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Aluminium with silicon as alloying element, form a class of material providing the most significant
part of all material casting manufactured materials. These alloys have a wide range of applications in
the automotive and aerospace industries. It is widely recognized that moderate addition of silicon to
aluminum, significantly improves the resulting mechanical properties. Hypoeutectic Al-Si alloys were
used in the present experimental study to investigate the solidification parameters effect and Si 3-5 wt%
addition on the microstructural features and resulting hardness in a vertical directional solidification
system. The hypoeutectic alloys were directionally solidified under transient heat flow conditions in
a range of cooling rates from 0.3 to 4 °C/s. Characterization analyses by optical microscopy indicate
clearly that secondary dendritic arm spacing (4,) increases significantly with the decrease in solidification
speed (S,) and cooling rate (7). On the other hand, experimental growth laws relating the secondary
dendritic arm spacing (4,) to the solidification speed (S,) and cooling rate (7 indicate that Si addition
from 3 wt% to 5 wt% has induced a thickening effect leading to increase in 4, . While, experimental
results have shown that the resulting hardness increase as solidification processing parameters (S,
and T') increase. Results of Vickers hardness test for Al-5 wt% Si alloy has hardness increase of 18

% from that of Al-3 wt% Si alloy with mean values of 26 and 22 HV, respectively.

Keywords: A/-Si alloys, unidirectional solidification, alloying elements, dendritic microstructure

and microhardness.

1. Introduction

Aluminium alloys with Si as the predominant alloying
element have a wide range of applications in the automotive
and aerospace industries due to an excellent combination of
castability and mechanical properties, as well good corrosion
resistance and wear resistivity. The more Si content an alloy
contains, the lower is its thermal expansion coefficient. In
hypoeutectic Al-Si alloy, the Si content varies from 5 to 12
wt%, the said solute is primarily responsible for so-called
"good castability"; i.e., the ability to readily fill mold and
to solidify castings with no hot tearing'. Others alloying
element as Cu and Mg are usually added to Al-Si alloys to
improve the strength/weight ratio and enable the possibility
of heat treatment'. The microstructure developed throughout
the solidification process contains a-Al dendrites as main
constituent and can be decorated with eutectic Si particles®.
It is well-known that the size, morphology and distribution
of microstructural features have a significant role on the
mechanical properties of these alloys, i.e., refined microstructure
results in improved tensile properties*®. On the other hand,
refinement of microstructure can be achieved through high
cooling rate or chemical modification. Both the thermal
parameters and solidification microstructure have been
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considered in theoretical®'* and experimental '8 works along
the last decades. The effect of these process parameters on
the quality of the final product has been of particular interest
in the materials research field. Carvalho et al.® used an Al-3
wt% Si alloy in order to investigate both the columnar to
equiaxed transition (CET) and primary arm spacings (4,) in
the horizontal directional solidification. Theoretical values of
solidification speed, cooling rate (7) and thermal gradient (G)
obtained by these authors, were correlated with CET and 4,.
The heat-transfer coefficient was experimentally calculated
by Griffiths'? during solidification process of Al-7 wt% Si
in water-cooled system. The heat-transfer coefficients in the
solidification vertically upward showed higher values than
solidification vertically downward, while intermediate values
was associated to horizontal solidification process. In these
experiments, heat transfer during solidification is shown to
be a phenomenon controlled by the surface roughness of the
respective surfaces. The experimental results revealed that
increasing the melt overheating temperature favors a less
sensitive microstructure to cooling rate (7) and solidification
speed. An experimental study by Goulart et al.'®, reported
the thermal parameters effect on the resulting microstructure
and mechanical properties of hypoeutectic Al-Si alloys.
Experimental results obtained by Goulart et al.'®, include
secondary dendritic arm spacing, ultimate tensile strength and
yield strength as a function of thermal parameters. It was found
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that the ultimate tensile strength increases with decreasing
secondary arm spacing, while the dendritic arrangement
results illustrates no obvious effect on yield strength. Rodrigo
et al.”* have demonstrated the relationship between cooling
thermal parameters, microstructural spacing and mechanical
properties. Amongst results, as listed by the authors, refined
globular Si particles seems to contribute for a combination
of high tensile strength and elongation. Amongst results,
as listed by the authors, refined globular Si particles seems
to contribute for a combination of high tensile strength and
elongation. It was shown by experimental results that the
tensile properties increase significantly with the decrease in
microstructural spacings. The analysis of the solidification
processing parameters and solute additions is very important
for the industrial solidification processes, due to its intrinsic
correlation to the resulting microstructure and properties
mechanical. It is in this general framework that the present
experimental work is developed, highlighting the effects of
the Si content (3 and 5 wt%) and solidification processing
parameters, i.e., cooling rate (7) and solidification speed
(Sp) on the microstructural evolution and resulting hardness.

2. Experimental Procedure

Two binary hypoeutectic alloys (Al-Si), alloy-1
containing 3 wt% Si and alloy-2 containing 5 wt% Si, are
prepared in an electrical resistance furnace at 750 °C, from
commercial purity metals, i.e. 99.9 wt% Al, 99.7 %wt %Si.
The casting assembly used in the directional solidification
experiments is showed in details by Baptista et al.”!, which
consists of water-cooled mold with heat being extracted
only from the bottom, promoting vertical upward directional
solidification. Solidification experiments were performed
with two hypoeutectic alloys (Al-Si) under thermally and
solutally stable directional solidification conditions, i.e.,
natural convection due to density variations is not caused by
temperature differences since the vertical casting is cooled
from the bottom. The melts were poured into a steel mold,
and then directionally solidified under transient heat flow
conditions. A thin steel plate is used to close the base of the
steel mold, which separates the melt from a water-cooling
system. Both temperature of casting assembly and pouring
were setup at 730 °C for both cases (alloy-1 and alloy-2).
The water-cooling system was activated when thermal
equilibrium was detected by data acquisition system. Along
the solidification process, temperature was monitored by
the output of a bank of type K thermocouples positioned
at the central line of the castings at 5, 10, 15, 20, 35, 45,
60, 85 mm from the cooled bottom. The temperature was
collected at intervals 0of 0.001 s, in order to permit an accurate
determination of the cooling rate. The cooling rate (7) has
been calculated considering the temperatures vs. time data
immediately after the passage of the liquidus isotherm for the
different thermocouples positions in the casting. In order to
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investigate the solidification processing parameters and alloy
silicon content on dendritic morphology, microsegregation
and hardness, samples were taken from locations close to
the thermocouples tip along the castings (from 5 to 85mm).
The selected transverse samples of the directionally solidified
castings were polished and etched with a solution 0.5 % HF
for metallography'®"°.

An Olympus Optical Microscope (Olympus Corporation,
Japan) was used to produce digital images that were analyzed
using the Goitaca (https://sourceforge.net/projects/goitacaeq)
image processing software in order to measure the dendritic
spacings. The schematic illustration of the secondary dendritic
arm spacing (4,) measurements in the transverse sections
are shown in Fig.1. It is important to remark that dendritic
microstructures prevailed along the entire castings for any
alloy experimentally examined. About 250-300 secondary
dendritic arm spacing (4,) were measured for each specimen.
The average dendritic arm spacing values were measured in
the cross-section at least on four different regions for each
specimen. The microhardness measurements were carried
out at room temperature using Leitz Wetzlar Microhardness
Tester. Measurements were made on the samples side surface
using a Vickers pyramidal indenter with load and loading
time equal to 200 g and 15 s, respectively. The microhardness
values were the averages of least 10 indentations for each load.

3. Results and Discussion

Fig.2a-bshows cooling curve obtained experimentally
under slow solidification, i.e., no water-cooled solidification
system, with a cooling rate of about 0.47 °C/s. For the alloy-1
and alloy-2, solidification begins at liquidus temperature of
642 °C and 629 °C, respectively, as indicated by the change
in the cooling curves caused by the release of latent heat.
Upon the solidification completion, the slope of cooling
curve alters again allowing the solidus temperature (7) to
be determined.

Figure 1. The schematic illustration of the secondary dendritic
spacing (4,) measurements of Al-Si alloy.
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Fig.3a-b shows the cooling curves determined for alloy-1
and alloy-2 during the solidification process under transient
heat flow conditions in a water-cooled solidification setup.
In this experiment, the thermocouples have been placed at
different positions along the casting length. The temperature
measurements for both alloys, are seen to decrease faster at
regions closer to the water cooled bottom. The cooling rate
gradually dwindles toward completion of local solidification.
The numerical results of temperature versus time obtained by
present work presents a similar behavior with those found in
the literature, Carvalho et al.®, Griffiths'> and Peres et al.'.

From Fig.3a-b, the position (P) of each thermocouple
can be correlated with time (t) of passage of the liquidus
temperature, thus permitting curves position of liquidus
temperature (P) versus time (t) to be plotted, as shown in
Fig. 4a-b.

Figure 2 . Experimental cooling curves: (a) alloy-1 and (b) alloy-2.

The derivative of position of liquidus temperature as a
function of time, permits that the solidification speed (S,) as
a function of time, to be determined, as showed in Tab. 1.

From experimental equations (P and S,) shown in Table
1, it was possible to obtain an equation for the solidification
speed (Sp) as a function of position, Fig. 5.

The relationship between solidification speed (Sp) and
position (P) for both alloys is depicted in Fig.5, where the
experimental results of both alloys, are plotted for comparison
purposes. In both curves, the solidification speed (S,) is seen
to decrease faster at the onset of solidification, followed by a
gradual decrease over time. This is due to the fact that water-
cooling system favors higher solidification rate at the beginning
of process, which decreases along the ingot because of the
increasing thermal resistance of the solidified layer. One can
see an appreciable deviation between the experimental curves,

Figure 3 . Temperature versus time recorded at different positions along the length of the castings (a) alloy-1 and (b) alloy-2.
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Figure 4 . Position of liquidus temperature (P) versus time along the length of the castings: (a) alloy-1 and (b) alloy-2.

Table 1:. Position of liquidus temperature and speed as a function time.

Alloy-1 Alloy-2
Position as a function of time,
) P=0.751"%  P=0.971%
P=f(1)
Speed as a function of time, _ 005 _ 019
S=f) §=0.71r §=0.78r

which indicates that the increase in the alloy silicon content
from 3 to 5 wt% Si caused a decrease of solidification speed
(Sp) along the casting length, Fig.5. As arguing previously,
the solidification speed (Sp) is experimentally determined
from data showed in Fig.3a-b. A quite complex dendritic
arrangement prevailed along the entire length of castings,
giving rise to a well-defined microstructure, as shown in Fig.6.
In such dendritic networks, the secondary dendritic arms
(4,) play an important role, since they contribute for a more
extensive distribution of silicon solute (microsegregation)
and of the intermetallics throughout the microstructure.
It is worth noting that cooling rate (7) and solidification
speed (Sp) will also have an important role on solidification
process, since they vary continuously along the casting length,
and may affect microsegregation pattern and morphology
dendritic. Fig.6shows the microstructure evolution along the
castings length of both examined alloys, at the right side of
each photomicrograph, one can see information of sample
position in the casting (P), solidification speed (S ), cooling
rate (7) and secondary dendritic arm spacing 4,).

We can see that in both hypoeutectic Al-Si alloys the
cooling rate (7) decreases significantly along the castings
length, Fig.7. High values of cooling rate (T) at the base of
the steel mold is due to water-cooling system. It was found
significant deviations of experimental profiles between the
alloys-1 and alloy-2 due to increasing solute content, from

1 —
—— §,= 0.7P"%-0% (algy-1)

“0-23 (alloy-2)

=0.77P

____sp
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Figure 5 . Solidification speed (Sp) versus position (P) along the
casting length.

3 wt% to 5 wt% Si, in other words, the increasing of solute
content exerts a strong influence on the said thermal variable.

It is interesting to highlight that Carvalho et al.® and Peres
etal.’’, determined a numerical expression for both parameters
thermal, solidification speed (Sp) and cooling rate (7), which
are similar to the showed in present work. However, both
author’s results lie above those obtained here, the difference
is due to the several conditions of solidification process,
such as the mold material, mold surface roughness, pouring
temperature, mold pre-heating, etc. Next, the two curves in
Fig.8 correspond to empirical equation for the alloy-1 and
alloy-2. The focus of these results was on the dendritic arm
spacing (4,) as a function of position (P) along castings. The
dendritic arm spacing is seen to increase faster close to base of
the steel mold, and then this increasing gradually diminishes
towards completion of the solidification. However, as it can
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Figure 6 . Photomicrographs of samples taken from transverse sections along the castings.

be seen by increasing the silicon content in the alloy (from
3 wt% to 5 wt% Si), the dendritic arm secondary spacing
suffered significant change.

In industrial solidification process, the most usual solid
growth morphology is dendritic formation. A dendrite is an
arrangement of primary, secondary, and occasionally higher
degree branches, which results in an array where the spaces
between the dendritic arms are occupied by eutectic or
intermetallics phases. Investigations of the solidification speed
and cooling rates in different positions along the ingots are
of considerable importance in metallic alloys solidification

because said thermal parameters plays an important role on
the both dendritic morphology and mechanical properties
of cast products. Solidification speed (S)) and cooling rate
(T) dependences on dendritic spacings (4,) are shown in
Fig.9a-b, where the lines represent empirical power laws
which fit the experimental points. The dendritic arm spacing
variation with solidification speed for alloy-1 and alloy-2
are characterized by -1.8 and -0.9 power laws, respectively.
While the dendritic spacing variation with cooling rate for
alloy-1 and alloy-2 are characterized by -0.61 and -0.48 power
laws. We can see that the dendritic spacing is influenced by
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Figure 7 . Cooling rate (7) versus position (P) along the castings
length.

Figure 8 . Secondary dendritic arm spacing (4,) versus position
(P) along the castings length.
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the alloy solute content, which is evidenced by experimental
laws representing dendritic arm spacing as a function either
of solidification speed (S) or of cooling rate (D).

Fig. 10 shows the hardness correlated with the thermal
parameters, i.c., S, and T . According to these results, if
the thermal parameters increases (S, and 7') the hardness
increases for both alloys investigated (alloy-1 and alloy-2).
These parameters tend to increase at regions close to water-
cooling system.

The heat flow conditions are key parameter in the control
of'the solidification of chill castings, and as a consequence,
the resulting microstructure and hardness are also influenced
by such conditions. In this sense, the mechanical properties
are also influenced by microstructure. In order to examine
these influences between the dendritic spacing and hardness,
an equation has been derived from experimental results and
is shown in Fig.11. The empirical equation established in
Fig.11permit to know the hardness of chill castings (alloy-1
and alloy-2) based on the dendritic arm spacing (4,).

The hardness increase with decreasing dendritic arm
spacing. It is important to remark that a power function
have been found to express such dependence. Low 4, values
are typically found in regions close to the casting cooled
surface. Dendrites characterized by smaller secondary arm
spacings will have a more homogeneous distribution of
the segregation and second phases during the solidification
process. In addition, defects such as porosity are better
distributed inside the castings, preventing the existence of
preferential failing regions as a consequence of accumulation
of defects®. The understanding of the thermal parameters
during the solidification can be used to gain insight into
the chill castings.

Figure 9 . Dendritic spacing versus a) solidification speed (Sp) and b) cooling rate (7).
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Figure 10 . Hardness versus a) solidification speed (Sp) and b) cooling rate (7).

Figure 11.. Hardness (H) versus secondary dendritic arm spacing (4,).

4. Conclusions

The effect of solidification processing parameters (Sp
and 7) and Si content on the secondary dendritic arm spacing
(4,) and resulting hardness in hypoeutectic Al-Si alloys has
been experimentally investigated. It was shown that increase
in the alloy content from 3 to 5 wt% Si induces decrease in
the solidification speed (Sp) and cooling rate (7). However,
if the content silicon increases the secondary dendritic arm
spacing (4,) increases. The effects of the solidification speed
and cooling rate on the secondary dendritic arm spacing has
been examined by empirical power laws, which has been
fitted to experimental points. In any case examined (alloy-1
and alloy-2) it has been shown that both thermal parameters
have a significant role on the secondary dendritic arm spacing.
The hardness can be correlated with these thermal parameters,
which shown to vary according to a power function. It is

important to remark that hardness increases with addition
of silicon (from 3 wt% to 5 wt% Si) in the aluminum alloy.
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