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This article analyzes the effects of Cu content, thermal and microstructural parameters on the mass loss 

and electrochemical corrosion resistance of two directionally solidified Al-XCu (X=3wt.% and 6wt.%) 

hypoeutectic alloys. The investigated solidification parameters include the growth rates (VL), cooling 

rates (TR), secondary dendrite arm spacings (2) and Al2Cu intermetallic phase. Open circuit potential 

(EOC), anodic and cathodic polarization curves with the respective corrosion potential and current 

(ECORR and ICORR) and H2 release volume evolution (H2Vol) corresponding to corrosion kinetics were 

used to study the corrosion resistance in a 0.2 mol.L-1 solution of HCl with an immersion time of 10 

min at 25 ºC. The corrosion tests were performed at two different positions in relation to cooled 

interface of the studied alloys. It was found that the corrosion resistance is higher at  position closer to 

the metal-mold interface, in which the VL and TR values are higher and the 2 value is smaller. The 

results have shown, for both investigated alloys, that the Al2Cu intermetallic particles are more 

susceptible to electrolytic corrosion for higher secondary dendrite arm spacings. On the other side, 

considering a same value for 2 these particles are less resistant to corrosion in the eutectic matrix of 

the Al-3wt.%Cu alloy. Thus, the results have indicated that the Al-6wt.%Cu alloy has better 

electrochemical corrosion resistance than the Al-3wt.%Cu alloy. 
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1. INTRODUCTION 

The importance of aluminum alloys as material application in the aeronautics and automotive 

industries is due to its high electrical and thermal conductivities, high corrosion resistance, ease of 

fabrication but mainly due to its high strength-to weight ratio [1-19]. Among these alloys are those 

containing the alloying elements Cu, Mg and Si, e.g., commercial alloys of this type are those of the 

series 2011, 2014, 2017, 2018, 2124, 2219, 2319, 201.0, 203.0, 206.0, 224.0, and 242.0. In these series 

the Cu is the main alloying element, which forms with the aluminum an important stoichiometric 

compound, i.e., the Al2Cu intermetallic phase, which is responsive for the high strength in family of 

2xxx casting alloys [10-12,20,21]. 

The microstructure evolution during solidification depends on the process variables which can 

be divided into two groups, namely, those that describe the mold, and those that are related to the 

alloy. The mold is characterized by its size and geometry, temperature, and thermal properties while 

the alloy is characterized by its composition, temperature when it is poured, cooling rate, nucleation 

characteristics, transport of solute, melt convection, and heat-transfer coefficients at the metal/mold 

interface. During the solidification process of alloys the morphology most frequently observed is the 

dendritic which can be characterized by primary (λ1), secondary (λ2) and tertiary (λ3) dendrite arm 

spacings 

Many studies [1-29] have analyzed the influence of thermal and microstructural variables of 

binary alloys on the mechanical properties and electrochemical corrosion, showing the role of dendritic 

arrays on the final properties. The main parameters studied in alloys are the temperature gradient (GL), 

solidification rate (VL), cooling rate (TR), λ1, λ2, and λ3. Some of these works have investigated the 

effects of these parameters on the corrosion resistance of aluminum-base alloys [10-12,14-17,29] and 

other metal alloy systems [21-28], all of them, however, developed for upward unidirectional 

solidification. 

Concerning the 2 effect on the corrosion resistance of metal alloys appears to be controversy in 

the literature. In an investigation [14] the correlation between ultimate tensile strength (UTS) and 

electrochemical corrosion resistance (ECR) during the upward unidirectional solidification involving 

Al-Cu and Al-Si alloys was examined experimentally. In the case of Al-5wt.%Cu alloy, it was 

observed that smaller λ2 values increase both UTS and ECR, however, for the Al-9wt.%Si alloy it was 

found that UTS increases and ECR decreases for these values. In addition, it was noted that pure 

aluminum is less susceptible to corrosion action than Al2Cu intermetallic particles. It was also 

observed that the Al2Cu particles were involved by the Al-rich phase in the eutectic mixture, which 

behaved as a protection against corrosion of the intermetallics. Ares et al. [21,22] have also studied the 

effects of thermal and structural parameters in resistance corrosion of Zn-Al alloys (ZA) and the 

authors describe in their results that when the grain size and 2 increase ECR also increases, except for 

the ZA16 alloy. 

Osório et al. [11] have performed experiments in order to examine ECR in two Al-Cu-Si alloys 

directionally solidified. The scale of the microstructure dendritic arrays and the solutes 

macrosegregation profiles have been examined. The authors have found that the impedance parameters 

and current density of the Al-8wt.%Cu-3wt.%Si alloy have better ECR than the Al-6wt.%Cu-1wt.%Si 
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alloy, independently of the scale of the dendrite arm spacings. On the other side, taking into account 

the Cu macrosegregation region, it was observed that ICORR decreased to small values of λ2. In another 

article [12], on as-cast Al-Cu-Si alloys, Osório et al. have concluded that the Cu content is the driving-

force leading to a decrease in the corrosion resistance. 

Regarding the role of Cu-based intermetallic particles in the ECR Osório et al. [10] have 

developed a study in order to investigate the influence of Cu6Sn5, Ti2Cu, and Al2Cu intermetallics on 

pitting corrosion of three different as-cast alloys: Al-5wt.%Cu, Ti-5wt.%Cu, and Sn-2.8wt.%Cu. The 

authors have observed that the lamellar morphology produced by alternated solvent-rich/intermetallics 

phases, which features the microstructure of analyzed alloys, furnishes an enveloping effect forming a 

protective barrier against ECR. It was observed the authors that Al2Cu particles are more sensitive to 

the effects of ECR than pure aluminum. 

In this sense, the aim of this work is to examine the effects of the Cu content, VL, TR, and λ2 in 

ECR of two unsteady-state horizontally solidified Al-XCu (X=3wt.% and 6wt.%) hypoeutectic alloys. 

To achieve the objectives the technical procedures of open-circuit potential, polarization curves and 

hydrogen gas evolution were used. 

 

 

2. EXPERIMENTAL PROCEDURE 

 
 

Figure 1. The casting assembly used in directional solidification experiments. (1) Setup cover, (2) 

thermocouples, (3) stainless steel mold (inner wall), (4), insulating ceramic, shielding, (5) water 

inlet, (6) water outlet. 

 

Fig. 1 shows the water-cooled experimental device used for horizontal directional solidification 

of the Al-3wt.% Cu and Al-6wt.%Cu alloys. The alloys were melted and poured (starting melt 

superheats in 10% above liquidus temperature) in a stainless steel mold which was 60 mm high, 70 

mm wide, 110 mm long, and 3 mm thick. The upper part of the mold was closed with refractory 

material and the lateral inner mold walls were protected with alumina to avoid heat losses. The 

experimental device was projected in such a way that the heat could be extracted only through a water-

cooled system located at the metal-mold interface with water flow constant of 12 LMP, making 
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possible horizontal directional solidification. More details about the casting assembly used in 

experiments can be found in a previous article [18]. 

In order to determine VL and TR, temperature measurements were obtained during the 

solidification process for each alloy via output of a set of type K thermocouples sheathed in 1.6 mm 

diameter steel tubes located in different positions from metal-mold interface, as indicated in Fig. 1, 

which were linked to a data acquisition system connected to a computer. 

 

 
Figure 2. Removal of the cast ingot samples for the electrochemical corrosion and mass loss tests. 

 

The ingots resulting from the horizontal directional solidification process were sectioned along 

its longitudinal axis, which is parallel to the direction of the heat flow extracted from the mold. In 

order to reveal the macrostructures, the metallographic samples were polished with abrasive papers 

and then etched, during approximately 10 minutes, with an acid solution composed of H2O (5 ml), HF 

(5 ml), HNO3 (30 ml), and HCl (60 ml). After this, selected longitudinal sections of the ingot were 

both polished and etched with NaOH 5% to quantify and characterize the dendritic structure. The λ2 

were measured taking into account the average distance between adjacent side branches on 

longitudinal  sections of λ1 stalks [4,5,8,9]. Al-Cu alloys were used as the working electrode removed 

from as cast ingots in the positions 10 mm and 70 mm in relation to the metal-mold interface, with 

dimensions of 15x10x2 mm as shown in Fig. 2. 
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Figure 3. Illustrative drawings showing the tests: (a) electrochemical corrosion, and (b) mass loss.  (1) 

Computer, (2) potentiostat/galvanostat, (3) electric connectors, (4) electrochemical cell, (5) 

reference electrode - saturated calomel electrode (SCE), (6) auxiliary electrode of  large area 

(Pt), (7) working electrode (WE), (8) as-cast ingot sample, (9) U-tube manometer, (10) 

electrolyte of HCl.  

 

The investigated samples were used in open-circuit potential, polarization curves and hydrogen 

gas evolution. Before each experiment, the surface of Al-Cu samples were worn by 220, 420, and 600-

grades emery papers. After this, the samples were rinsed with ethanol and washed with distilled water. 

Measurements were performed in aerated solution of HCl (0.2 mol L-1 at 25 ºC) and the equipment 

used in electrochemical tests was a potentiostat of Ganry Instruments. A saturated calomel electrode 

and pt grid were used, respectively, as reference and auxiliary electrodes. Besides, they were 

performed at least three measurements for each fresh polished sample in order to verify the 

reproducibility of the electrochemical test. Fig.3 shows the schematic design of the corrosion testing 
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device, with items 1 to 7 refer to the electrochemical testing and 8 to 10 to the of hydrogen gas 

evolution. 

 

 

3. RESULTS AND DISCUSSION 

 

 

 

Figure 4. Experimental results of the thermal analysis for the alloys investigated in this study: (a) 

cooling curves; (b) position of the liquidus isotherms as a function of time and (c) growth rate 

and cooling rate as functions of the liquidus isotherm position. 

 

Experimental cooling curves of the examined alloys are shown in Fig. 4a. In order to calculate 

the movement of the liquidus isotherm, a plot of position from the metal-mold interface as a function 

of time, whose experimental results for both investigated alloys are shown in Figs. 4b and 4c.The 

results presented in Fig. 4b show the solidification front (liquidus isotherm) of Al-3wt.%Cu alloy 

advancing faster than that of Al-6wt.%Cu alloy, whose behavior reflects on the VL and TR values 

which are higher for the Al-3wt.%Cu alloy, as shown by the curves and equations within the Fig.4c. It 

was evidenced for Al-3wt.%Cu alloy that the VL and TR values ranged from 0.47 mm/s to 1.65 mm/s 
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and 0.44 K/s to 14 K/s and for Al-6wt.%Cu alloy from 0.24 mm/s to 0.40 mm/s and 0.67 K/s to 1.65 

K/s, respectively. 

 

 

 
Figure 5. Correlation between secondary dendrite arm spacing as a function of: (a) position of the 

liquidus isotherm, (b) growth rate and (c) cooling rate, for both investigated alloys. 

 

It is well known that VL and TR exert influence on λ2 and so in this work these thermal 

parameters were interrelated with 2, whose results are shown in Fig. 5, for both investigated alloys. It 

can be observed that power-type mathematical expressions, represented by 2 = Constant (VL)-2/3 and 

2 = Constant (TR)-1/3, featuring the experimental growth laws of 2 as a function of VL and TR, 

respectively. These results are consistent with the predicted exponents in the mathematical equation of 

Bouchard-Kirkaldy’s theoretical model [20] as well as with the experimental observations reported by 

Rocha et al. [8] and Peres et al. [9]. It is known that λ2 decreases with increasing solute content 

[4,8,9,20], however, it can be seen in Fig. 5 that smaller 2values were reached for the Al-3wt.%Cu 

alloy, whose behavior can be explained by the high cooling rates for this alloy. This can be confirmed 

by fixing 2 = 40 µm on the ordinate axis of the graphs 2 = f (P) shown in Fig. 5, in a which can be 

noted that due to the high cooling rates achieved by the horizontal solidification of the Al 3wt.%Cu 
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alloy the fixed 2 value (40 µm) was reached at the position 70 mm from the metal-mold interface. On 

the other hand, for the Al-6wt.%Cu alloy, due to the low cooling rates, the same 2 value is as soon 

verified at position 10 mm. 

Typical microstructures resulting of the horizontal solidification process for three positions 

from the cooled interface are shown in Fig. 6. It is confirmed by the dendritic microstructures the 

effect of VL and TR on 2 values, i.e., it can be observed the coarsening of dendrite arms with the 

advancement of the solidification. 

 

 
 

Figure 6. Solidification microstructures analyzed alloys in this work Al-3wt.%Cu and Al-6wt.%Cu 

alloys. 

 

With the purpose of examining the effects of VL, TR and 2 in ECR two samples of as-cast 

ingots of both investigated alloys were extracted in 10 mm and 70 mm positions in relation the cooled 

interface. Figs. 7 and 8 show, for both studied alloys, measurements of the open circuit potential (EOC) 

and the respective polarization curves, corresponding to (both) positions from the metal-mold 
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interface, in HCl electrolyte solution (0.2 mol.L-1 25 ºC) with a time of 10 minutes. Concerning the 

behavior of the EOC, it can be seen in Figs. 7a e 8a in both cases an increase in EOC values at the 

beginning of electrolytic corrosion test, which are stabilized after a time interval. It is found at position 

10 mm for the Al-3wt.%Cu alloy, an increase in EOC values to 150 s, and after this time interval occurs 

stabilization of the EOC in an approximate value of EOC≅ -672 mV/SCE for higher time. This is 

observed for the position 70 mm (Fig.7a) that the EOC values increased to 50 s, maintaining constant 

after this time interval, resulting in approximately EOC≅ -693 mV/SCE. Regarding the behavior of Al-

6wt.%Cu alloy it was verified that the EOC values increased to 25 s and 75 s at positions 10 mm and 70 

mm, and that after these time intervals the EOC values remain constant at approximately EOC≅ -666 

mV/SCE and EOC≅ -688 mV/SCE, respectively. 

 

 
 

Figure 7. Experimental curves obtained for Al-3wt%Cu alloy in 0.2 mol.L-1 HCl solution at positions 

10 mm and 70 mm from the metal/mold interface. (a) Open circuit potential-Eoc and (b) 

Polarization. 

 

In Figs.7b and 8b are presented the anodic and cathodic polarization curves obtained in HCl 

(0.2 mol L-1 to 25 ºC) at positions 10 mm and 70 mm for both investigated alloys. It can be noted that 

these respective curves for P = 10 mm in both cases have a behavior more anodic when compared with 

those obtained at the position 70 mm. This can be interrelated to the observed behaviors of open circuit 

potential shown by Figs. 7a and 8a. 

 

 
Figure 8. Experimental curves obtained for Al-6wt.%Cu alloy in 0.2 mol.L-1 HCl solution at positions 

10 mm and 70 mm from the metal/mold interface. (a) Open circuit potential-Eoc and (b) 

Polarization.  
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The corrosion potential (ECORR), corrosion current density (ICORR), anodic Tafel slope (βa) and 

cathodic Tafel slope (βc) values were calculated from the polarization curves for both investigated 

positions, using the method of Tafel-curve extrapolation [29, 30], and the results interconnected with 

VL, TR and 2 values are shown in Tab. 1. According to Fig. 4c, higher values of both growth rates and 

cooling rates are obtained near the cooled surface. Then, a decreasing curve along the ingot can be 

observed due to the increasing thermal resistance of the solidified thickness with distance from the 

metal-mold interface. This behavior reflects on the 2 experimental values (Fig. 5). In this sense, it can 

be seen by Tab. 1, for the investigated alloys in this work, that ICORR is estimated from slopes (βa and 

βc) of the linear parts of the curves of Figs. 7b and 8b. Inspection of the polarization curves reveals 

that βa, βc and ICORR are reduced, with decreasing of 2. This behavior indicates that dendritic 

structures with lower secondary dendrite arm spacings have higher corrosion resistance. 

 

Table 1. The electrochemical parameters of alloys investigated, in 0.2 mol.L-1 solution of HCl. 

 

Alloy 

Position from 

the cooled 

interface (mm) 

VL, TR, 

and 2 

ECORR 

(mV/SCE) 

ICORR 

(µA/cm2) 

βa 

(mV/decade) 

-βc 

(mV/decade) 

Al-3wt.%Cu 

10 

1.65 mm/s 

13.95 K/s 

15.50μm 

-665.5 56.98 35 93 

70 

0.47 mm/s 

0.45 K/s 

37.21μm 

-692.8 140.74 58 102 

Al-6wt.%Cu 

10 

0.40 mm/s 

1.58 K/s 

40.19μm 

-663.9 66.99 38 95 

70 

0.24 mm/s 

0.67 K/s 

87.52μm 

-688.79 110.0 63 114 

 

In the present study the ECR was also analyzed by hydrogen released volume evolution 

measured (H2Vol) at positions 10 mm and 70 mm from the cooled interface, whose results are shown 

in Fig. 9. It is possible to evidence a low H2 release volume in the first 20 minutes of test, 

independently of Cu content and position. This behavior can be attributed to the Al2O3 layer formation 

on the surface of the as-cast samples, which can be acting simultaneously as protective and H2 reaction 

inhibitor layers (cathodic). It is also observed that after the time of 20 minutes the H2 release volume 

increases more rapidly for the position of 70 mm, providing higher corrosion rate at this position. In 

this sense, parameterizing the time of 90 minutes (final of test) in the curves corresponding to Figs. 9a 

and 9b, it was possible to determine the H2 released volumes maximum values, resulting at positions 

10 mm and 70 mm the values of 185.21 mm3/cm2 and 271 mm3H2/cm2 for the Al-3wt.%Cu alloy and 

95.8 mm3H2/cm2 and 225.47 mm3H2/cm2 for Al-6wt.%Cu alloy, respectively, which allow to confirm 

that H2 higher volumes are released at 70 mm position, so higher mass loss was found to occur at this 

position. 
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Figure 9. Experimental results of H2 evolution measures in positions 10 mm and 70 mm from the 

metal/mold interface of both investigated Al-Cu alloys in 0.2 mol.L-1 HCl solution. 

 

Table 2. Experimental rate values of H2 released volume during the electrochemical test for both 

investigated Al-Cu alloys. 

 

Alloy 
d(H2Vol)/dt (mm3.cm-2) 

10 mm from the cooled interface  70 mm from the cooled interface 

Al-3wt.%Cu 2.6 3.8 

Al-6wt.%Cu 1.3 3.1 

 

 
 

Figure 10. Linearized H2 release evolution curves for both position of the investigated alloys in 0.2 

mol.L-1 HCl solution. 

 

The H2 rate released total volume was calculated by linearization of H2 release volume 

evolution curves (H2Vol), shown in Fig. 9, from the stabilization time which in this case was 20 
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minutes. Thus, linearized new curves of H2 release volume evolution were plotted, whose values are 

the same shown in Figs. 9a and 9b. The time interval between 20 to 90 minutes which represents the 

effective variation of H2 release volume evolution. Fig.10 shows the linearized curves and the "fit" of 

the linear equations obtained for the positions 10 mm and 70 mm. The final values of this rate are 

resulting of the linear equations from the curves shown in Figs. 10a and 10b, i.e., [d(H2Vol)/dt], whose 

values are consolidated in Tab. 2. It is evidenced that H2 higher release volume rate values 

[d(H2Vol)/dt] were found at position 70 mm, confirming lower ECR at this position. 

With the view to investigate the effect of solute content on the ECR of the studied alloys, in 

this work the open circuit potential as a function of time, polarization as a function of current density, 

and of H2 release volume evolution as a function of time profiles were plotted for a 2 constant value 

equal to 40 µm. The positions from the cooled lateral interface were 10 mm and 70 mm for Al-

6wt.%Cu and Al-3wt.%Cu alloys, respectively (Fig. 6). The behavior of both profiles is shown in Figs. 

11a and 11b in which can be seen that the EOC and polarization profiles exhibit more anodic 

characteristics for the Al-6wt.%Cu alloy. Consequently, this alloy releases less H2 volume than Al-

3wt.%Cu alloy, as observations in Figs 11c and 11d. It can be verified, therefore, that Al-6wt.%Cu 

alloy presents higher ECR than the Al-3wt.%Cu alloy. 

Microstructures were characterized after the corrosion tests. Figs.12 and 13 show micrographs 

revealed by Scanning Electron Microscopy (SEM) and the corresponding microanalysis by EDS/SEM 

for both investigated positions in Al-Cu alloys. It is noted, in SEM micrographs, the presence of 

aluminum rich matrix (α-Al) as well as the Al2Cu intermetallic phase. It is observed in Fig. 12 that the 

Al2Cu particles have a greater corrosion action at position of 70 mm, in which VL and TR are smaller 

and consequently the 2 value is higher.  

 

 
 

Figure 11. Open circuit potential and polarization curves and H2 release volume evolution, for 2 = 40 

µm. 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

425 

 

 
 

Figure 12. Micrographs obtained by scanning electron microscopy (SEM) for both the analyzed 

positions of the investigated alloys: (a) Al-3wt.%Cu alloy and (b) Al-6wt.%Cu alloys. 

 

Concerning the effect of Cu content for a 2 constant value, in Fig. 13 are presented 

microanalysis performed at positions 70 mm and 10 mm of Al-3wt.%Cu and Al-6wt.%Cu alloys, 

respectively, whose positions have occurred 2 = 40 µm. It is evidenced that for a 2 constant value the 

Al2Cu particles are more sensitive to corrosion activity in Al-3wt.%Cu that in Al-6wt.%Cu alloy. 
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Figure 13. Microanalysis EDS/SEM of both the investigated alloys for 2 = 40µm: (a) Al-3wt.%Cu 

alloy at P = 70 mm from the cooled interface and (b) Al-6wt.%Cu alloy at P = 10 mm from the 

cooled  interface. 

 

 

4. CONCLUSIONS 

An experimental study was performed in order to analyze the effects of Cu content, 

solidification thermal variables, and structural parameters on ECR of transient directionally solidified 

Al-Cu hypoeutectic alloys. The main conclusions are as follows: 
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1. It was found that the solidification kinetics was faster for Al-3wt.%Cu alloy and, 

consequently, the VL and TR experimental values have ranged between 0.24 mm/s and 0.40 mm/s as 

well as 0.67 K/s and 1,65 K/s for Al-6wt.%Cu alloy. On the other hand, the VL and TR values have 

changed from 0.47 mm/s to 1.65 mm/s and 0.44 K/s to 14.0 K/s, respectively, for Al-3wt.% Cu alloy; 

2. The highest and lowest VL and TR values found for Al-3wt.% Cu and Al-wt.6%Cu alloys, 

respectively, have resulted as a consequence in 2 lowest and highest values for the respective 

investigated alloys; 

3. The resulting microstructures revealed by Scanning Electron Microscopy (SEM) at the 

analyzed positions (10 mm and 70 mm from cooled interface) have shown the presence of aluminum 

rich matrix (α-Al) and Al2Cu intermetallic phase; 

4. It was observed that due to VL and TR lower values and, consequently, 2 higher values at the 

position 70 mm, the Al2Cu intermetallic phase has been more susceptible to the action of 

electrochemical corrosion phenomena; 

5. The analysis of experimental open circuit potential and polarization curves obtained for 

positions 10 mm and 70 mm have allowed to observe a more anodic behavior at the position 10 mm, 

which is closest to the metal-mold interface, providing at this position higher and smaller corrosion 

potentials (ECORR) and corrosion current (ICORR) values, respectively, compared with those obtained at 

the position 70 mm; 

6. It was found for both investigated positions, 10 mm and 70 mm, that after the first 20 

minutes of test, a growing profile of H2 release volume with time being more relevant at the position 

70 mm, which provided greater mass loss, and, consequently, provided a H2 released total volume 

(H2Vol) at this position, that is, it has been demonstrated greater weight loss under conditions of VL 

and TR lower values, where 2 is greater; 

7. For the 2 value = 40 µm it was possible to observe that Al-6wt.%Cu alloy has a higher ECR 

than Al-3wt.%Cu alloy. 
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