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Al-Fe alloys are usually used as packaging and structural materials, but in the recent years, there 
have been considered for possible applications in aerospace field. The solidification sequence in pure 
aluminum containing 1 wt.% Fe is described in term of the formation of macrostructure, microstructure, 
microsegregation, porosity and mechanical properties. This material was studied in the upward 
unidirectional solidification system under transient heat flow conditions. Differences in microstructure, 
microsegregation, porosity and mechanical properties such as ultimate tensile strength, elongation 
and microhardness, due to the thermal parameter effects were observed and discussed. Experimental 
growth laws relating cellular spacing to the cooling rate and solidification speed have been determined, 
indicating that the increase in thermal parameter have induced a refinement effect on cell morphology. 
Microsegregation profiles of Fe solute were experimentally determined from the central region of 
the cell to the intercellular region under different solidification speeds. The Fe microsegregation 
determined from central region of the cell (FS = 0) to the intercellular region (FS = 1) show a growing 
profile, in any case considered. However, the profiles move upward with the increase in solidification 
speed, which indicates that Fe solubility in solid, increases with the increase in solidification speed. 
The effect of the solidification thermal parameters and cellular spacing on the porosity content were 
experimentally investigated. The value of porosity content increased along the casting. These results 
have pointed out that porosity content is affected by solidification parameters and cellular patterns. 
Further, measurable effects of the thermal parameters, cellular spacing and porosity content on the 
mechanical properties were experimentally determined. It stands out among experimental results the 
influence of porosity on the mechanical properties of as-cast material. In any case analyzed, mechanical 
properties increase with decreasing porosity content.

Keywords: Aluminum alloys, solidification, alloying elements, cell microstructure and mechanical 
properties.

1. Introduction
Al-Fe alloys constitute one of the commercially 

important classes of aluminum alloys. These alloys are used 
as packaging and structural materials, but in recent years, 
there has been a considerable amount of research on the 
Al-Fe-based alloys for possible applications in aerospace 
structure. Although these alloys are almost always subjected 
to secondary processing such as rolling or extrusion after 
the primary casting, the mechanical properties resulting 
from thermomechanical treatment depends on the cast 
microstructures. Not only the microstructural patterns itself 
(cells or dendrites, inclusions, intermetallic and porosity) but 
also the chemical arrangement (i.e., microsegregation) are 
closely connected to the mechanical properties non-uniformity 
of final product. However, because of the complexity of 
microstructural evolution during casting, a sequence of events 

(microsegregation, cooling rates, solidification speed, etc.) 
that governs microstructure formation can vary considerably 
in as-cast materials1.

The planning of homogenization and dissolution heat 
treatments is dependent on the microsegregation level in 
as-cast materials. During these heat treatments, mass flux by 
diffusion is responsible for the decrease in microsegregation 
level, and the treatment duration is dependent on the time 
required to diffuse a solute over a microstructural distance, 
i.e., the cellular or dendrite spacing that characterizes the 
solidification microstructure2.

One of the most severe types of defects found in castings, 
is microporosity, and aluminum alloys are well known for 
their susceptibility to porosity formation during solidification. 
There are two main types of microporosity in castings: 
shrinkage porosity, which is due to the volume change upon 
solidification combined with restricted feeding of liquid in *e-mail: alexandrefurtado@id.uff.br
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the final solidification region, and gas porosity which is 
favored by dissolved gas in the melt upon high cooling rates, 
as a result of the difference in solubility between gases in 
the liquid and solid region. These microporosity manifest 
themselves in different ways in casting. They form in the 
mushy zone, and their morphologies and extent are distinct. 
Morphology of gas porosity, resembles a spherical shape, 
while shrinkage porosity morphology is almost always 
irregular and elongated3.

Researches involving unidirectional solidification under 
transient heat flow for pure metals and their alloys have come 
into attention4-15. This technique allows the investigation 
of the solid/liquid surface morphology, microstructure and 
microsegregation as a function of the thermal parameters, 
which is very attractive for investigating the influence of 
these parameters in solidification of metals and alloys. 
According to the Silva et al.4, the as-cast structures and 
microhardness obtained from upward transient directional 
solidification experiments with Al - 1.0 and 1.5 wt.% Fe 
alloys are strongly affected by solidification conditions. 
The experimental results showed that the microhardness can 
be correlated with Fe content of the alloy and cellular spacing. 
Ribeiro et al.5 examined the solidification of Al-Fe alloys in 
the upward unidirectional solidification system. The focus 
of that study was to examine the influence of cell size and 
its intercellular phase distribution on the fatigue life. It was 
found that fatigue life decreases as cell spacing increases. 
Smaller cell spacing allows a homogeneous distribution of 
Al-Fe fibers within the intercellular regions, which tends to 
improve the fatigue property. Investigations proposed by 
Goulart et al.6, have been made from solidification structure 
in Al-Fe alloys, which were directionally solidified under 
transient heat flow conditions. According to the authors, 
cellular microstructure prevailed along the entire castings 
for any alloy examined and cell spacing was strongly 
dependent of the thermal parameters such as cooling rate 
and solidification speed.

Avoiding unwanted properties in the castings, requires an 
understanding of the solidification behavior. So, the present 
work is elaborated in this general framework, emphasizing 
effects of the solidification conditions on the two of the types 
of defects found in the castings, such as microporosity and 
microsegregation. Since it is well known that aluminum 
alloys are susceptible to porosity formation and segregation 
during the solidification process.

2. Experimental Procedure
Al - 1.0 wt. % Fe alloy was prepared in an electrical 

resistance furnace at 750 ºC, from commercial purity metals, 
i.e., 99.9 wt % Al and 99.9 wt % Fe. The casting assembly used 
in the directional solidification experiments, which consists of 
water-cooled stainless steel mold with heat being extracted from 
the bottom, promoting vertical upward directional solidification 
process, Figure 1, more details on the casting assembly is 
presented by Ferreira et al.10. Solidification experiment was 
performed 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 mold bottom of stainless 
steel. The pouring temperature for Al - 1.0 wt. % Fe alloy 

was setup at 50 0C above the liquidus temperature. During 
solidification process, temperature data was collected by the 
output of a bank of type K thermocouples positioned at the 
central line of the casting at 5, 10, 15, 20, 35, 45, 60, 85 mm 
from the mold bottom. The cooling rate for Al – 1.0 wt. 
% Fe alloy has been experimentally determined considering 
the temperature vs. time data immediately after the passage 
of the liquidus temperature for the different thermocouples 
positions along the casting.

The temperature data were experimentally collected at 
very small intervals of 0.001 s, in order to permit an accurate 
determination of the thermal parameters. In order to ensure adequate 
solute concentration in alloy, concentration measurements for 
Fe solute were carried out via Optical Emission Spectrometer 
in samples extracted after experiment. After solidification 
experiment, the ingot was sectioned along its longitudinal 
direction and mechanically polished with abrasive papers and 
etched with an acid solution composed of 25 mL H2O, 2.5 mL HF, 
25 mL HNO3; 60 mL HCl in order to reveal the macrostructure, 
Paradela et al.11. Selected transverse samples of the solidified 
casting extracted at different positions (from 5 to 85 mm) from 
the mold bottom were polished and etched with a solution of 
0.5% HF in order to reveal the as-cast microstructure, according 
to Sales et al.12. A Nikon Eclipse Optical Microscope (LV150) 
was used to produce digital images that were analyzed using 
the NIS-Elements D software to measure the cellular spacings. 
Although electron microscopes (SEM) are powerful magnification 
tools with high-resolution images, for the dimensions involved in 
present work, the optical microscope was used since the obtained 
results did not justify the greater time and cost involved in the 
use of the electron microscopes. The schematic illustration of 
the cellular spacings measurements in the transverse sections 
are shown in Figure 2.

About 30 measurements were taken for different positions 
along casting, with local cellular spacing (λC) being equal to 
average value. The method adopted for measuring the cellular 
spacings (λC) for different positions in casting transverse 
section was the triangle method13.

Figure 1. Diagrammatic representation of equipment: 1—Personal 
computer and data acquisition software; 2—Data logger hardware; 
3—Temperature controller system; 4 — Type K thermocouples; 5 
— Crucible; 6 — Melt; 7 — Unidirectional solidification furnace; 
8 — Electric heaters; 9 — Ceramic fiber insulation; 10—Steel mold; 
11—Steel plate; 12—Water cooling system; 13—Water pump.
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The measurements of microsegregation for Fe solute were 
taken with a scanning electron microscope JEOL in positions 
along the casting length. The concentration measurements of 
Fe are initiated at the center of cell (FS = 0) and ended at the 
mid-point of the intercellular regions (FS = 1), as shown in 
Figure 3. About 40 to 50 concentration measurements were 
performed for each examined position. Microsegregation 
profiles of Fe solute were determined in samples grown at 
solidification speed ranging from 0.45 to 1.0 mm/s.

According to Meza et al.14 and Paradela et al.15, the 
calculated results for microsegregation using the theoretical 
models (e.g., Scheil and Clyne–Kurz models) can yield 
discrepancies from the experimental data. In present work, 
we considered an experimental equation, in order to predict 
the Fe microsegregation. Experimental equation is based 
on a best-fit curve to the experimental microsegregation 
profiles, and is given by:

0 SbF
S efC C k ae= +  (1)

where C0 represents initial concentration of Fe, FS is solid 
fraction and “a” and “b” are experimental constants. Since 
the predict models using the equilibrium partition coefficient 
(keq) can yielded poor agreement between numerical 
and experimental results, we used an effective partition 
coefficient (kef) which takes into account the solidification 
speed. Burton et al.16 proposed the follow equation for kef:
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δ is the thickness of the diffusion boundary layer ahead 
the solidification interface and DL represents Fe diffusivity 
in the liquid region. δ depends on the solidification speed 
(SS), the liquid viscosity and agitation conditions ahead the 
solidification interface, and its value can vary from 10−6 to 
10−3 m, Paradela et al.15.

To characterize the area fraction of pores in the as-cast 
Al - 1.0 wt.% Fe alloy, all samples were cut in the transverse 
direction plane, from the bottom part of the mold to the 

its top, mounted in conducting Bakelite, and polished to 
a 0.05 μm finish. Samples were analyzed using an EVO 
MA10 scanning electron microscope (SEM) equipped with 
a back-scattered electron (BSE) detector, and operated at 
20 kV. Image threshold was applied to determine the porosity 
content (porosity %) using ImageJ Software17, Figure 4.

Transverse samples were cut from the casting, as depicted 
in Figure 5, and prepared for tensile testing according to 
specifications of ASTM Standard E8M18. One transverse 
sample was cut from each position along casting, and prepared 
for tensile testing. Tensile tests were carried out with a speed 
of test equal to 3 mm.s-1. The mechanical properties, i.e., 
ultimate tensile strength and elongation have been determined 
at different positions from casting base.

Microhardness test was carried out at room temperature 
using Leitz Wetzlar Microhardness Tester. Microhardness test 
was measured at least in 12 different regions on the transverse 
section, using a Vickers pyramidal indenter with a load and 
loading time of 100 g and 15 s, respectively, Figure 6.

3. Results and Discussion
Generally, solidification leads to two types of grain 

morphology; columnar and equiaxed. However, due to 
solidification processing conditions imposed by water cooled 
system, the structure known as columnar prevailed along the 
casting, i.e., no columnar to equiaxed transition has been 
observed and indicating that heat flux is unidirectionally 
oriented, Figure 7. However, it is well known that columnar to 
equiaxed transition is dependent on solidification conditions 
associated with the casting process, including superheat and 
solute content, Ferreira et al.2 and Felipe et al.19.

Figure 8 shows the phase diagram of the alloy system 
investigated, calculated by thermodynamics software20 and 
emphasizing the liquid-solid transformation region. For Al 
– 1.0 wt% Fe alloy, according to the phase diagram the 
solidification begins at liquidus temperature of 657 oC and 
ends when it reaches the solidus temperature of 654 oC. Al – 
1.0 wt% Fe alloy have a narrow solidification interval (3 oC), 
which minimizes the segregation during the solidification 
process. One can see that the point in phase diagram, 
which indicate chemical composition of 1.8 wt.% Fe and 
temperature equal to 654 oC, corresponding to the eutectic 
point. The maximum solid solubility of Fe in aluminum 
occurs at the eutectic temperature 654 oC and this solid 

Figure 2. The schematic illustration of the cellular spacing (λC) 
measurements of an Al - 1.0 wt % Fe alloy sample.

Figure 3. Representation of a track used for measurements of 
microsegregation profiles.
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phase at this temperature has a composition of 0.04 wt.% Fe. 
Experiments focused on microsegregation; the equilibrium 
partition coefficient is calculated from equilibrium phase 
diagram. In the present paper, keq = 0.029 corresponds to 
the solute concentration ratio between the solid and liquid.

The cooling curve for hypoeutectic alloy, under slow 
solidification condition, i.e., no water-cooled solidification 
system, is depicted in Figure 9, in case analyzed the cooling rate 
was about 0.3 ºC/s. We can see in Figure 9, the corresponding 
experimental validation for the examined alloy, i.e., solidification 
begins at liquidus temperature of 657 ºC, as indicated by the 
change in the cooling curve caused by the latent heat release.

It is important to highlight that TL is in agreement with 
observations from phase diagram, Figure 8. After solidification 
completion, the slope of cooling curves is again altered. In the 
other words, as material solidifies it releases its latent heat of 
fusion, holding the temperature precisely at its solidification 
temperature (TL) until all the liquid is solid.

Figure 4. Image obtained from an EVO MA10 scanning electron 
microscope (SEM) of irregular shape porosity for Al - 1.0 wt.% Fe alloy.

Figure 5. The schematic illustration for removal of specimens from 
the directionally solidified casting for tensile test.

Figure 6. Indentation left in sample of the Al – 1.0 wt.% Fe alloy 
after Vickers microhardness test.

Figure 7. Directionally solidified macrostructure of hypoeutectic 
Al – 1.0 wt.% Fe alloy.

Figure 8. Phase diagram of Al-Fe system as computed with the 
Thermo-Calc Software20 with Database TCBIN.
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Temperature profiles determined during the solidification 
process under transient heat flow conditions in a water-cooled 
solidification setup is shown in Figure 10.

To the right of Figure 10, information can be found 
concerning the position (P) in the ingot, values of passing 
time of liquidus and solidus temperatures. The temperature 
values are seen to decrease faster at regions closer to the 
water-cooled bottom. The cooling rate gradually dwindles 
toward completion of solidification. The experimental results 
of temperature versus time, presents a similar behavior with 
those found in the literature Sales et al.12 and Paradela et al.15. 
From Figure 10, the position (P) of each thermocouple can 
be correlated with passing time of TL. From this function 
(P=f(t)), the values of solidification speed (SS) were found 
as a function of the time by computing the time derivative 
of P, Figure 11 display these results.

From experimental equation (P=f(t) and SS=f(t)), it was 
possible to obtain an equation for solidification speed as 
function of position (SS=f(P)), as shown in Figure 12. SS is 
seen to decrease faster from the mold bottom, followed by 
a gradual decrease over length of casting. This is due to the 
fact that water cooling system favors higher solidification 

speed close to mold bottom, which decreases along the 
casting because of the increase thermal resistance of the 
solidified layer. A comparative analysis of the profiles of the 
local solidification time (LST) and SS versus P, reveal that 
SS dwindles quickly in the regions very close to the mold 
bottom, followed by a gradual, slower decrease along the 
casting. One can see an inverse trend in the LST close to the 
bottom, LST increases faster; afterwards, it starts a gradual 
increase along the casting. High solidification speed favors a 
rapid solidification, i.e., a short local solidification time. It is 
worth mentioning that as-cast alloys with wide solidification 
intervals make them susceptible to microsegregation during 
the solidification process.

The thermal parameters, such as cooling rate (Ṫ) and 
thermal gradient (G) for different positions, are shown in 
Figure 13.

Once again, the profiles of thermal parameters (Ṫ and 
G), indicate that both parameters are significantly affected 
by position of as-cast material, while preserving the same 
behavior along the casting length. These thermal parameters 
of solidification are key factors acting in parallel during the 
solidification experiment of hypoeutectic Al – 1.0 wt.% Fe 
alloy. These thermal parameters server to condition the changes 
not only on microstructural patterns itself (cells, dendrites, 
inclusions and porosity) but also the chemical arrangement 
(microsegregation), affecting the quality of the final product. 
It worth mentioning that the points in Figures 11, 12 and 13, 
are results obtained from the solidification experiment and 
the lines represents empirical power functions fit to the 
experimental points. Baptista et al.7, Sales et al.8 and Spinola 
and Spinelli9, determined experimental expressions for 
both thermal parameters, which are similar to the showed 
in present work.

Typical cellular microstructure can be observed along 
the transverse sections of the as-cast alloy directionally 
solidified, Figure 14. Despite the relatively high cooling rates 
imposed by the water-cooled system during the directional 
solidification, cellular microstructures were predominant in 
Al – 1.0 wt.% Fe alloy.

Effect of thermal parameters (SS, Ṫ and LST) on the cellular 
spacing is depicted in Figure 15. This influence translates to 
the change in cellular spacing (λC), i.e., high values of SS and 

Figure 9. Experimental cooling curves of hypoeutectic Al – 1.0 
wt.% Fe alloy.

Figure 10. Temperature versus time.
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Ṫ (P = 5 mm) near the mold bottom, favors a more refined 
microstructure and low values of said thermal parameters 
close to the top of the casting, contribute effectively to a 
coarser microstructure, Figure 15b and 15c. In contrast, an 
inverse behavior can be observed from the λC versus LST, 
lower LST found close to mold bottom (P = 5 mm), favors a 
decrease in the λC. However, as the LST increase, one can see 
also a continuous increase of λC. From the analysis of these 
experimental data, it can be concluded that the increase in the 

SS and Ṫ reduce the possibility of the cellular growth during 
the solidification experiment, through decreasing the LST.

Considering that our solidification experiment of Al – 
1.0 wt.% Fe alloy has been carried out with non-equilibrium 
conditions, it was necessary to monitor the microsegregation 
profiles under high solidification speeds. First of all, Burton’s 
equation (Equation 2) has been used to create a graph of 
effective partition coefficient (kef) versus solidification speed 
(SS). In order to found an experimental equation for kef, a 
curve fitting technique was used on the experimental points, 
as shown in Figure 16.

We can see in Figure16 that kef has been calculated for 
a range of solidification speed between 0.46 to 0.62 mm/s. 
For higher solidification speeds there is a tendency to 
kef = 1 and for lower speeds the kef will be equal to keq, 
since this empirical equation is operative in the range keq 
< kef < 1. To understand the chemical arrangement during 
the solidification experiment, the microsegregation profiles 
were experimentally measured along the casting length. 
Figure 17 depicts the measured microsegregation profiles 
along the microsegregation path, taken from the center 
of cell (F = 0) to the mid-point of the intercellular region 
(F = 1), as previously discussed. Predictions of empirical 
equation (Equation 1) with kef, are plotted in this same 
Figure, for comparison purposes. The empirical equation 
with experimental constants fitted to the microsegregation 
profiles for different positions in casting, are listed in Table 1. 
As expected, in any cases analyzed, it can be seen that the 
Fe concentration increases with solidified fraction. One can 
see from Figure 17, that microsegregation profiles (curves 
and experimental data) move upward with the increase in 
SS and decrease in P, which indicates that solubility of Fe 
solute increases with the increase in SS. This occurs due 
to the solidification experiment under high speeds and 
Fe solute slowly diffusing in the liquid region, can lead 
increasing levels of the Fe content in this liquid region 
close to solidification front, this in turn, correspondingly 
increase the Fe content in the solid region along the 
microsegregation path. That results are in agreement 
with effect of solidification speed on microsegregation on 
aluminum alloys reported in Refs11,14.

It can be seen from Figure 17 that the empirical equation 
has an excellent agreement with the experimental data for the 
entire range of solid fractions (FS) and solidification speeds 
(SS). The predicted concentration of Fe by the empirical 
equation, from the cell cores (FS = 0) to the intercellular 
regions (FS = 1) adjusted well to the experimental profiles.

According to Meza et al.14, the experimental constant 
“a” seems to depend on the considered alloy system, which 
was adjusted to be 0.03 for hypoeutectic Al – 1.0 wt.% Fe 
alloy. However, the experimental constant “b” seems to 
be associated with the solidification speed, i.e., for a given 
alloy system, it increases with the increase in solidification 
speed (SS), as shown in Table 1.

It is well known that quality of the final product depends 
to a large extent on soundness of the aluminum alloys casting, 
in which the porosity content is to be minimized. Aluminum 
alloys are known for their susceptibility to porosity formation 
during solidification. According to the literature21-25, thermal 
parameters can to influence behavior of the castings during 

Figure 11. Position (P) and solidification speed (SS) as a function 
of time (t).

Figure 12. Solidification speed (SS) and local solidification time 
(LST) as a function of position (P).

Figure 13. Cooling rate (Ṫ) and thermal gradient (G) as a function 
of position (P).
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the solidification process, and still combination of those 
parameters or even castings geometry. One of the purposes 
of the present experimental work, was to study the thermal 
parameters effect on porosity formation in Al - 1.0 wt.% Fe 
alloy obtained from vertical upward directional solidification 
process. Figure 18a-c shows micrographs obtained from 
the scanning electron microscope (SEM), taken at heights 
corresponding to where the thermocouples were located.

By considering the micrographs presented in Figure 18, 
we can to conclude that the two main causes of porosity 
were found during solidification experiment: a) Shrinkage 
porosity, due to the volume change upon solidification, and 
b) Gas porosity, due to the dissolved gases in the melt upon 
freezing. Also, one can see a slight increase in the size of 
porosity with increasing distance from the water-cooled 

bottom, these results are consistent with those found by 
Lashkari et al.23.

The relationship between thermal parameters and porosity 
content is depicted in Figure 19.

Figure 19a shows the relationship between the porosity 
content determined from the analysis-based on ImageJ 
Software17 and positions (P) where the thermocouples were 
positioned during solidification experiment. One can see that 
porosity content increases clearly with increasing position 
(P). This dependence on position along casting, is related to 
the fact that the upward directional solidification technique 
allows wide ranges of thermal parameters (SS, Ṫ and LST) 
during experiment. The solidification apparatus with water-
cooled mold is useful when high rates of heat extraction to 
be achieved. A curve fitting technique from the experimental 

Table 1. Experimental equation determined from best-fit curve to the experimental data.

CS = Co.kef + a.exp(b.F
S

)

Position, P (mm) 5 15 35 60

Solidification speed, SS (mm/s) 0.69 0.58 0.50 0.45

Effective partition coefficient, kef (-) 0.69 0.58 0.50 0.24

experimental constant, a (-) 0.03 0.03 0.03 0.03

experimental constant, b (-) 4.89 4.67 4.27 4.33

Figure 14. Typical cellular microstructure of samples taken from transverse sections along the casting of the hypoeutectic Al – 1.0 wt.% 
Fe alloy.
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points has generated power functions, in order to represent 
the effect of solidification thermal parameters on the porosity 
content. The porosity content decreases significantly with 
increasing solidification speed (Figure19b) and with cooling 
rate (Figure19c). However, experimental results of porosity 
versus LST present an inverse behavior to the those found 
from the SS and Ṫ, i.e., porosity content increases with LST, 
(Figure19d). The two fundamental effects that contribute to 
the formation of porosity during solidifying alloys, are the 
shrinkage resulting from the volume decrease in going from 
liquid to solid, and gas evolution resulting from the decrease 
in solubility in solid region compared to the liquid. Both 
phenomena found in present work, can occur simultaneously 
and act synergistically to develop porosity during casting. 
When the aluminum alloy solidifies, solubility of hydrogen 
in the liquid is decreased and gas porosities can be formed. 
When water-cooled mold system is applied, high solidification 
speed, high cooling rates and short local solidification time 
are obtained close to the mold bottom and gas in this region 
is supersatured. This avoids nucleation of gas porosity, so 
content of gas porosity can be minimized, Figure 19b-d. 
The water-cooled system, as previously discussed, are usually 
used to optimize the thermal parameters, and have several 
advantages as increase of temperature gradient, decrease 
of local solidification time, finer grain structure, decrease 
of cellular or dendrite spacing and decrease of shrinkage 
cavities. So, it is to be expected that higher solidification 

speeds and high cooling rates close to the mold bottom, also 
favors decrease in shrinkage porosity. Since the thermal 
parameters depend on the position in the casting, the values 
of porosity content also vary in the distribution of these 
thermal parameters proportionally, Figure 19b-d.

Next, the relationships between mechanical properties 
(ultimate tensile strength, elongation and microhardness) 

Figure 15. Cellular spacing (λC) versus: a) Position (P) in the casting, b) Solidification speed (SS), c) Cooling rate (Ṫ), and d) Local 
solidification time (LST).

Figure 16. Effective partition coefficient (kef) as a function of 
solidification speed (SS).
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Figure 18. Porosity as observed by scanning electron microscopy (SEM) in Al – 1.0 wt.% Fe alloy, at different distance from the water-
cooled bottom: a) 10 mm; b) 20 mm, and c) 85 mm.

Figure 17. Effect of solidification speed (SS) on the microsegregation 
profile at different positions (P) along the casting length.

with solidification thermal parameters, cellular spacing and 
porosity content are presented and discussed. Figure 20 depicts 
relationship between ultimate tensile strength (σU) and 
cooling rate (Ṫ), local solidification time (LST), cellular 
spacing ( λC) and porosity content (PC). One can see in 
Figure 20, both higher cooling rates (Figure 20a) and a short 
local solidification time (Figure 20b) favors ultimate tensile 
strength. According to Goulart et al.6, tensile strength seems 
to be closely related with the intermetallic phases (Al3Fe/ 

Al6Fe) and cellular spacings (Figure 20c), which in turn, are 
associated to the solidification processing parameters. High 
cooling rates (Figure 20a) with a short solidification time 
(Figure 20b) can induce the finely dispersed intermetallic 
phases and most refined microstructure, as consequence, the 
ultimate tensile strength is correspondly increased. Indeed, 
ultimate tensile strength increases its value from 59.4 MPa 
with a cooling rate equal to 0.54 oC/s to 70 MPa for a cooling 
rate of about 1.88 oC/s, Figure 20a. The tensile tests result of 
Al - 1.0 wt. %Fe alloy, have shown that strength increased in 
18% at the position of 10 mm when compared with tensile 
strength found from position of 85 mm. Porosity content 
in cast material has been known as a defect affecting the 
enhancement of tensile strength. The porosity content, in turn, 
is affected by casting parameters, such as cooling rate and 
local solidification time. Optimum mechanical properties, 
e.g., ultimate tensile strength is attained with least porosity 
content, as shown in Figure 20d. The most probable cause 
of dependence of strength on the porosity content, can be 
attributed to failures initiated from the pores within the 
cast material.

High cooling rates and shorter local solidification 
time favors ultimate tensile strength, Figure 20a and 20b, 
similar behavior is found for the elongation of Al - 1.0 wt.% 
Fe alloy, Figure 21a and Figure 21b. In the elongation 
case, the influence of cellular spacing is negative, i.e., 
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Figure 19. Porosity content versus a) Position (P) in the casting, b) Solidification speed (SS), c) Cooling rate (Ṫ), and d) Local solidification 
time (LST).

Figure 20. Ultimate tensile strength (σU) versus: a) Cooling rate (Ṫ); b) Local solidification time (LST); c) Cellular spacing (λC); and d) 
Porosity content (PC).
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higher cellular spacing tends to decrease this mechanical 
property, Figure 21c. When the microstructural spacing 
is increased, coarser Al3Fe is formed, contributing to the 
nucleation of fissures. In the regions characterized by 
coarser microstructure found close to the top mold, such 
damage can be even more intense. As a consequence, the 
Al - 1.0 wt.% Fe alloy presented lower ductility when 
compared to the other positions close to the bottom 
mold. Porosity also significantly affects elongation of 
the as-cast Al - 1.0 wt.% Fe alloy. The lower elongations 
found in as-cast alloy, can be attributed to the presence of 
higher porosity content, as shown in Figure 21d. Porosity 
content, pore size/shape, and its spacing are important 
factors that control the elongation of the material, which 
in turn, is one way to measure and quantify the ductility 
of the as-cast alloys.

Effects of the thermal parameters, cellular spacing and 
porosity content on the microhardness, also are highlighted 
in present paper, Figure 22. Once again, one can see that high 

cooling rates (Figure 22a) and very short solidification time 
(Figure 22b) favored m0icrohardness, similar results also 
were found by Felipe et al.19. The results of microhardness 
versus cellular spacings (𝜆C) are shown in Figure 22c. 
Microhardness after unidirectional vertical solidification, 
analyzed in present work, is proved to decrease with increase 
cellular spacings. As expected, in positions near the mold 
bottom, an improvement in microhardness is observed, due 
to the finer microstructure as a consequence of high values 
of cooling rate and short solidification time. As shown in 
Figure 21c, the microhardness decreased from 35.2 to 
18.6 HV, which confirms a reduction of 47%. Figure 22d 
reveals that presence of higher porosity contents, i.e., 
from 1.1% at the position of 5 mm to 2.0% at the position 
of 85 mm, decreased the microhardness of as-cast alloy, 
from 35.2 HV to 18.6 HV. The presence of high porosity 
content decreases the microhardness, due primarily to the 
failure process is initiated from the voids formed within 
the as-cast alloy.

Figure 21. Elongation (δ) versus: a) Cooling rate (Ṫ); b) Local solidification time (LST); c) Cellular spacing (λC); and d) Porosity content (PC).
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4. Conclusions
The results herein represent a response to information 

required concerning the influence of solidification thermal 
parameters on the microstructural patterns, microsegregation, 
porosity, and mechanical properties of a hypoeutectic Al-Fe 
alloy. Due to solidification processing conditions considered 
during experiment, the columnar morphology prevailed 
along the entire ingot. High solidification speed, cooling rate, 
thermal gradient and a very short local solidification time 
were found in regions close to the mold bottom. The presence 
of a water-cooled system favored these results. Farther away 
from the mold bottom, one can observe an inverse behavior 
of the thermal parameters, because of the increased thermal 
resistance of the solidified region. These changes in thermal 
parameters along the casting, served to condition the changes 
not only on cellular spacing, but also the microsegregation, 
porosity and mechanical properties of the as-cast alloy. This 
influence translated to the changes in cellular spacing, i.e., 
a more refined microstructure in regions close to the mold 
bottom and a coarser microstructure for the regions near to 
the top. An experimental equation determined from best-fit 

curve to the experimental data of microsegregation was 
considered. The good agreement between results is due to 
effective partition coefficient considered in equation. This 
coefficient, in turn, was experimentally determined for a 
range of solidification speed between 0.46 to 0.62 mm/s.

Experimental results obtained from porosity content, have 
pointed out that the its value increases with position along the 
ingot. This dependence on the position, is related to the fact that 
upward directional solidification system allows wide ranges 
of thermal parameters. Since the parameters depend on the 
position in the casting, the values of porosity content also vary 
with distribution of these thermal parameters, proportionally.

Through an analysis of the experimental data for mechanical 
properties, it can be concluded that ultimate tensile strength, 
elongation and microhardness resulting from experiment, are 
closely related to the solidification processing parameters 
and porosity of the as-cast alloy.

This work provides an understanding to the thermal 
parameters obtained during upward transient directional 
solidification of Al-Fe alloy, and an overview of its effects 
on the as-cast alloy.

Figure 22. Microhardness (H) versus: a) Cooling rate (Ṫ); b) Local solidification time (LST); c) Cellular spacing (λC); and d) Porosity 
content (PC).
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