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The corrosion behavior of the Al-Mg-Zn-Si composite reinforced with Y₂O₃ particles and the 

unreinforced Al-Mg-Zn-Si alloy was studied through electrochemical and surface analysis techniques. 

The samples were manufactured by the Mechanical alloying (MA) technique and were heat treated at 

350 ˚C, 400 ˚C and 500 ˚C during 60 min followed by water quenching. The corrosion behavior of the 

samples was investigated in 3.5 wt.% NaCl by using electrochemical methods such as poteniodynamic 

polarization curves, linear polarization resistance and electrochemical impedance spectroscopy 

measurements. In the as-received condition the corrosion resistance for base alloy was lower than the 

composite, however, when composite was heat treated, its corrosion résistance was higher than that for 

base alloy, but it was susceptible to localized type of corrosion at the matrix/ Y₂O₃ particles interface. 
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1. INTRODUCTION 

Aluminum is characterized as being a highly active metal with the environment but also to 

generate an oxide film (Al₂O₃) on the surface which protects it from corrosion. So the corrosion 

resistance of aluminum and Al alloys can be attributed to the natural protective oxide layer (passive 

film) that forms on their surface. Al–Mg alloys as matrix are interesting because of their high specific 

strengths and good corrosion resistances [1]. To enhance physical and mechanical properties of 

aluminum alloys, the so-called composites are formed by adding reinforcement particles to the 
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aluminum alloys matrix [2]. Particles can be either conventional coarse grained or ceramic nano-

particles, although the later have received great attention owing to their property advantages [3]. 

Aluminum matrix composites (AMCs) reinforced with  particulates reinforced have been used in 

applications in aerospace, military and transportation industries due to their excellent properties [4]. By 

fabricating AMCs a unique combination of mechanical, physical and chemical properties can  be 

obtained which is very difficult to achieve with the use of monolithic materials [5-7].  

Aluminum based metal matrix composites have been regarded as excellent candidates for 

application as structural materials due to the strength to weight ratio because they represent major 

improvements and alternatives for the automotive, aerospace, railway, shipbuilding and construction 

industries [8-10]. Aluminum matrix composites (AMCs) are being used in widespread applications due 

to their high specific strength, lightweight, good wear and corrosion resistance and other features 

beneficial to superior performance [11-12]. The main applications include the manufacture of gears, 

pump rotors, porous materials such as metal filters, in addition to a wide variety of parts in the 

automotive industry, such as piston rings, connecting rods and hydraulic pistons. Also, the addition of 

Mg, Zn and Si into Al matrix improves the mechanical properties caused by solid solution and age 

hardening [13]. The relatively low cost of AMCs processing is another advantages over other matrices 

types such as Magnesium (Mg), Copper (Cu), Titanium (Ti), Zinc (Zn) [14,15], which, together with 

excellent combination of material properties, ease processing, reduced cost, and accommodation of 

waste materials, has made them very attractive.  

Carbides, oxides, nitrides and some intermetallic compounds have been extensively applied as 

reinforcing particulates for composites. Many reinforcement such as TiC, SiC, Al₂O₃, Graphite, Ashes, 

etc. have been used by different authors [16-19] to fabricate AMCs. These reinforcements are the 

ceramic material with melting points higher than 2500°C as compared to aluminum alloys. For 

example yttrium oxide has characteristics that are not found in metallic or organic materials, including 

chemical resistance,  high temperature stability, high hardness and high mechanical strength. However, 

the addition of the reinforcement particles could significantly alter the corrosion behavior of these 

materials. The addition of the reinforcement particles could lead to further flaws or discontinuities in 

the protective film, increasing the sites for corrosion initiation.  

The corrosion resistance of AMCs has not widely reported by researchers for different AMCs 

systems [20-22] although their mechanical properties have been extensively studied which might be 

due to the fact that there are many aluminum alloy matrix/ reinforcement combinations which may 

present a completely different corrosion behavior. The fabrications route like stir cast, powder 

metallurgical, in situ, squeeze cast also influence the corrosion behavior. It is important for the 

material selection area to determine the most suitable areas and limits of application that this 

composite material can have by evaluating its performance. Now days there is no work available 

where the effect of Y₂O₃ particulates on the corrosion of Al–Mg–Zn-Si alloy matrix composites. In 

the present work, the corrosion behavior of the Al-Mg-Zn-Si (wt.%)/ Y₂O₃ composite and quaternary 

Al-Mg-Zn-Si alloy both subjected to different heat–treatment conditions for use in typical marine 

water environment were investigated by various electrochemical measurements. The surface 

morphology of aluminum electrode is characterized by scanning electron microscopy (SEM). The 

output from this research will be helpful in understanding the corrosion of these peculiar AMCs.   
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2. EXPERIMENTAL PROCEDURE 

2.1. Synthesis of the composite  

Mixture of Al, Mg, Zn, Si and Y₂O₃ powders was applied for the fabrication of Al-base 

composite reinforced with 3 % wt. Y2O3 by mechanical alloying (MA) technique. The Y₂O₃ particles 

had a purity of 99.7% and an average particle size of 12 μm. The MA was performed at room 

temperature in a planetary high-energy two stations ball mill (Fritsch–P7) with the following 

parameters: ball to powder weight ratio: 3:1; ball diameter 10 mm; ball and vial material: hardened 

stainless steel; the mixture was then milled for 20 hours at a rotation speed of 280 rpm, under an argon 

atmosphere to avoid oxidation of the powders. Ethanol (2 ml) was used as a process control agent 

(PCA).  Two materials were tested, Al-base alloy and a composite wtih a chemical composition as 

given in table 1. The milled powders obtained by MA were biaxial compacted at room temperature by 

using biaxial cylindrical steel die at a pressure of 15 Ton. The post-compacts were sintered at 400 °C 

for 18 h.  The samples were heat treated in an electric furnace at 350 ˚C, 400 ˚C and 500 ˚C during 60 

min followed by water quenching. Microscopic characterization of specimens was carried out by using 

a low vacuum Scanning electronic microscope (SEM) LEO 145 0 VP. For this, specimens were 

mounted in a polymeric resin, abraded with emerging paper, and then polished with 3.0 micron 

Alumina (Al2O3) paste. Materials designation includes a letter, “A” or “C”, for the Al-base alloy or 

composite respectively, followed by the numbers 350, 400 or 500 indicating the temperature at which 

they were heat treated.  

 

Table 1.Chemical composition of tested materials (wt. %) 

 

Specimen 

designation 

Al Mg Zn Si Al2O3 

Base alloy 87 6.2 3.7 3 --- 

Composite 84.4 6.0 3.6 3.0 3.0 

 

2.2. Corrosion tests 

The corrosion behavior of the composite and the alloy produced was investigated in a 3.5 % 

NaCl solution (pH= 8) opened to atmospheric air by using electrochemical methods such as 

potentiodynamic polarization curves, electrochemical impedance spectroscopy (EIS) and linear 

polarization resistance measurements (LPR). Potentiodynamic polarization curves were carried out by 

using an ACM Instruments potentiostat controlled by a computer at a scan rate of 1mVs
-1

 in a three-

electrode electrochemical cell with a Saturated Calomel Electrode as reference electrode and a graphite 

rod as auxiliary electrode. Specimen was left to achieve a steady state free corrosion potential value, 

Ecorr. Once the free corrosion potential was stable, polarization started at a scan rate of 1 mV/s, first 

towards the cathodic direction up to -600 mV; after this specimen was left to reach a stable Ecorr value, 
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and then polarized towards the anodic direction up to +1500 mV.  Linear polarization resistance 

measurements (LPR) were carried out by polarizing specimens from -10 to +10 mV around the value, 

Ecorr, at a scan rate of 1 mV/s. Tafel extrapolation method was used to obtain corrosion current density 

values, Icorr. Tests lasted 24 hours. In order to know the corrosion mechanisms, some electrochemical 

impedance spectroscopy experiments were performed. For this, a signal with an amplitude of 10 mV  

was applied at  Ecorr in the interval of frequencies  of 0.1-100KHz.  A model PC4 300 Gamry 

potentiostat was used for this. Corroded surfaces of both the base alloy and composite were established 

by scanning electron microscopy (SEM) LEO 145 0 VP (15kV).  

 

 

 

3. RESULTS AND DISCUSSION 

The effect of heat treatment in the polarization curves for Al-base alloy is given in Fig. 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Effect of heat treatment on polarization curves for Al- base alloy in 3.5 % NaCl solution. 

 

It can be seen that curves display an active-passive behavior, with a passive zone which starts 

around -1200 mV and finishes when  a pitting potential value, Epit, was reached, around -890 mV. The 

free corrosion potential value, Ecorr, was shifted towards more active values with the heat treatment, 

table 2, reaching its lowest value when the specimen was heat treated at 350 
0
C, indicating a higher 

susceptibility to be corroded.  

The Icorr value increased with the heat treatment, obtaining the highest value for the specimen 

heat treated at 350 
0
C. The passive current density value, Ipas, measured at a fixed potential value, i.e. -

1000 mV, also increased for the heat treated specimens, reaching its highest value for specimen treated 

at 350 
0
C. Finally, the Epit shifted towards slightly nobler values for the heat treated specimens, since 

the specimen without heat treatment had an Epit value of -895 mV, whereas that for specimen heat 

treated at 500 
0
C was -855 mV. 
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Table 2. Electrochemical parameters obtained from polarization curves. 

 

Sample  

designation 

Ecorr 

 (mV) 

Icorr  

(A/cm
2
) 

Ipas  

(A/cm
2
) 

Epit 

 (mV) 

Al-base alloy -1,300 65 40 -895 

A350 -1,352 80 70 -888 

A400 -1,327 90 60 -875 

A500 -1,318 80 40 -855 

Composite -1,348 75 70 -915 

C350 -1,336 55 40 -885 

C400 -1,289 35 30 -875 

C500 -1,337 70 60 -865 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of heat treatment on polarization curves for Al-base composite in 3.5 % NaCl solution 
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leading to the formation of MgO crystals at the surface of the oxide. For temperatures higher than 500 
0
C and as time elapses, a spinel such as (MgAl2O4) is formed making the surface rougher, decreasing 

the protection given by the Al2O3 layer [26, 27]. 

Polarization curves for Al-base composite at different heat treatments are given in Fig. 2. 
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current density value decreased. The corrosion and passive current density values decreased also with 

the heat treatment, obtaining lowest values for specimen heat treated at 400 
0
C, whereas the pitting 

corrosion resistance increased, since the Epit  value increased from -915 for composite without heat  

treatment, up to -865 mV for composite heat treated at 500 
0
C. In general terms, it can be seen in table 

2, that composites had lower corrosion and passive current density values than the corresponding base 

alloy unlike the results reported for Al-based alloy reinforced with SiC particles in hydrochloric acid 

[28] or with rice husk ash (RHA) and silicon carbide particles in 3.% NaCl solution [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Effect of heat treatment on the change in the Rp value with time for Al-base alloy in 3.5 % 

NaCl solution. 

 

In order to have a better understanding on the effect of heat treatment on a long time corrosion 

behavior for both Al-base alloy and composite, some LPR tests were carried out during 24 hours. The 

effect of heat treatment on the variation of the polarization resistance value, Rp, for Al-base alloy is 

shown in Fig. 3. It can be seen that the Rp value for alloy without heat treatment increases as time 

elapses, starting with a value of 40,000 ohm cm
2
, and finalizing with a value around 50,000 ohm cm

2 

after 24 hours of exposure to the corrosive solution. This increase in the Rp value  is due to an increase 

in thickness of the film, probably Al2O3 + MgO, layer which protects the alloy. However, when the 

alloy is heat treated, the Rp value drops rapidly down to values between 10,000 and 25,000 ohm cm
2
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decreasing the corrosion resistance of the alloy. As explained above, this decrease in the corrosion 

resistance can be due to the presence of magnesium-containing oxides, such as MgO and the MgAl2O4 

spinel, less corrosion resistance than the Al2O3 layer. Thus, these results confirm the results given by 

the polarization curves above that by heat treating the Al-base alloy its corrosion resistance is lowered. 

At room temperature, the corrosion resistance of Al-base alloys is based on an Al2O3 layer which 
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coarsening, depletion of some beneficial elements in localized places, formation of new phases, etc… 

Migration of Mg towards the external surface also increases with the temperature, producing the 

formation of crystals of MgO at the surface of the Al2O3 layer oxide, which produces the disruption of 

this protective oxide, decreasing the alloy corrosion resistance. As the temperature increases up to 500 
0
C, the formation of a spinel such as MgAl2O4 is enhanced, which is less protective than the Al2O3 

oxide, with a further decrease in the alloy corrosion resistance. 

On the other hand, the effect of heat treatment on the change of the Rp value with time for the 

Al-base composite, given in Fig. 4, shows that although during the first hour of testing the heat treated 

composites had lower Rp values than the composite without heat treatment. After a few hours of 

testing, the Rp value for composite heat treated at 400 
0
C increased as time elapsed, but after 10 hours 

of testing, this value dropped, remaining above all the Rp values for the rest of the composites. It is 

very well known that localized corrosion can start in  heterogeneities such as reinforcement/matrix 

interface, defect, intermetallic, mechanically damaged region, grain boundary, inclusion, or dislocation 

AMCs [22, 28-33].  It has been reported that in an Al-Zn-Mg alloy, found phases were of the Mg-Zn 

type which can act as local cathodes for corrosion of the surrounding matrix to occur. In addition to 

this, Y2O3 particles can act as sites where the protective Al2O3 oxide can be disrupted and increase the 

corrosion rate or pits will nucleate. Also, Rare earth elements such as Yttrium improve the oxidation 

resistance by improving the external oxides adhesion to the underlying alloy. As temperature increases, 

there are are two processes occurring simultaneously, namely,  the diffusion of Mg with the formation 

of  crystals of MgO and MgAl2O4 spinel with their detrimental effects, as well the diffusion of Yttrium, 

wich is beneficial. The corrosion resistance of the composite will depend upon which of these two 

effects is the dominant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of heat treatment on the change in the Rp value with time for Al-base composite in 3.5 

% NaCl solution. 
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By heat treating the Al-base composite either at 350 or 500 
0
C reduced its corrosion resistance, 

since its Rp value decreased, obtaining the lowest Rp value for composite heat treated at 350 
0
C. A 

comparison of on the effect of heat treatment on the Rp value for both Al-base alloy and Al-base 

composite is shown in Fig. 5, where it can be seen that in the as-received condition, the Al-base alloy 

had a higher corrosion resistance than the composite. Similar results have been reported for Al 6063 

alloy reinforced with SiC particles in 5% NaCl solution [22]. However, by heat  treating the composite 

this was reverted, since all the heat treated composites had higher Rp values than those corresponding 

to their alloys, in such a way that the highest corrosion resistance was obtained for the Al-base 

composite heat treated at 400 
0
C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Comparison of the effect of heat treatment on the change in the Rp values with time for Al-

base alloy and composite in 3.5 % NaCl solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Effect of heat treatment on the Nyquist diagrams for Al-base alloy in 3.5 % NaCl solution. 
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The effect of heat treatment on the Nyquist diagrams for Al-base alloy in 3.5 % NaCl is shown 

in Fig. 6. It can be seen that data display 2 depressed, capacitive-like semicircle, one at high 

frequencies, and a second one at intermediate and lower frequency values, indicating a charge transfer 

controlled corrosion process. The high frequency semicircle is related to the double electrochemical 

layer, whereas the second, low frequency semicircle is related to the passive layer formed on top of the 

alloy. The diameter of the high frequency semicircle corresponds to the charge transfer resistance, Rct, 

whereas the extrapolation of the Nyquist diagram towards the low frequency limit corresponds to the 

film or passive layer resistance, Rf. It can be seen that in all cases, regardless of the heat treatment, Rf 

values, i.e. the low frequency semicircle diameter, is higher than the Rct value (the high frequency 

semicircle) indicating that the alloy corrosion resistance is given by the outer, passive layer resistance, 

its protectiveness. If the protectiveness of this passive layer decreases, the underlying alloy corrosion 

resistance decreases. It as been explained above that at room temperature, this oxide layer is made 

mainly of aluminum oxide, Al2O3, which is very protective, but with an increment in the temperature, 

the role of magnesium oxide, MgO, or a spinel such as MgAl2O4 becomes more important, decreasing 

its protectiveness. On the other hand, Nyquist diagrams for and Al-base composite, Fig. 7, display a 

capacitive semicircle at high frequency values, followed by a straight line at lower  and intermediate 

frequency values, indicating a diffusion-controlled corrosion process. This diffusion is due to the 

reactants diffusion from the bulk of the electrolyte through the outer passive layer, making more 

difficult the corrosion process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Effect of heat treatment on the Nyquist diagrams for Al-base composite in 3.5 % NaCl 

solution. 
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Some SEM micrographs of corroded Al-base alloy specimens are shown in Fig. 8, where it is 

evident that all samples suffered from a localized pitting type of corrosion, which is commonly found 

in these alloys [24-27]. On the other hand, for Al-base composites, Fig. 9, preferential anodic 

dissolution occurred on the matrix around the Y2O3 particles. The number of pits found in the Al-base 

alloy was lower and shallower than in the composite It is very well known that localized corrosion can 

start in  heterogeneities such as reinforcement/matrix interface, defect, intermetallic, mechanically 

damaged region, grain boundary, inclusion, or dislocation AMCs [22, 28-33]. Some cracks can also be 

seen in the composite, which can act as crevices and places wher localized type of corrosion can take 

place. 

 

 

 

 

 

 

 

Figure 8. SEM micrographs of a) as-received  Al-base alloy,  b) as-received  Al-base composite, c) 

Al-base alloy heated at 400 
0
C and d)  Al-base composite heated at 400 

0
C. 
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There are two sources for the difference in electrochemical potentials within an alloy: i) a 

difference in the concentration of aggressive species, and ii) a difference in chemical composition 

between these heterogeneities and the matrix which is often more anodic [32]. For instance, Escalera-

Lozano et al. [33] evaluated the corrosion behavior of recycled Al from cans reinforced with rice hull 

ash, which contains SiO2, in condensed moisture. The matrix had certain chemical composition 

whereas surrounding reinforcement particles had another chemical composition, causing  micro 

galvanic cells between particles such as  Mg2Si intermetallic compound, although other phases such as 

SiC, Si, MgAl2O4 could also work as micro cathodes with the matrix acting as anode.  Pardo et al. [34] 

evaluated the effect of silicon carbide concentration on the corrosion behavior of different aluminum-

base alloys in a humid environment, finding that the main attack regions were the 

matrix/reinforcements interfaces. Thus, although by reinforcing Al-base alloy with 3% Y2O3 particles 

and heat treating it at 400 
0
C increase the base alloy uniform corrosion rate resistance, the presence of 

interfaces at the matrix/Y2O3 particles and some other heterogeneities induce the susceptibility towards 

localized corrosion such as pitting. 

 

 

 

4. CONCLUSIONS 

A study on the effect of heat treatment on the corrosion behavior of Al-base composites in 3.5 

% NaCl has been carried out. It was found that both the Al-base base alloy Al-base composites 

exhibited an active-passive behavior, and in some cases, the passive film properties, such as passive 

current density and pitting potential value, of composites were better than those for the base alloy. The 

corrosion process was under charge transfer control for base alloy, but for composite was diffusion 

controlled. In the as received condition, the base alloy had a higher corrosion resistance than the 

composite. However, the corrosion resistance for heat treated composite was higher than the base 

alloy. Base alloy was susceptible to pitting type of corrosion, whereas the corrosion morphology for 

composite was at the matrix/Y2O3 particles interface, where the matrix acted as an active anode, and 

the reinforcement Y2O3 particles acted as micro cathode. 
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