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Abstract 

The aim of this work is to analyze the effect of micro structural 
parameters (secondary dendritic arm spacings) on the 
microhardness and corrosion behavior of hypoeutectic Al-Cu 
alloys. Experimental results include HV microhardness values, 
corrosion and pitting potential and current density. It was found 
that high cooling rates during solidification provide finer 
dendritic spacings, which encourage better mechanical 
properties. The Vickers microhardness increases as the contents 
of copper in the alloy increases. The most influencing 
micro structural variable for corrosion resistance has been found 
to be the secondary dendrite arm spacing. It has been found that 
that corrosion resistance decreases with the increasing in 
secondary spacing until 10wt.% of Cu. 

Introduction 

A typical cast structure consists of one or both types of grains: 
columnar or equiaxed. When both are present, the columnar is 
the first to solidify and then the equiaxed grains are usually 
formed in the central part of the cast. In such case, the transition 
is defined as columnar-to-equiaxed transition (CET). A low 
solidification rate favors the CET phenomenon as well as the 
addition of nucleant particles [1-7]. 
Osorio et al. [8] studied the role of macrostructural morphology 
and grain size in the corrosion resistance of different alloy 
systems and concluded for Zn-Al alloys that a better corrosion 
resistance tendency is achieved with coarse macrostructures 
rather than with fine grains for both Zn and Al. 
In previous works, we correlated the effect of several 
parameters, like thermal and metallurgical ones, with 
electrochemical parameters on the CET macro structure in Zn-Al 
alloys [9]. We were able to observe the susceptibility to 
corrosion of the alloys with columnar structure by analyzing the 
values of charge-transfer resistance (Rct) obtained using the 
Electrochemical Impedance Spectroscopy (EIS) technique. 
Another recent research [10] shows that what actually affects the 
response to corrosion is the way in which aluminum is 
distributed in the alloy, i.e., which phases are present in the 
solidified micro structure and how they are distributed, and not 
the amount of aluminum present in the alloy. 
The above results show the strong relation between the 
solidification process parameters, the resulting structure and the 
mechanical and corrosion properties of the directionally 
solidified alloys. 

The aim of this work is to analyze the effect of micro structural 
parameters (secondary dendritic arm spacings) on the 
microhardness and corrosion behavior of hypoeutectic Al-Cu 
alloys. 

Materials and Methods 

The Al-Cu alloys (from lwt.%Cu to 33.2wt.%Cu) were 
solidified directionally upwards in an experimental set up 
consisting of a heating unit, a temperature control system, a 
temperature data acquisition system, a sample moving system 
and a heat extraction system. The set up is shown in Figure 1. 
After solidification the samples were cut in the axial direction, 
the samples were polished and etched with a solution consisting 
of 15ml HF, 4.5ml HN03, 9ml HC1, 271.5ml H20, in the case of 
the alloys with less than 10%wtCu. A solution of 320ml HC1, 
160ml HN03, 20ml HF was utilized as etching for alloys with 
more than 10%wtCu [11-13]. The position of the transition was 
determined by observation under an optical microscope. 
Dendritic spacing measurements were made using the linear 
interception technique, preferably in regions close to the 
positions of the thermocouples during directional solidification. 
Microhardness measurements were performed at room 

® temperature with a Leitz Durimet microhardness tester. Loads 
between 50 g were used. The measurements were performed 
under ASTM E 384-89 [13] standard using a pressing time of 15 
seconds. 
For the electrochemical tests (samples were prepared, which are 
used as working electrodes, approximately 2 cm long, each of 
the three zones (columnar, equiaxed and CET) and for each 
concentration from sections specimens cut longitudinally sanded 
to # 1200 SiC particle size, washed in distilled water and dried 
by natural air flow. All the electrochemical tests were 
conducted in a 300 ml of a 3% NaCl solution at room 
temperature using an IM6d ZAHNER® electrik potentiostat 
coupled to a frequency analyzer system, a glass corrosion cell kit 
with a platinum counter electrode and a sutured calomel 
reference electrode (SCE). Polarization curves were obtained 
using a scanning rate in the range of 0,002 V/s < v < - 0,250 V/s 
from open circuit potential until to 0,250 V. Impedance 
spectrums were registered in the frequency range of 10-3Hz < f 
< 105 Hz in open circuit. 
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Results and Discussion 

Columnar-to-Equiaxed Transition (CET) 
A number of 15 experiments were performed where the 
transition from columnar to equiaxed structure was produced. In 
Figure 2 it is clearly seen that the transition do not occur sharply 
but in a region of 1cm or more. 

Scale 0.8 : 1 
Figure 2. Macrostructure of Al-15%Cu alloy. The red vertical 

lines are indicates the zones were measured the HV 
microhardness and dendritic spacings. 

Secondary dendritic spacing (λ?) 
Measurements of the secondary dendritic arm spacings include 
active and inactive branches. In the Figure 3 shows that 1) the 
structure changes from columnar (base of the sample) to 
equiaxed (top of the sample) and 2) that it increases with 
distance from the base. 
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Figure 3. Secondary dendritic arm spacing variation versus the 
distance from the base of the sample. Al-15wt%Cu alloy. 

Vickers Microhardness 
To determine an average microhardness, a minimum of 10 
measurements were performed in each section of the samples. 
Figures 4 (a) show experimental results of microhardness 
variations analyses as a function of sample length, for one alloy, 
using a load of 50 gf. It can be seen that Vickers microhardness 
have greater values in the equiaxed and CET zones of the 
samples than in the columnar zone. 

The results of the microhardness variations analysis as a 
function of sample width are shown in Figures 4 (b), (c) and (d) 
for different structures. In all cases we obtain greater 
microhardness values in sample edges than in the centre of the 
samples. 
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Figure 4. (a) Longitudinal and (b), (c) and (d) Vickers 
Microhardness in the width of the Al-15wt%Cu alloy sample. 

Figure 5 shows the variation in microhardness in function of the 
concentration of the alloy for the different structures (columnar, 
equiaxed and CET) from microhardness measurements 
performed on all samples. It can be appreciated that Vickers 
microhardness increases as the Copper content in the alloy 
increases (up to the eutectic composition), and that in all cases, 
Vickers microhardness is higher in the equiaxed zone. Finally, 
the Vickers microhardness of the CET zone has values between 
the values of the columnar and equiaxed zones in all the 
equiaxed alloy systems. 
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Figure 5. Microhardness versus weight percent of Copper and 
type of structure. 

Figure 6 shows Vickers microhardness as a function of the 
variation in secondary dendritic spacing. It can be seen that 
microhardness increases as the λ2 decreases, i.e., Vickers 
microhardness increases as the contents of Copper in the alloy 
increases, and also increases from the columnar to the equiaxed 
zone. 
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Figure 6. Microhardness versus secondary dendritic arm 
spacing variation. 

Corrosion resistance 
The electrochemical response of Al-Cu alloys shows a complex 
dependence between the concentration of Copper in the alloy 
and the structure. Figure 7 shows the E / I response of alloys 
with different amounts of Copper for the equiaxed structure. It is 
observed that as the concentration of Copper increases the rate 
of dissolution of the alloy decreases. 
While the shape of the voltammograms is similar for each alloy 
and structure studied this trend with increasing of Copper 
concentration is not the same for the other two structures 
(columnar and CET), where although the alloy which increased 
flows of solution it is the lowest Copper content (Al-2%Cu), this 
is followed by the alloy with 20% Copper, indicating that there 
would be a combination strength / structure differently affects 
the corrosion resistance of each alloy. 
Moreover if we compare the current values of the different 
structures is the columnar which has increased flows of 
dissolution and equiaxed structure of lower values, regardless of 
the concentration of the alloy. A similar response was obtained 
in the transverse specimens in terms of higher current values in 
the alloy of lower Copper content, but there is no clear 
correlation between the dissolution process and the Copper 
content in the alloy. 
In all cases, the E / I response of the alloys shows the typical 
hysteresis indicates the phenomenon of pitting, found that the 
more susceptible alloys (susceptibility measured as the 
difference between the potential of pitting and repassivation 
potential) are the lower Copper content in all its structures. The 
least susceptible are those containing 10%Copper in its 
composition, see Figure 8. 
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Figure 9 shows the Nyquist diagrams obtained for different 
alloys tested, we could observe that they are virtually just lines 
depart from the imaginary axis, which indicate that the alloy 
forms a thick oxide layer. This type of response is repeated for 
all structures. The impedance results correspond to a simple 
electrical circuit model that takes into account only one time 
constant which includes the ability and strength of the surface 
oxide coating. The values of these parameters are 3+1 |J,F. 
cm" and 9 + 1 x 1 0 Ω c m , typical for oxides formed on 
Aluminum and its alloys. 
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Figure 7. Voltammograms corresponding to Al-Cu alloy 
samples in the equiaxed zone. 
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Figure 8. Pitting potential depending on the concentration and 
structure of the Al-Cu alloy. 
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Figure 9. Nyquist diagrams corresponding to Al-Cu alloys in 
the equiaxed zone. 

Analyzing the variation of the secondary dendritic spacing with 
the concentration of Copper in the alloy (for concentrations 
between 2% Cu and 20% Cu) and for the three structures 
(columnar, equiaxed and CET) was obtained that λ2 decreases 
with increasing Cu% until 10% and then increases again to the 
20% of Cu (similarly to the pitting potential behavior). This was 
verified for the three types of structures and is consistent with 
what the literature reported for the same alloy system [1]. 
In Figure 5 it was found that Al-Cu alloys containing 10% 
Copper are the less susceptible to corrosion. This behavior is 
similar to that followed by the λ2 with increasing Cu 
concentration. 
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Summary and Conclusions 

The main conclusions obtained from the present work are as 
follow: 

1) For the type of alloys studied, i.e Al-lwt%Cu, Al-
4.5wt%Cu, Al-15wt%Cu, Al-20wt%Cu and Al-
33.2%wtCu, the columnar to equiaxed transition was 
produced. 

2) The Vickers microhardness is greater in the equiaxed zone 
than in the columnar or columnar to equiaxed transition 
(CET) and the Vickers microhardness is greater on the 
edges of the samples than in the centre. 

3) The Vickers microhardness increases as the contents of 
copper in the alloy increases. On the other hand, the 
Vickers microhardness increases as the λ2 decreases. 

4) As was reported before, the corrosion susceptibility 
depends on the formation of a thick film of oxide as 
revealed by the EIS analysis. However, the presence of 
Copper in their composition makes them susceptible to 
pitting corrosion. 

5) The most influencing micro structural variable for corrosion 
resistance has been found to be the secondary dendrite arm 
spacing. It has been found that that corrosion resistance 
decreases with the increasing in secondary spacing until 
10wt.% of Cu (was found that λ2 have a minimum for a 
Copper content of about this Copper concentration). 
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