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Abstract. The objective of this work is the development of a comparative analysis of solidification process of the
aluminum 5052 alloy with different overheating ranges. The main parameters of the solidification process,
experimentally determined, are affected by the overheating range and its influence on the microstructure arrangement.
1t was selected the 5052 alloy, containing about 3% of magnesium, used for commercial purposes. The alloy was
poured with three different overheating ranges in a device which allows the unidirectional solidification and its
monitoring through an acquisition data system thru the temperature variation from different positions on the sample.
From the temperature results, the others process parameters are determined. The dendritic spacing is determined by
the micrographs. Through experimental analysis is established the influence of the overheating range at the following
parameters related to solidification process: heat transfer coefficient at the metal/mold interface, solidification rate,
thermal gradient at the liquidus isotherm, cooling rate, local solidification time and secondary arm spacing. The
change between the structure columnar and equiaxed is also studied.
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1. Introduction:

Magnesium is the lightest of all metals used as the basis for constructional alloys. It is this property that entices
automobile manufacturers to replace denser materials, not only steels, cast irons and copper base alloys but even
aluminum alloys by magnesium-based alloys (Mordike and Ebert, 2001).

Numerical models for material properties prediction require validation to assure the developer and the user that the
mechanics and numerical algorithms implemented in the model are correct and consistent with the experimental
information available in the literature (Abbod et al, 2005).

The melted samples characteristics depend on thermal parameters of solidification, such as velocity at which the
dendrite tip advances, thermal gradient at the liquidus isotherm, cooling rate and local solidification time, which
directly affects the microstructure arrangement, thus the analysis of variation of these parameters in function of the
solidification conditions is important.

It was selected the 5052 alloy, containing about 3% of Magnesium for commercial purposes. Alloys from Al-Mg
group are ductile at the annealed state, but they harden quickly under cold work, have excellent weldability and high
corrosion resistance on maritime environments. As applications they are used for: shutters, boats, signs, automobile
bodies and stamping for general use (Alcan catalogue, 2005).

In this work a unidirectional solidification of 5052 alloy was realized, with three different overheating ranges;
720°C, 750°C e 780°C and their relevance with the thermal parameters last mentioned and also their influence at the
columnar zone size. Based on the facility of analysis, experiments that further the unidirectional solidification allow
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to identify the interdendritic spacing as well as its relation with the solidification parameters and, so to do an analogy
between others solidification methods. The primary dendritic arms, at the columnar structures, as well as the grain
boundary, are aligned. The columnar structures’ obtaining deserves emphasis also in the manufacturing of pieces that
requires reliability, such as blades of jet engines. The blades manufactured with columnar structures present high
resistance on longitudinal direction, because the grains are aligned at this same ultimate strain, which coincides with the
centrifugal force direction. As the turbines work on high temperatures, the material must be resistant to the flow, which
is promoted by the less number of grains boundary of columnar structure which decreases the significant action of the
slip between them. In the case of the turbines, the alloys applied are nickel-basis (Garcia, 2001).

2. Experiments

The alloy used in this experimental work was the 5052 alloy containing about 3% of magnesium, which its
composition is presented on table 1.

Table 1 — Chemical composition of Al-Mg alloy.

Al Mg Fé Si Cr Mn Cu Others

95,510 3,091 0,593 0,383 0,242 0,142 0,038 0,001

The alloy was melted in an electric resistance furnace with three different overheating ranges, 720°C, 750°C and
780°C respectively and then poured in an unidirectional solidification device, previously pre-heated near their
respective fusion temperatures with the objective to avoid lateral loss of heat. Before the pouring, the furnace was
turned off and then the cooling system is actuated.

The unidirectional solidification device, showed at Fig. 1, consists basically of a tubular furnace heated by four
silicon carbide elements of globar type, which is fit into an insulating ceramic mold of zirconia measuring 280 mm
length by 40 mm diameter that is coupled over a water cooled copper chill. This device was designed insomuch the heat
abstraction could be accomplished only from the bottom cooled by water, furthering a vertical ascending unidirectional
solidification. The variations of temperatures during the solidification process were measured by thermocouples,
inserted at different positions on the sample, coupled to an acquisition data system of 12 bits of resolution compound of
2 conditioning boards, one board to 16 thermocouples type K e another to 16 thermocouples type S, with acquisition
rate of 10 Hz by channel.
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Figure 1 — Unidirectional solidification device.




Eight thermocouples type K were used (chromel-alumel), they were placed on the ceramic mold from the
metal/mold interface and then connected to the acquisition data system. At the Fig. 2(a) is showed the copper chill and
the ceramic mold and in the Fig. 2(b) a view of the furnace ready to be used.

(b)

Figure 2 — (a) Copper chill and ceramic mold and (b) View of the furnace.

After, the sample is stripped and cut to lengthwise. One half was utilized for macrograph analysis and the other half
for micrograph analysis. The samples obtained were polished and etched properly to reveal their macro and micrograph.

3. Results and discussion

Figures 3(a), (b) e (c) present as example, the results of temperatures acquiring to the different points inside the
sample unidirectionally solidified of Al 5052 alloy to three different overheating ranges, 720°C, 750°C e 780°C. The
solidification time for the pouring temperature of 780°C is high due to its elevated overheating range.

Figure 4 shows a variation of the heat transfer coefficient at the metal/chill interface determined through the
comparing inverse method of experimental and numerical profiles to the Al 5052 alloy (Melo, 1996, 2005a, 2005b).
From the comparatives results it is noticed that in the higher pouring temperature the efficiency of heat abstraction is
elevated this happens owing to the higher overheating variation allowing a faster and intense heat exchanging. So,
therefore it was obtained the most elevated heat transfer coefficient for the pouring temperature of 780°C.
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Figure 3(a) — Cooling curves to the Al 5052 alloy, 720° C.  Figure 3(b) — Cooling curves to the Al 5052 alloy, 750° C.
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Figure 3(c) — Cooling curves to the Al 5052 alloy, 780° C. Figure 4 — Heat transfer coefficient.

The macrographs results of the performed experiments present a large extension of columnar grains, as result of the
unidirectional solidification, indicating the efficiency of the developed device.

Figures 5(a), (b) e (c) show the macrographs obtained from the Al 5052 alloy poured in 720°C, 750°C e 780°C
respectively. It is possible to see a progressive increasing of the columnar zone as long as the pouring temperatures
increase. The extension of each columnar zone is: to 720° C-85mm, 750° C-110mm and 780° C-125mm. It is possible to
visualize columnar grains until to the maximum length of 125mm in the pouring temperature of 780° C. The samples
were etched by rubbing using the following etchant for revealing their macrostructures: 20 mL glycerin, 30 mL HCI, 2
mL satured aqueous, FeCls solution, 7 drops HF and 1 mL of HNOs.
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Figure 5 — Macrographs of Al 5052 alloy pouring at: (a) 720°C, (b) 750°C and (c) 780°C.

The temperatures and the time acquired on the files from the acquisition data system were utilized to the
determination of the experimental thermal parameters.

The position of liquidus isotherm in function of the time it is a parameter that could be directly determined from the
cooling curves, which is showed at Fig. 6. The solidification time it is high for the alloy poured at 780°C due to its
higher overheating range. As the pouring temperature of 720°C is near of liquidus line it is possible to perceive the
solidification time is the lesser.



Al 5052 alloy
® T=720° T= 979"
M1 | e T=750C T=3050"
A T=7B0°C T=47 73"
wod
% y
€O
E &0 = &
L]
& -
200 H o . .
N .
" ] .
.
o SR
o an &0 B0 & 100 20 140 180
Position (mm)

Figure 6 — Variation curves of liquidus isotherm positions in function of time to the three different overheating
ranges.

Figure 7 presents a variation of the velocity at which the dendrite tip advances in function of the position to the three
overheating ranges. This parameter is obtained from the cooling curves corresponding to each thermocouple, accepting
the temperature on the dendrite tip be the same as liquidus temperature (Pan and Loper Jr., 1990; Suri et al., 1994;
Laurent and Rigaut, 1992; Melo et al., 2004):

At Fig. 7 it is observed a decreasing on the velocities at which the dendrite tip advances on the positions further
from the cooled chill, this is owing to the increasing of the solidified layer with the progress of the solidification
process, applying a resistance to the heat flow. So, it is set a time (¢’) where the liquidus isotherm pass through the
position corresponding to a determinate thermocouple and the time (z”) that it crossed the position corresponding to the
next thermocouple. The two thermocouples distance (Ax) is divided by the time interval, so it is acquired the velocity at
which the dendrite tip advances (v):
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Figure 7 — Variation curves of velocities at which the dendrite tip advances in function of position to the different
overheating ranges.

Figure 8 presents the variations of thermal gradient at the liquidus isotherm for the three different overheating
ranges. This figure shows a decreasing of the temperature gradients for the overheating ranges as the solidification
advances, due to the gradual dissipation of liquid metal overheated.

The thermal gradient at the liquidus isotherm (G) is acquired by the difference between 7}, which is the liquidus
temperature corresponding to the position of determinate thermocouple, and 7" that is the temperature corresponding to
the position of next thermocouple divided by Ax, which is the distance between them, as it is seeing below:
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Figure 8 — Thermal gradient in function of the position.

Thru the velocities at which the dendrite tip advances (v) and the thermal gradients (G) were determined the cooling
rates during the solidification through the following relation:

T=Gv ®3)

Analyzing comparatively the variation curves of the cooling rates for the alloy studied as showed at Fig. 9, it is
noticed that the rates are higher for the Al 5052 alloy poured at 720°C owing to the higher cooling velocity. As the
solidification advances the rates to the others overheating ranges lean to proximate values due to the overheating
dissipation and consequent thermal gradient decreasing.
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Figure 9 — Cooling rates.

The micrographs were obtained on the longitudinal section from the three pouring temperature in the middle of their
regions at the columnar zone as it is showed in the Fig. 10(a), (b), (c). The samples were sequencing etched by
immersion using the same etchant for the macrograph. It is observed that the appearing of dendrites is more evident
from the intermediate zone to the end of columnar zone and also with the temperature overheating increasing.



Figure 10 — Micrograph at the longitudinal section in the middle of the columnar zone to each pouring temperature:
720°C (a), 750°C (b) and 780°C (c).

The secondary dendrite arms spacing were experimentally measured along the columnar zone in function of the
position for the three pouring temperature as presented at the Fig. 11. In the pouring temperatures of 720°C and 750°C it
was more difficult to measure the dendritic secondary arms spacing in the beginning of columnar zone owing to their
elevated refinement degree. Nevertheless it was possible to observe the increasing of their size as they are further from
the metal/chill interface (Santos and Melo, 2005).
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Figure 11 — Secondary arm spacing
4. Conclusions

The acquired results in this work allow concluding that the unidirectional solidification device built it is efficient
and admits the obtainment of extended columnar zones of 85 mm, 110 mm and 125 mm to the respectively pouring
temperatures of 720°C, 750°C and 780°C.

The solidification time for the pouring temperature of 780°C is high due to its most elevated overheating range.

From the comparatives results it is noticed that in the higher pouring temperature the efficiency of heat abstraction is
elevated this happens owing to the higher overheating variation allowing a faster and intense heat exchanging. So,
therefore it was obtained the most elevated heat transfer coefficient for the pouring temperature of 780°C.

It is possible notice the velocities at which the dendrite tip advances decrease on the positions more distant from the
cooled chill owing to the progressive increasing of the solidified layer with the solidification process evolution,
imposing a higher resistance to the heat flow.

The thermal gradient for the overheating ranges decreases as the solidification advances owing to the gradual
dissipation of the overheated liquid metal. Because of its proximity with the liquidus line the thermal gradient presents
the lowest value to the pouring temperature of 720°C.

Analyzing comparatively the variation curves of the cooling rates for the alloy studied, it is noticed that the rates are
higher for the Al 5052 alloy poured at 720°C owing to the higher cooling velocity. As the solidification advances the
rates to the others overheating ranges lean to proximate values due to the overheating dissipation and consequent
thermal gradient decreasing.

The micrographs corresponding to the beginning of columnar zone reveal an elevated degree of refinement, so it
was only possible measure the dendrite secondary arms spacing at the regions further from the interface.
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