
UNIVERSIDADE ESTADUAL DE CAMPINAS
SISTEMA DE BIBLIOTECAS DA UNICAMP

REPOSITÓRIO DA PRODUÇÃO CIENTIFICA E INTELECTUAL DA UNICAMP

Versão do arquivo anexado / Version of attached file:

Versão do Editor / Published Version

Mais informações no site da editora / Further information on publisher's website:

https://www.scielo.br/scielo.php?script=sci_arttext&pid=S1516-14392019000100220

DOI: 10.1590/1980-5373-MR-2018-0561

Direitos autorais / Publisher's copyright statement:

©2018 by UFSCar/Departamento de Engenharia de Materiais. All rights reserved.

DIRETORIA DE TRATAMENTO DA INFORMAÇÃO

Cidade Universitária Zeferino Vaz Barão Geraldo
CEP 13083-970 – Campinas SP

Fone: (19) 3521-6493

http://www.repositorio.unicamp.br

http://www.repositorio.unicamp.br/


DOI: http://dx.doi.org/10.1590/1980-5373-MR-2018-0561
Materials Research. 2019; 22(1): e20180561

Length Scale of the Dendritic Array Tailoring Strength of a 5052 Aluminum Alloy
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The present research aims to characterize 5xxx alloy series, considering chemistries based on the 
commercial 5052 alloy with three Mg contents (2.4wt.%, 2.6wt.% and 3.2wt.%) through transient 
directional solidification experiments. Very representative incoming impurities to a given twin-roll 
casting procedure were reached. As such, the Si, Fe, Cu, Mn and Cr-contents in the tested samples 
typically trend in between the suitable alloying spectrum. Microstructural analyzes were performed 
using polarized light microscopy of samples taken from various ingot positions. Growth relationships 
between the secondary dendritic spacing (λ2) and the growth velocity were determined. The 5052 
alloys containing higher Mg content may induce a decrease in λ2 for a certain growth velocity. The 
hardness values measured across the three directionally solidified castings were directly related to the 
λ2, which can be considered a fundamental variable affecting mechanical strength. For representative 
conditions vis-à-vis those employed in industry, it was shown that even relatively small changes in 
Mg content of the 5052 alloy may have some impact on λ2. These results open new ways to predict the 
final as-cast microstructure characterizing commercial 5052 alloy products, with a view to controlling 
not only the dendritic growth but also the Mg content during casting operations.
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1. Introduction

High strength, high corrosion resistance, fair to good 
weldability are some characteristics related to the 5052 
alloys 1-3. These characteristics explain why these alloys have 
been broadly utilized in industries such as transportation and 
marine. Among several examples of applications, one can 
highlight parts as shutters, boats, signs, automobile bodies 
and stamping for general use 4. Considering forming and 
welding processes using the 5052 alloy, it can be verified that 
resulting properties and microstructures were extensively 
studied and correlated to each other 5-8. However, dendritic 
arrangement, morphology and dimensions of the primary 
α-Al phase and their relationships to mechanical strength 
are not fully assessed to date. This is especially unnoticed if 
continuous and transient casting processes with the 5052 alloy 
are considered, as for example the twin roll casting (TRC).

The TRC process can be used to produce Al-Mg sheet 
from ~10.0 to ~0.5 mm thick directly from the melt 9. Due 
to the nature of this process, coarser microstructures were 
observed when moving from the surface in contact with 
the roll to the center line of the casting, that is, dimensions 
typifying the as-cast microstructure will vary across the sheet 
thickness. In any case, a sheet will be produced considering 
some variations in the length-scale of the microstructure across 
the product. This can be more significant if thicker products 

are considered under process, e.g., direct chill (DC) casting 
operations. The range of operational conditions limiting 
such variations include melt temperature superheat, mold 
material, mold roughness, alloy chemistry, among others. 
Considering the transient heat flow regime of the continuous 
casting processes, the cooling down regime achieved during 
water-cooled transient directional solidification of Al-based 
alloys can be considered compatible 10,11, despite being slightly 
slower when the cooling regimes are compared.

When examining the Mg-content typically accepted in 
the 5052 alloys, distinct alloyed levels were documented. 
For example, Rodrigues and co-authors stated that the 
5052 alloy containing 3.15 wt.%Mg is used for commercial 
purposes. On the other hand, according to the ASTM B209M 
standard 12 the Mg content may vary between 2.2 and 2.8 
wt.%. Another compositional characteristic is related to the 
presence of some impurities in the alloy, especially Si, Fe and 
Cr. Bearing in mind that such relative important spectrum 
of Mg alloying is current in the commercial applications it 
appears very required to perform an investigation about the 
effects of alloy Mg content on the final characteristics of 
the as-cast 5052 alloy. Such features at this stage of Al-Mg 
products are mainly related to the dendritic growth in metallic 
alloys. Various investigations demonstrated that the dendritic 
microstructure plays a notable role in porosity distribution, 
mechanical properties, corrosion and wear properties of 
foundry and cast products 13-15.
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To the best of our knowledge insufficient data exists 
to make a thorough comparison between lower and higher 
Mg-content 5052 alloys from a microstructural viewpoint. 
It is well known that the microstructural scales of dendrites, 
translated by the secondary arm spacings, control the 
segregation profiles and the distribution of secondary phases 
within interdendritic regions. Consequently, such dimensional 
parameter is usually considered very effective in changing 
the properties of Al-based as-cast products.

Considering studies employing directional solidification 
as a method, a sole investigation concerning the 5052 alloy 
has been identified so far. The effects of three temperature 
melt superheats (10%, 15% and 20%) on both kinetics of 
solidification and microstructure for an alloy containing 
3.1wt. %Mg were examined 16. It was demonstrated that the 
lower the melt superheat, the higher is the growth velocity. 
Furthermore, it was observed that the secondary dendrite 
arm spacing, λ2, increases with increasing the superheating 
level, being λ2 much lower in average for the temperature 
superheat of 10% above the liquidus temperature of the alloy.

Other research works dealing with Al-Mg alloys may 
be cited in the present context. For example, Gomes et 
al. 17 investigated the dendritic morphology and tensile 
properties of the Al-1.2 wt pct Mg-1.5 wt pct Fe and 
Al-7 wt pct Mg-1.5 wt pct Fe alloys. Experimental plots of 
secondary dendrite arm spacings with cooling rate and of 
tensile properties with λ2 were proposed. It was demonstrated 
that Hall-Petch type formulas could be representative of 
the variations of the mechanical strength with λ2. Practical 
inter-relations regarding tensile properties with cooling 
rates were outlined. Brito et al. 18 investigated the ternary 
Al-3 wt%Mg-1 wt%Si alloy by transient unidirectional 
solidification. It was demonstrated the development of a 
reverse cell-to-dendrite transition with cells growing for 
cooling rates higher than 2 K/s. Plots of the cellular and 
the dendritic spacings with the cooling rate were shown.

The present research work aims to gain insight into the 
effects of Mg content on the dendritic growth and hardness 
of the commercial 5052 aluminum alloys. The chosen 
chemistries take into account possible variations in Mg-
content inside the alloy spectrum of Mg. As such, transient 
directional solidification experiments were carried out with 
three commercial 5052 alloys containing 2.4wt.%, 2.6wt.% 
and 3.2wt.% Mg. Firstly, the growth of dendrites was 
typified by secondary dendritic spacing, λ2 , measurements 
for the three compositions. All alloys were solidified under 
broad ranges of growth velocities and local solidification 
times. Secondly, variations of λ2 with growth velocity were 
established. Lastly, the present study outlines the correlations 
between the local length scale of the microstructure, that is, 
λ2, and hardness.

2. Experimental procedure

2.1. Solidification experiment

The 5052 alloys castings were generated using a transient 
directional solidification system. The compositions of these 
alloys are shown in Table 1.

The optical emission spectrometry method permitted the 
stated average compositions in Table 1 to be determined. This 
method - by using an equipment model 3460 from Applied 
Research Laboratories - involved statistical processing of 
the spark pulse-generated emission spectra obtained from 
spark discharges in an argon atmosphere for 10 specimens 
of each alloy. These results confirm the nominal Mg contents 
aimed in this research. An additional point reveals that all 
the three compositions achieved the level of impurities (Si, 
Fe, Cu, Mn, Cr) that must be already present in industrial 
continuous casting products as required under the standards 19

Detailed descriptions of the directional solidification 
process and of extraction of samples for metallography and 
mechanical tests are given elsewhere 20,21.

Liquidus and solidus temperatures were determined for 
the three 5052 based alloys through experiments in which 
the alloy was slowly cooled in a well-insulated crucible, thus 
permitting the transformation temperatures to be determined, 
as illustrated in Fig. 1.

The 5052 alloys were firstly melted in an induction furnace. 
Later than, the molten alloy was poured into two cavities, 
that is, either a crucible dedicated to the cooling curves or a 
split mold inserted into the solidification system. A remelting 
operation of the alloy was run inside the mold since radial 
electrical wiring heated up the cylindrical stainless steel split 
mold (see Fig. 1). When the melt temperature achieved 5% 
above the liquidus temperature, the furnace windings were 
disconnected and the same time the external water flow at 
the bottom of the container was to begin the cooling down 
procedure, thus permitting the onset of solidification.

The solidification system permits the placing of a number 
of fine K-type thermocouples along the length of the casting. 
Eight (8) thermocouples were strategically spaced between 
each other until 98mm from the cooled bottom of the casting. 
The frequency of temperature data acquisition was 5 Hz on 
each thermocouple. Postmortem examination regarding the 
determination of exact positions of the thermocouple tips 
was carried out.

Considering that the liquidus transformation temperatures 
were determined through thermal analysis in well-insulated 
crucibles before the alloys being subjected to directional 
solidification, data of the thermal profiles through directional 
solidification have been used to determine the velocity of 
the liquidus isotherm (i.e., the growth velocity), the cooling 
rate and the local solidification times as will be seen later.
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2.2. Microstructural characterization and 
hardness tests

The macrostructure of each directionally solidified (DS) 
casting was revealed after assessing and grinding the whole 
longitudinal middle section surface with #600 grid paper. 
The etching solution for that was 200ml of distilled water, 
200ml of HCl, 200ml of HNO3 and 20ml of HF, which was 
applied for a couple of minutes.

Longitudinal samples of various positions from the cooled 
bottom of the DS castings were mounted (i.e., 5mm, 10mm, 
15mm, 20mm, 25mm, 30mm, 40mm, 50mm and 70mm), 
polished and etched with a solution of 0.5% HF in water 
during 20s, and then examined using an optical microscope. 
The 5052-3.2wt.%Mg alloy casting revealed the formation 
of feathery grains together with columnar ones. Considering 
the prevalence of columnar grains constituting the other two 
examined alloys, a less pronounced columnar zone until 
40mm from the casting basis (left side of the macrostructure 
picture) was considered in the case of the 5052-3.2wt.%Mg 
alloy. Also, the same zone length was considered for the 
hardness profile as will be confirmed later.

For better visualization of the grains and especially 
of the secondary dendritic branches a simple technique 

of illumination of the samples with polarized light was 
employed. The optical anisotropic character of the formed 
microstructures enhances the possibilities of visualization 
by a polarized light microscope. As such, the images were 
acquired through the instrument Olympus BX51M with a 
lens type U-TAD together with the usage of the software 
OLYMPUS Stream Essentials®. The preparation of the samples 
used a DC power supply in combination with a magnetic 
stirrer. Thus, the samples were immersed in a 1.8% HBF 
solution in water under stirring at 0.2V for 3 minutes. The 
length-scale of the dendritic matrix was characterized by 
the secondary dendritic arm spacings.

Measurements on the as-solidified microstructure were 
performed using the line intercept method 22 for the secondary 
dendritic arm spacing, λ2. Forty - 40- measurements were 
performed for each selected position of a certain alloy 
composition.

Brinell hardness profiles along the length of each alloy 
casting were determined by using a 31.25 kgf test force, a 
2.5mm diameter carbide ball and a dwell time of 10s. The 
adopted Brinell hardnesses were the average of at least 10 
measurements on each specimen.

Table 1. Chemical composition (wt %) of the tested 5052 alloys varying the Mg content.

Alloy Si Fe Cu Mn Mg Cr Al

5052-2.4wt.%Mg * 0.106 0.274 0.004 0.040 2.441 0.198 Balance

5052-2.6wt.%Mg * 0.103 0.273 0.019 0.042 2.649 0.201 Balance

5052-3.2wt.%Mg * 0.112 0.282 0.010 0.044 3.224 0.210 Balance

Figure 1. Overall sketches showing two adopted techniques dealing with the molten 5052 aluminum alloy in the present research, which 
are: (a) determination of cooling curves and conquently liquidus temperatures and (b) assembly of the directional solidification system 
with insertion of thermocouples within a split stainless steel mold.
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3. Results and discussion

3.1 Macrostructure and solute distribution

The resultant directional solidified macrostructures are 
shown in Fig. 2. The basic feature of the formed grains as 
shown by these macrostructures is that the columnar growth 
prevails. This is explained by the elevated heat transfer 
efficiency provided by the water-cooled mold at the bottom 
of the system. In order to avoid the non-aligned zone of 

grains in the 5052-3.2wt.%Mg alloy (Fig. 2c), a zone with 
vertically aligned grains was chosen to be examined in the 
subsequent microstructural examination. Thus, the analysis 
of feathery grains has been avoided since it remains out of 
the scope of this study.

The results provided by the optical emission spectrometry 
demonstrated that contents of Mg and other elements may be 
considered essentially constants for various positions along 
the length of the castings, as can be seen in Fig. 3. In all cases 
the chemistries rest inside the alloying spectrum accepted for 
the commercial 5052 aluminum alloy. It is also important 
to emphasize that due the preservation of the composition 
along each alloy casting, effects resulting from composition 
variation do not exist for any of the examined alloys.

3.2 Microstructure and solidification thermal 
variables

Fig. 4 shows the isopleth simulation relative to the Al-
0.3wt %Fe-0.1wt %Si-xwt %Mg system as computed by the 
Thermo-Calc software. The three compositions of interest 
were signed in the diagram to facilitate the interpretation. 
The following precipitations may occur for the 5052 alloys: 
α-Al, followed by the growth of Fe-bearing intermetallic 
particles and, after that, the growth of Mg2Si.

As-cast microstructures have been fully assessed across 
the DS parties. As such, it has been possible to investigate 
the effects caused by different Mg contents within the 
specification of a commercial 5052 aluminum alloy on the 

Figure 2. Structures of grains characterizing the directionally 
solidified (a) 5052-2.4wt%Mg, (b) 5052-2.6 wt%Mg and (c) 
5052-3.2wt%Mg alloys castings.

Figure 3. Experimental concentration profiles including Mg and impurities for the (a) 5052-2.4wt%Mg, (b) 
5052-2.6wt%Mg and (c) 5052-3.2wt%Mg alloys.
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dendritic array, which appears to be quite essential. Fig. 5 
shows some representative microstructures associated with 
different positions, that is, different cooling rates (Ṫ) along 
the length of the DS 5052 alloys castings. Fig. 5 shows in 
mode details not only the side by side configurations of the 
prolonged grains but also fully dendritic morphologies. This 

happens for the three examined alloys regardless of the level 
of the cooling rate associated with a certain microstructure. 
The dendritic structure of a certain alloy is characterized 
by fine to large length-scales depending on the examined 
position along the length of the casting body.

Experimental cooling curves related to the thermocouples 
within each alloy casting, during solidification of the 
5052-2.4wt%Mg, 5052-2.6wt%Mg and 5052-3.2wt%Mg 
alloys, are shown in Fig. 6.

Cooling rate (Ṫ) and growth velocity (VL) experimental 
values have been calculated from the thermal profiles 
shown in Fig. 6. The determination of Ṫ as a function of 
position (P) in the casting was carried out by computing 
the time-derivative of each cooling curve (dT/dt) right after 
the passage of the liquidus isotherm by the thermocouples. 
This means that depending on the position referred in the 
DS casting the sample examined refer either to slow or fast 
cooling conditions. Plots of position (P), from the metal/mold 
interface, with the corresponding times (tL) of the liquidus 
fronts passing by each thermocouple were generated. Time-
derivatives of these generated functions permitted to calculate 
the growth velocity associated with the rate of displacement 
of the liquidus isotherm (VL). The experimental values of 
VL are shown in Fig. 7(a).

The experimental trends found for growth velocity show 
lower values for the alloy containing less Mg, which is mainly 

Figure 4. Partial pseudo-binary Al-0.3wt %Fe-0.1wt %Si-xwt 
%Mg phase diagram.

Figure 5. Polarized light optical as-cast microstructures of the directionally solidified 5052 aluminum alloys. These 
microstructures represent two levels of cooling regimes characterizing each composition: (A, B) 5052-2.4wt. %Mg 
(A: 7.0 K/s and B: 0.4 K/s), (C, D) 5052-2.6wt. %Mg (C: 28.8 K/s and D: 1.0 K/s) and (E, F) 5052-3.2wt. %Mg (E: 
14.5 K/s and F: 1.3 K/s) alloys. Typical dendritic arrays can be seen within the extracted grains either at the left or 
at right figure sides.
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noticed for the positions near the base of the casting, as can 
be observed in Fig. 7(a). The freezing intervals (ΔT) of the 
three alloys are quite close. According to the experimental 
cooling curves, these intervals are 32°C, 33ºC and 33ºC for 
the 5052-2.4wt%Mg, 5052-2.6wt%Mg and 5052-3.2wt%Mg 
alloys, respectively. Therefore, the differences in growth 
velocity may not be explained by the ΔT. It appears that such 
differences in VL can be explained by fluidity variations as a 
function of Mg content. This is in agreement with the results 
of fluidity tests provided by Kim et al. 23, since fluidity is 
recognized to have impact on the heat transfer efficiency 
between metal and mold during casting operations, which 
is translated by means of the solidification kinetics. These 
results of fluidity tests by Kim et al. 23 demonstrated that 
pure Al solidifies with planar front, which permitted a larger 
length of fluidity to be obtained as compared to those of 
Al-Mg alloys. The alloy containing 2.5wt%Mg develops 
a mushy zone and, as a consequence, decreases the flow 
length. Higher Mg-contents promotes a gain in the flow 
length, reversing the established trend starting from the 
pure Al. In view of the chemistries evaluated in the present 
investigation, it seems that increase in Mg content causes 
an increase in fluidity and consequently in the alloy/mold 
wettability. As a result, the growth velocity is inclined to 
increase for positions close to the casting cooled surface. 
With the progress of solidification, the increase in the solid 
thermal resistance with the increasingly thickness of the 
solid layer, makes VL to progressively decrease.

A behavior reversed according to the tested compositions 
could be observed for the variations of the local solidification 
time as compared to those of VL as can be seen in Fig. 7(b). 
In this plot, higher local solidification times belong to the 
alloy with minor Mg content. The local solidification time 
has been calculated as the difference spent in a certain point 
in the casting between the transit times of the liquidus and 
the solidus isotherms.

3.3 Scaling laws and hardness vs. λ2

Figs. 8(a) and Fig. 8(b) present the mean experimental 
values, along with the standard variation, of the secondary 
(λ2) dendritic spacings as a function of the growth velocity 
and the local solidification time, respectively. Power function 
relationships demonstrated to be representative of the 
microstructural scaling laws. The λ2 values were measured 
from the microstructures of the DS castings. Analyzing the 
experimental tendencies and lines in the graphs of Figs. 
8(a-b), it is worth noting that the increase in Mg-content 
of a 5052 alloy had impact on λ2. This is clear when 
comparing the results for the 5052-2.4wt%Mg alloy with 
the other two chemistries, that is, the 5052-2.6wt%Mg and 
5052-3.2wt%Mg alloys. A -1.1 power law characterizes the 
experimental variations of λ2 with VL while a 1/3 exponent 
is capable to represent the variations found for λ2 with tSL. 
A -1.1 exponent was also shown to be appropriate in the 
power function equation relating λ2 to the VL obtained for 
the ternary Al-1.2wt%Mg-1.5wt.%Fe and Al-7.0wt%Mg-

Figure 6. Thermal profiles acquired during transient directional solidification of the (a) 5052-2.4wt%Mg, (b) 
5052-2.6wt%Mg and (c) 5052-3.2wt%Mg alloys.
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Figure 7. Plots for the DS 5052 aluminum alloys castings corresponding 
to (a) growth velocity (VL) and (b) local solidification time (tSL) as 
a function of position (P) from the water-cooled surface.

Figure 8. Experimental scatters of λ2 and experimental growth 
laws derived for the 5052-2.4wt%Mg, 5052-2.6wt%Mg and 
5052-3.2wt%Mg alloys.

1.5wt%Fe alloys 17. In this case, the single power function 
λ2=22(VL)-1.1 has been proposed for both alloys.

According to the results showed by Liu and Kang 24, 
increasing in Mg content allows the eutectic fraction to be 
increased. These authors evaluated the influence of composition 
and cooling rate on solidification and segregation of binary 
Al-Mg alloys, with magnesium content ranging between 2.46 
wt.% and 11.07 wt.%. Higher eutectic fraction is a result 
of higher segregation of Mg into the liquid immediately 
ahead of the solidification front. It appears that in the case 
of the three examined commercial 5052 aluminum alloys, 
higher Mg content in the interdendritic liquid was capable 
to generate more instability of the front initially formed by 
dendrite primary trunks. As a consequence, secondary branches 
are facilitated to initiate in a higher rate from the primary 
stems due to the local enriched Mg content. Oppositely, the 
alloy containing 2.4wt.%Mg do not permit such high rate 
of secondary branches. This could explain why for same VL 
and tSL, the λ2 for the 5052-2.4wt%Mg alloy is higher than 
those for the 5052-2.6 and 3.2wt%Mg alloys.

Relationships between the cube root of local solidification 
time, tSL

1/3, and λ2 characterize the DS commercial 5052 
aluminum alloys ingots as shown in Fig. 8(b). Despite 
being predominantly investigated for binary Al alloys 25,26, 
the specialized literature points to this type of correlation. 
Correlations as those employed here may provide a fairly 
accurate estimation of λ2 for Al alloys over a wide range of 
solidification times, 0.1s <tSL<107s 27.

The average Brinell hardness variation against the 
secondary dendritic spacing is shown in Fig. 9 for the 
commercial 5052 alloys. According to Campbell 28, the 
DAS is often the parameter appearing as the most important 
structural length parameter in dendritic arrangements. This 
is because the secondary dendritic spacing, λ2, is more 
representative of the distribution level of the second phases 
formed during solidification.

A tendency of increasing hardness is noted with decreasing 
λ2. Such trend is owing to the growth of reinforcing Fe-
containing and Mg-containing intermetallic particles within 
the interdendritic regions. Lower λ2 may result in more 
homogeneously distribution of reinforcing phases throughout 
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Figure 9. Brinell hardness as a function of the secondary dendritic 
spacing of the directionally solidified 5052 aluminum alloys.

the microstructure. As such, hardness increases. A Hall-Petch 
type correlation adjusts thoroughly.

Despite non-coincidence of points with same λ2
-1/2 if the 

5052-2.4wt.%Mg alloy is compared to the other two alloys, 
a hardness x λ2

-1/2 point on the plot of 59.1 HB x 0.20 µm-1/2 
can be noted for the 5052-2.4wt%Mg alloy whereas a point 
of 59.4 HB x 0.21 µm-1/2 refers to the 5052-2.6wt%Mg 
alloy. In view of the observed deviations-from-average 
of λ2 in Fig. 8 about 5-10%, and very close hardnesses in 
these points, it can be sustained that hardness is roughly the 
same. This kind of analysis contributes to the single trend 
representing the variations of hardness with λ2 for the three 
DS 5052 aluminum alloys castings.

4. Conclusions

Transient directional solidification experiments were 
carried out with three commercial 5052 alloys containing 
2.4wt.%, 2.6wt.% and 3.2wt.% Mg with a view to determining 
correlations between growth velocity, VL; local solidification 
time, tSL, and secondary dendritic arm spacing, λ2 , as well as 
the effect of length scale of the dendritic pattern, represented 
by λ2, on the Brinnell hardness (HB). The highest value 
of VL was shown to be associated with to a position close 
to the cooled surface of the casting for the alloy having 
highest Mg content. This has been attributed to the increase 
in fluidity, caused by the increase in the alloy Mg content. 
Experimental growth expressions relating λ2 to both VL and 
tSL have been derived:

That is, a more refined dendritic microstructure is 
associated with the increase in the alloy Mg content. The 
Brinell hardness was shown to decrease with the increase 
in λ2, namely from bottom to the top of the directionally 
solidified castings. A Hall-Petch type correlation between 
HB and λ2 has been proposed, which was shown to represent 
a trend encompassing the three examined 5052 aluminum 
alloys. i.e:
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