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Experiments were carried out to analyze the effect of growth rates (VL) and cooling rates (TR) on both secondary
dendritic arm spacings (λ2) and Vickers microhardness (HV) of an Al-9wt.%Si alloy during the horizontal directional
solidification under transient heat flow conditions. A water-cooled solidification experimental apparatus was developed
allowing a wide range of TR (from 0.2 to 3.5 ºC/s) to be experienced. Five computer guided thermocouples were
connected with the metal, and the time-temperature data were recorded automatically. The solidification path was also
calculated by Scheil model in Thermo-Calc software. Casting samples were characterized by the combined analyses of
optical microscopy (OM) and scanning electron microscopy coupled with energy dispersive spectrometry (SEM-EDS)
revealing a complex arrangement of phases including α-Al dendrites, Si particles and Fe-rich phases within
interdendritic regions. It was observed that power law functions characterize the variation of λ2 as a function of VL and
TR with exponents of -2/3 and -1/3, respectively. Finally, experimental laws of power and Hall-Petch types are proposed
relating the resulting HV to the λ2. According to these results, it was found that, for increasing values of λ2, the results of
HV decrease.
Keywords: solidification, thermal parameters, dendrite arm spacings, microhardness.

1. INTRODUCTION 

both theoretically and experimentally the dendritic arm
spacings as a function of alloy solute concentration, type of
mold, melt superheat, growth rate (VL), temperature
gradient ahead of the solidification front (GL) and cooling
rate in the melt (TR) [6 – 11]. Therefore, dendritic growth
direction with respect to the gravity vector during
directional solidification of metallic alloys can also be
considered as an important object of investigation.
The main purpose of this work is to investigate the
influence of solidification thermal parameters i.e., VL and
TR which affect the microstructure, on both secondary
dendritic arm spacings (λ2) and Vickers microhardness
(HV) of Al-9wt.%Si alloy during the horizontal directional
solidification under unsteady-state heat flow conditions.
Experimental laws of power and Hall-Petch types are
proposed relating the resulting microhardness to the
secondary dendritic arm spacings.

The commercial importance of Al-Si alloys is based on
its high fluidity and low shrinkage in casting, brazing and
welding applications, in addition to its high specific
strength and good corrosion resistance [1]. The
microstructure of Al-Si alloys consists of α-Al dendrites,
Al-Si eutectic and other phases by presence of Mn, Fe, Mg,
Cu and other elements. Aluminum alloys with even small
amounts of iron causes formation of intermediate Fe-rich
phases [2]. It is also important to highlight that casting is a
complicated process which involves considerable
mechanical and metallurgical aspects. The cooling rate, for
instance, governs the microstructure to a large extent
which in turn controls mechanical properties such as
hardness, ultimate tensile strength, toughness, fatigue
resistance, ductility, yield tensile strength and
machinability of solidified alloys [3 – 5].
On the other hand, dendritic growth is perhaps the
most frequently observed phenomenon during the
solidification whose morphology is characterized by
primary (λ1), secondary (λ2) and tertiary (λ3) dendrite arm
spacings. It has long been established that dendrite fineness
can be of even more importance than the grain size for the
improvement of mechanical properties. Dendritic growth is
controlled by the complex interplay of thermal, solutal,
capillary, thermodynamics and kinetics properties which
occur on different length scales. Several approaches and
equations have been used with the purpose of modeling

2. EXPERIMENTAL PROCEDURE
Experiments were carried out with Al-9wt.%Si
hypoeutectic alloy. The thermophysical properties of this
alloy as well as the chemical compositions of metals that
were used to prepare the alloy investigated have been
detailed in a previous article [12]. The casting assembly
used in unsteady-state horizontal directional solidification
experiments was designed in such a way that the heat was
extracted only through a water-cooled system placed in the
lateral mold wall, promoting horizontal directional
solidification. A stainless steel mold used was 110 mm
long, 70 mm wide, 60 mm high and 3 mm thick. The
thermal contact condition at the metal-mold interface was
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also standardized with the heat-extracting surface being
polished. The lateral inner mold walls were covered with a
layer of insulating alumina and the upper part of the mold
was closed with refractory material to minimize heat losses
from the mold to a minimum.
Continuous temperature measurements were made
during solidification at different positions in the casting
and the data were acquired automatically. For the
measurements a set of 5 fine type K thermocouples,
accurately located with respect to the metal-mold interface,
were connected by coaxial cables to a data logger
interfaced with a computer, and the temperature data were
acquired automatically. Approaching the working
temperature (10 % above the liquidus temperature), the
mold was taken from the heater and set immediately on a
water-cooled stainless steel chill. Water circulated through
this cooling jacket keeping the stainless steel plate during
the solidification at a constant temperature of about 25 C
and thus inducing a longitudinal heat transfer from the
mold. Solidification occurred dendritically from the lateral
chill surface, forming a columnar structure. After this, the
metallographic specimens were mechanically polished
with abrasive papers and subsequently etched with an acid
solution composed of 5 ml H2O, 60 ml HCl, 30 ml HNO3
and 5 ml HF to reveal the microstructure. Etching was
performed at a temperature between 30 C and 35 C
during approximately 10 minutes.
Selected longitudinal (parallel to the growth direction)
sections of the directionally solidified specimens at 5, 10,
15, 30, 40, 50, 60 and 70 mm from the metal-mold
interface were electropolished and etched with a solution
of 5 % HF in water for micrograph examination. Image
processing system Olympus BX51 and Image Tool (IT)
software were used to measure secondary arm spacings
(about 20 independent readings for each selected position,
with the average taken to be the local spacings) and their
distribution range. The secondary arm spacings were
measured by averaging the distance between adjacent sidebranches on the longitudinal section of a primary dendrite
[13] as can be seen in Fig. 1.

dispersion spectrum (EDS AZTec Energy X-Act, Oxford).
The Thermo-Calc software was used to generate the
solidification path for the analyzed alloy considering
Scheil model.
Microhardness measurements in this study were
carried out using by Shimadzu HMV-2 model hardness
measuring test device using a 50 g load and a dwell time of
10 s. The microhardness values were measured at least 20
different regions on longitudinal section.

3. RESULTS AND DISCUSSION
Fig. 2 presents microstructures of longitudinal section
of samples at 5, 30, and 60 mm from metal-mold interface,
showing the secondary dendrite arms. The dendrite arm
spacings were sufficiently distinct to make reasonably
accurate measurements along the casting length.
Position = 10 mm

Position = 30 mm

Position = 70 mm

VL = 0.34 mm/s
TR = 2.19 ºC/s
λ2 = 38.94 µm

VL = 0.24 mm/s
TR = 1.06 ºC/s
λ2 = 45.93 µm

VL = 0.20 mm/s
TR = 0.67 ºC/s
λ2 = 62.80 µm

Fig. 2. Micrographs of directionally solidified Al-9wt.%Si alloy
longitudinal section showing the variation in secondary
interdendric spacings with the distance from the metalmold interface

Fig. 3 shows the average experimental values of
secondary dendritic spacings as a function of distance from
the cooled stainless steel chill obtained in this work. It is
observed that these dendrite arm spacings increase with the
distance from the heat-extracting surface of Al-Si alloy
investigated.
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Fig. 3. Secondary dendrite arm spacings as a function of distance
from metal-mold interface

The dendrite arm spacings are dependent on
solidification thermal parameters such as VL and TR, which
vary with time and position during solidification. In order
to determine more accurate values of these thermal
parameters as a function of position from the metal-mold
interface, the results of experimental thermal analysis have
been used to determine the displacement of the liquidus
isotherm, i.e., the thermocouples readings have also been

Fig. 1. Measurement procedure for λ2 in a SEM micrograph
(L – length; n – number of secondary arms)

Furthermore, microstructural characterization was
performed using a scanning electron microscope (SEM
Shimadzu, VEGA 3 SBU TESCAM) coupled to an energy
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used to generate a plot of position from the metal-mold
interface as a function of time corresponding to the
liquidus front passing by each thermocouple.
A curve fitting technique on such experimental points
has generated a power function of position as a function of
time. The derivative of this function with respect to time
has yielded values for VL. On the other hand, the TR profile
was calculated by considering the thermal data recorded
immediately after the passing of the liquidus front by each
thermocouple. It was found that the water-cooled mold
imposes higher values of VL and TR near the metal-mold
interface and a decreasing profile along the casting due to
the increasing thermal resistance of the solidified shell
with distance from the cooled surface, as expected. The
experimental results of VL and TR were compared with the
theoretical predictions furnished by a numerical
solidification model [14] and a good agreement has been
observed between the experimental values of these thermal
parameters and those numerically simulated for the alloy
examined [12], as can be seen in Fig. 4.
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Fig. 5. Secondary dendrite arm spacings as a function of VL
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Fig. 6. Secondary dendrite arm spacings as a function of TR
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This is in agreement with observations reported by
Rocha et al. [9] and Peres et al. [18] that exponential
relationships λ2 = constant(VL)−2/3 best generate the
experimental variation of secondary dendritic arms with
growth rate along the unsteady-state upward vertical
directional solidification of Al-Cu, Sn-Pb and Al-Si alloys.
These same exponential relationships have also been
observed for other systems of non-ferrous alloys
independent of the growth direction, reinforcing the proper
application of the exponents -2/3 and -1/3 to correlate the
2 evolution, respectively, with VL and TR [9, 18 – 22]. In a
study published recently, Araújo et al. [23] have reported a
detailed physical description of dendrite arms growth
theoretical models as well as have shown obtained results
of growth experimental laws of secondary dendrite arm
spacing as a function of VL.
The mechanical properties of any solidified material
are usually monitored by hardness testing, which is one of
the easiest and most straightforward techniques. In this
sense, the average experimental values of microhardness as
a function of secondary dendritic spacings of Al-9wt.%Si
alloy are plotted in Fig. 7 and Fig. 8 as well as
experimental equations of power and Hall-Petch types
have been fitted to the experimental scatter to correlate the
resulting microhardness to the secondary dendritic arm
spacings. It is important to mention that R2 value is a
statistical measure of how well the regression line
approximates the experimental data in regression. R2 = 1
indicates that the regression line perfectly fits the data. It

P , mm

Fig. 4. VL and TR profiles as functions of position from metalmold interface

Although the numerical model [14] employed for VL
and TR theoretical estimation does not take effects on
convection in liquid into account, it was selected from the
literature as the most appropriate model for representing
the solidification conditions considered in this article.
Moreover, it has been frequently used by other authors in
researching directional solidification which produce melt
convection effects [14 – 17]. In order to correlate the
secondary dendrite arm spacings measured from the aforementioned microstructures with solidification thermal
parameters, these spacings are plotted as a function of VL
and TR in Fig. 5 and Fig. 6, respectively. The average
dendritic spacings along with the standard variation are
presented in these figures, with the lines representing an
experimental power function fit with the experimental
points.
As shown in Fig. 5, the secondary dendrite arm
spacings were found to decrease as the VL is increased.
Most of the results from the literature pertaining to λ2 in
hypoeutectic alloys also indicate a decrease in spacings
with decreasing VL. Furthermore, a power law function
characterizes the experimental variation of secondary
spacings with VL with an index of -2/3, i.e., λ2 α VL-2/3. It
can be observed in Fig. 6 that a -1/3 power law
characterizes the experimental variation of secondary
20

can be observed that 0.7 value shows a good agreement
between experimental and theoretical results. On the other
hand, several studies have been published showing
experimental laws of Hall-Petch type to relate the resulting
HV to the λ2 [22-25].
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hand, a typical SEM micrograph (Fig. 10) reveals as-cast
microstructure consisted of α-Al dendrites as the primary
phase with the presence of Si particles and Fe-rich phase
segregation with 'chinese script' morphology. In Fig. 10 the
points from 1 to 6 indicate the places where microanalysis
by SEM-EDS were carried out.

Al-9wt.%Si
Experimental
HV = 72 (2)-0.09
R2 = 0.70

50
40
30

Al-3wt.%Si
Kaya et al. [18]
HV = 97 (2)-0.25

20
35

40

45

50

55

60

65

70

 , m

Fig. 7. Variation of microhardness as a function of λ2 values
Fig. 9. Solidification path for the Al-9wt.%Si-0.2wt.%Fe alloy
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It can be seen, as expected, that higher microhardness
is associated with smaller secondary dendritic arm
spacings. On the other hand, Kaya et al. [25], using
Bridgman system, have developed investigations on
relationships between the microindentation hardness (HV)
and secondary dendrite arm spacings (2) during the course
of upward directional solidification of Al-3wt.%Si alloy.
These authors have established a power type relationship
given by equation HV = 97(2)-0.25, finding a value of “n”
equal to -0.25, different of that obtained in this work, as
expected.
It can be clearly observed in Fig. 7 that HV values
obtained by Kaya et al. [25] present a similar behaviour to
those obtained in this work, i.e., in both cases HV is
increased as λ2 is decreased. However, the results obtained
in this work throughout the solidification are more raised.
Considering the solidification path calculated by
Scheil model in Thermo-Calc software (Fig. 9), it is
possible to note an aluminum-rich matrix and an eutectic
mixture formed by α-Al + Si + β-AlFeSi. It is well known
that low Fe concentration can be present in commercially
pure Al and Si and may induces the formation of ironcontaining phases even in low fractions [26]. On the other
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Fig. 10. SEM micrograph at position of 10 mm from metal-mold
interface (VL = 0.34 mm/s, TR = 2.19 ºC/s, 2 = 39 µm)
with the corresponding chemical microanalysis

4. CONCLUSIONS
The following major conclusions can be drawn from
this study, where Al-9wt.%Si alloy has been directionally
solidified under unsteady-state heat flow conditions:
1. Secondary dendrite arm spacings were observed to
increase with the distance from the heat-extracting
surface of investigated alloy, as expected. The
secondary dendrite arm spacings were found to
decrease as both VL and TR are increased.
2. A power law function characterizes the experimental
variation of secondary spacings with growth rate with
an index of -2/3, i.e., λ2 α VL-2/3 as well as a -1/3 power
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law function characterizes the experimental values of
secondary spacings with cooling rate, i.e., λ2 α TR-1/3.
Higher HV results were found in regions in which the
solidified alloy has tended to grow faster which are
associated with smaller 2. Experimental equations of
power and Hall-Petch types may be applied to
characterize the experimental variation of HV results
with 2 for the investigated Al-Si alloy.
SEM micrograph reveals as-cast microstructure
consisted of α-Al dendrites as the primary phase with
the presence of Si particles and Fe-rich phase
segregation with 'chinese script' morphology.
This work may contribute to the understanding of how
to manage solidification operational parameters
aiming at designing the microstructure of Al-based
alloys.
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