

[7]

[32]
Upward Pb-Sb 1 = 115(TR)-0.55 [27]
Upward Zn-Cu 1 = 55(TR)-0.55

1 = 34(TR)-0.55
[33]
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values   of VL and TR. The association of HV with VL and TR can
be represented by power- and Hall-Petch-type laws given
by HV = 59(VL)0.11 and HV = 54(TR)0.05 and HV = 86(VL)0.15

and HV = 74(TR)0.09 for Al-3 wt% Cu and Al-8 wt% Cu alloys,
respectively. 

In Fig. 9a, images of the HV microindentations obtained
for both studied alloys at 40 mm and the corresponding val-
ues   of the microhardness are presented. The effect of the
Al2Cu intermetallic phase contained in the eutectic region
of higher concentration of Cu increasing the microhardness
values is clearly observed.

Figure 10 depicts the evolution of HV with the measured
primary dendrite arm spacings along the casting length. The
microhardness results decrease with an increase in the 1

values, and the dependence of HV on 1 and 1
-1/2 can also be

represented by power- and Hall-Petch-type equations given
by HV = 97(λ1)

-0.098 and HV = 47+147(λ1)
-1/2 and HV = 151(λ1)

-0.12

Fig. 10. Microhardness evolution for the analyzed alloys as a function
of (a) liquidus isotherm position (P), (b) growth rate (VL), and (c)
cooling rate (TR).

Table 3. The relationships among microhardness, growth rate, 
cooling rate and primary dendrite arm spacings for investigated 
alloys in this work and comparison with values obtained in the 

literature for the Al-3 wt% Cu alloy

Alloy
Experimental law 

(this work)
Steady state upward 

solidification
Ref.

Al-3.0 wt% Cu HV = 59(VL)0.11

HV = 54(TR)0.05

HV = 97(1)
-0.098

 HV = 47+147(1)
-1/2

HV = 72.1(TR)0.09

HV = 41.5(1)
-0.29

HV = 88.32(VL)0.12

HV = 33.14(1)
-0.40

-

[1]

[18]
Al-8.0 wt% Cu HV = 86(VL)0.15

HV = 74 (TR)0.09

HV = 151(1)
-0.12

HV = 60+270(1)
-1/2

- -

Fig. 11. Microhardness evolution as a function of primary dendrite
arm spacings: (a) 1 and (b) 1

-1/2.
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and HV = 60+270(λ1)
-1/2 for Al-3 wt% Cu and Al-8 wt% Cu

alloys, respectively. 
Table 3 presents the consolidated results of HV = f (VL,

TR, 1 and 1
-1/2) for both alloys compared with others results

from the literature developed for the Al-3 wt% Cu alloy solidi-
fied under steady-state conditions of heat extraction. Figure 11
compares the power-type experimental law obtained for the
Al-3 wt% Cu alloy of the present study with the experimen-
tal laws proposed by Çadırlı [1] and Karaköse and Keskin
[22]. A reasonable approximation of the compared laws to
high and low cooling rates was observed. It is emphasized
that the cooling rates applied in these studies were between
0.01 and 4 K/s and 1.7×106 to 3.7×107 K/s for the works
presented by Çadırlı [1] and Karaköse and Keskin [22], respec-
tively.

To perform a theoretical and experimental analysis, in
Fig. 13, the present experimental results are compared with
the theoretical predictions furnished by the main predictive
models existing in the literature, the Bouchard-Kirkaldy (BK)
[35] and Hunt-Lu (HL) [36] models, concerning the growth
of primary spacings in transient conditions. These models
have been validated for the majority of binary alloys solidi-
fied upward directionally [6,9,11,23,25-32,37-44]. It is possible
to observe a good approximation between the experimental
results of this work with the theoretical values of the BK
model   as well as the maximum theoretical values of the HL
model. The BK model depends additionally on an empirical
dimensionless calibration parameter, a1, for primary spacings.
These authors, based mainly on experimental results of a sin-
gle article from the literature [35] have proposed a1 to equal
250 for Al alloys.

4. CONCLUSIONS

Experiments were conducted to analyze the effect of ther-
mal parameters, the primary dendrite arm spacing and the
Al2Cu intermetallic phase on the microhardness during the
horizontal transient directional solidification of Al-3 wt% Cu
and Al-8 wt% Cu alloys. The following major conclusions
are derived from the present study:

(1) Under transient conditions, the primary dendrite arm
spacings (λ1) were observed to decrease with an increase in
the thermal parameters (VL - growth rate and TR - cooling rate);

(2) In both cases, the same power-type experimental laws
were observed to associate the primary dendrite arm spacings
with VL and TR given by λ1 = 167(VL)

-1.1 and λ1 = 440(TR)-0.55,
respectively. These results reinforce the proper application
of the exponent -0.55 to correlate the primary dendrite arm
spacing evolution with the cooling rate for every non-ferrous
alloy system solidified under transient directional solidifica-

Fig. 12. Comparison between the results obtained in this work with
those obtained by Çadırlı [1] and Karaköse and Keskin [22].

Fig. 13. Comparison of experimental and theoretical primary dendrite arm spacings as a function of cooling rate for the investigated alloys in
transient horizontal directional solidification. (a) Al-3 wt%Cu and (b) Al-8 wt%Cu.



438 André Santos Barros et al.

tion conditions;
(3) The microhardness (HV) dependency on the thermal

parameters and microstructure can be represented by power-
and Hall-Petch-type relationships given by HV = 59(VL)0.11,
HV = 54(TR)0.05, HV = 97(λ1)

-0.098 and HV = 47+147(λ1)
-1/2 for

Al-3 wt% Cu and HV = 86(VL)
0.15, HV = 74(TR)0.09, HV = 151(λ1)

-0.12

and HV = 60+270(λ1)
-1/2 for Al-8 wt% Cu alloys;

(4) The X-Ray diffraction (XRD) results as well as the obser-
vations made in the interdendritic eutectic mixture clearly reveal
larger amounts of the Al2Cu intermetallic phase between the
dendrite arms, which appear to result in the higher HV val-
ues obtained for the Al-8 wt% Cu alloy;

(5) The comparison between power-type experimental laws
that associate HV with TR reveals that the law obtained for the
Al-3 wt% Cu alloy solidified under transient horizontal direc-
tional conditions satisfactorily represents the laws proposed in
the literature for low and high cooling rates.

(6) Theoretical models from the literature have been pro-
posed to predict primary dendrite arm spacing in alloys direction-
ally solidified under transient conditions, which have been applied
in the majority of studies that consider the upward solidification.
A good approximation was observed between the experimental
results obtained for the primary dendrite arm spacings in this
work and those calculated using the BK model as well as the
theoretical values of the upper limit obtained using the HL
model.
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