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ABSTRACT 

In this work the structural changes induced by aged treatment have shown a connection with differences of hardness 
and electrochemical performance. Al-base alloys have been investigated by means of Vickers hardness, X-ray diffrac- 
tion, scanning electron and short-term electrochemical test. X-ray diffraction result reveals the formation of (MgZn)49Al32 
phase for two conditions, the first one is when the magnesium content is upper to 5.49% in as-cast condition and the 
second one after the thermal treatment carried out at 450˚C for 5 h. In addition, the hardness and electrochemical per- 
formance has been influenced by the presence and quantity of the (MgZn)49Al32 phase. The addition of magnesium al- 
loying modifies the microstructure, increases the content of (MgZn)49Al32 phase and provides a localized corrosion 
which conduced to the breakdown of the oxide film (-Al2O3) formed on the Al alloy surface. 
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1. Introduction 

Combined with total life-cycle cost the alloy produced 
from Al, Zn, Mg metallic elements basically are consid- 
ered an effective substitute for a number of ferrous and 
nonferrous alloys [1]. These kinds of alloys could be 
considered lightweight and cost-effective materials. The 
AlZnMg alloys combine their ductility and conformabi- 
lity with low-density, excellent castability, high specific 
strength and high hardness [2]. The characteristic of 
AlZnMg alloys and almost all aluminum alloys is the 
recyclable after serving in the original purpose. In addi- 
tion, this alloy has been considered for service as gal- 
vanic anode 3. In name only, anode could be applied to 
any metallic structure in contact with a bulk electrolyte. 
The selection is based on evidence that aluminum alloys 
exhibit an anodic dissolution process, low active elec- 
trode potential (–950 to –1200 mV) and high theoretical 
current capacity [4]. In fact, magnesium is the most im- 
portant alloying element for good performance as sacrifi- 
cial anode. To prevent passivation of aluminum through 
developing a non-conducting film on their surfaces, the 
activation has been previously obtained with elements 
such as indium, tin, mercury and bismuth. These alloying 
elements are present in solid solution or as segregated 
phase [5] and with the precipitation of intermetallic 
phases formed after heat treatment [6]. With a special 
thermal treatment [7] has been also improved the strong  

age-hardening given to the system their unique combina- 
tion of lightweight and high mechanical properties [8]. 
The investigation of precipitation process in Al-base al- 
loys indicates that several transformation sequences may 
occur in these materials during ageing [9]. For the case in 
this work, heat treatment relies on the fine precipitation 
of the (MgZn)49Al32 and MgZn2 phases. The formation of 
solute-rich precipitates begins from the supersaturated 
solid solution (SSS) α-aluminum matrix. The stable hard- 
ening phase strains the crystallographic planes of the Al 
matrix. Hardness is one of the mechanical properties, 
which have been highlighted with the microstructure on 
metallic alloys [10].  

However, the link between hardness and electro- 
chemical efficiency are critically dependent on both the 
composition and the microstructure. This one is deve- 
loped during casting, thermomechanical processing and 
heat treatment [7]. It is well-known that the microstruc- 
ture is essential for the properties of alloys. For the case 
of corrosion particularly the influence of dendrite arm 
spacing has become related with mechanical properties. 
Dendrite arm spacing is principal changed by cooling 
rate during solidification process. In this work as an al- 
ternative of study, it has been considered the ability of 
magnesium as third alloy component. Magnesium is the 
most active or anodic metal in the galvanic series and 
magnesium alloy component is always the active anode 
if it is in contact with other metals [11]. 
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Even though the relationship between microstructure 
plus electrochemical dissolution and hardness of AlZnMn- 
xMg alloys has been few studied [12,13]. With all this in 
mind, the present study will deal with the microstructural 
evolution. Microstructure will be modified by different 
atomic combination of magnesium alloying in as-cast 
condition firstly. Aging thermal treatment was done as 
the second condition to transform the microstructure.  

The present investigation is concentrating on studying 
the effects of magnesium addition on the microstructure 
in as-cast and after ageing treatment. Likewise, we cor- 
related it with hardness and electrochemical efficiency. 
The aim of the present study was to understand better the 
role played by magnesium on the (MgZn)49Al32 particles 
distribution which produces the activation anodic process 
related with the galvanic efficiency and the hardness for 
the AlZnMn-xMg alloy. This includes microstructural 
examination, electrochemical efficiency calculations and 
hardness tests. Microstructure was studied using Scan- 
ning Electron Microscopy with an Energy-Dispersive X- 
ray spectroscopy analysis and X-ray diffraction. The 
electrochemical behavior was studied by open-circuit 
potential measurements. We found that effectively the 
thermal treatment and high magnesium content are the 
principal factors for structure changes and also for the 
electrochemical efficiency and hardness results of the 
AlZnMn-xMg alloys. The electrochemical test reveals 
the susceptibility of AlZnMn-xMg alloy with the artifi- 
cial ageing and the presence and quantity of the  
(MgZn)49Al32 phase. 

2. Experimental Procedure 

2.1. Synthesis of AlZnMn-xMg Alloys and  
Thermal Treatment  

The alloy was processed by stoichiometrically mixing 
pieces of commercially available elemental Al, Zn and 
Mg (ingots 99.8%). The alloy was prepared by melting 
Al (660˚C), Zn (420˚C) and Mg (650˚C) ingot pieces in a 
high alumina crucible, kept in a vacuum induction fur- 
nace. To prevent passivation of aluminum alloy, alloying 
with eight different compositions of Mg were considered. 
In addition, a careful control of the concentrations of 
manganese as trace impurities can be required. 

The molten alloy reached at 700˚C above the liquidus 
temperature. A constant flux of argon has been used to 
avoid the contact with the environment and the oxidation 
of elements. However, in order to compensate some oxi- 
dation losses during the pour, 3 wt% Al and 7 wt% Zn 
were taken in excess to the required amount of these 
constituents. The liquid bath was stirred for 10 minutes 
in order to obtain a uniform distribution of Zn and Mg. 
The AlZnMn-xMg melt was conventionally poured into a 
steel mold to form ingot of 20 mm × 50 mm × 70 mm.  

The ingot resultant was machined to eliminate the 
structure formed by direct contact with the mold wall. 
The first liquid alloy in contact with mold wall possesses 
one of the most dominant microstructures, produced in 
cast form, the wall-equiaxed structure.   

In order to know the chemical composition and distri- 
bution of the constituent phases as main factors responsi- 
ble for the corrosion behavior the Table 1 shows the 
nominal chemical composition of AlZnMn-xMg alloys, 
obtained by optical emission spectroscopy, using an 
SPECTROLAB spectrometer Model X8-WINDOWS 
LAX with 15 analytical channels, which operates under 
Microsoft Windows environment. These results are the 
average of five analyses in different regions of the 
specimens. 

2.2. Thermal Treatment  

With the purpose of investigate the effect of magnesium 
and heat treatment on the microstructure of the eight 
AlZnMn-xMg alloys, samples of 100 g, were cut from 
the cast ingot. These samples were heating treated at 
450˚C for 5 h, allowing that all solute atoms from each 
soluble phase enrich the solid solution until the quenched. 
The quenched was carried out in water at room tempera- 
ture to development of supersaturation. The homoge- 
nized samples were then artificially aged at 400˚C for 1 h, 
in order to start the precipitation process, characterized 
by increasing solubility with increasing temperature.  

Homogenized process is sensitive to the selected trace 
elements and microalloying elements, which can change 
the process and/or kinetics of precipitation in many 
hardenable alloys by ageing [14]. Frequently the aging 
heat treatment involves the formation of finely dispersed 
precipitates from the supersaturated solid solutions in  
 
Table 1. Chemical composition of AlZnMn-xMg alloy given 
in wt%. 

Chemical elements (wt%) 
Metallic alloy 

Mg Zn Mn 

Mg-1 3.96 5.36 0.3189 

Mg-2 4.89 5.35 0.3125 

Mg-3 5.49 5.32 0.3053 

Mg-4 6.55 5.32 0.2320 

Mg-5 7.33 5.30 0.2931 

Mg-6 8.65 5.29 0.2877 

Mg-7 9.58 5.29 0.2851 

Mg-8 11.53 5.31 0.2178 

a: the alloys are balanced with aluminium. Trace elements are in the range 
of 0.1281625 ± 0.01512621. 
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order to increase the hardening/strengthening in the alloy 
system 

2.3. Metallographic Analysis  

The as-cast and aged samples were sectioned longitude- 
nally at mid-width using a band saw. Just one side has 
been prepared for microstructural characterization by the 
standard technique. It begun through the grinding with 
metallographic paper of SiC up to #1000, and mechani- 
cal polishing with 0.5 and 0.05 μm alumina powder. 
Based on the chemical etching is controlled by the elec- 
trolytic action between surface areas at different poten- 
tials, the surface alloys was by etching in Keller’s re- 
agent [15]. The Keller reagent contained 5 ml of HNO3, 3 
ml of HCl, 2 ml of HF, and 190 ml of H2O; the etch was 
done at room temperature for 15 secs.  

2.4. Morphological Characterization  

Structural investigations were carried out with a Siemens 
D5000 X-ray diffractometer (XRD) with a power of 40 
kV accelerating voltage x30mA current, using Cu tube of 
Kα line radiation: λ = 0.15406 nm and a diffracting beam 
graphic monochrometer. The XRD patterns were re- 
corded in the 2θ range of 30˚ - 90˚ (step size 0.02˚, time 
per step 0.6 s) and the evaluation of the diffractograms 
was made by DIFRACT/AC software.  

The AlZnMn-xMg microstructures were observed by 
Olympus PM-G3 optic microscopy and a Stereoscan 440 
scanning electron microscope (SEM) using backscattered 
electron imaging (SEM) operated at 20 kV. SEM com- 
bined with energy dispersive X-ray spectroscopy (EDS) 
OXFORD Isis 300 was used to analyze microstructural 
modifications as well as to identify the elemental compo- 
sition of the phases formed. 

2.5. Mechanical Testing  

In order to observe the AlZnMn-xMg alloy’s ability to 
resist plastic deformation from a standard source the 
Vickers hardness was measured. The measurement was 
done with a microhardness tester INSTRON model 
210013. Values were obtained on the cross-sections of 
the samples using a load of 2 N for l0 s and at least l0 
impressions were recorded of each sample. The resulting 
hardness reading depends on the load and the area of the 
permanent pyramid impression. Hardness values were 
averaging excluding the maximum and the minimum 
values and the experimental error was estimated. 

2.6. Performance Evaluation  

In order to know how many ampere-hours of protective 
current will be available for each unit-weight of Al- 
ZnMn-xMg alloys, the galvanic performances were eva- 

luated by a short-term electrochemical test [16]. The 
working electrodes, also called anodes in an oxidation 
reaction with 10 mm2 width × 50 mm length, were pre- 
pared from AlZnMn-xMg ingots of as-cast and aged 
condition. All the specimens were polished with 1200 
emery paper, then degrease in acetone and washed 
thoroughly in double distilled water. The working elec- 
trode used for each test was mounted in a specially de- 
signed electrochemical cell using the three-electrode 
system and was connected electrochemically to a galva- 
nostat DC current source. A saturated calomel electrode 
(SCE, E = +0.242 V saturated) was the reference elec- 
trode, is used as half-cell. The reference electrode con- 
trols the working electrode potential and is a reference 
from the potentials measured. An auxiliary electrode, 
from electrochemically inert platinum wire, was used as 
counter electrode. It functions as cathode (in a half cell) 
and passes all the current needed to balance the reaction 
at the working electrode. A sheet of carbon steel served 
as the cathode. While, for the electrolytic test solution 
was used synthetic sea water. This solution was prepared 
with sodium chloride analytical grade reagent and 
distilled water with an initial pH of 8.3 according to 
ASTM D1141 [17]. 

The test anode and cathode were both galvanically 
coupled together at different current density levels (0.4, 
1.5, 4.0) and immersed in the electrolytic solution for 3 
days. The anodic current density, mA/cm2 was applied 
during a 24-hour period. The samples were taken out and 
were cleaned by ASTM G 31 standard practice. The an- 
odes were then rinsed with distilled water, dried by 
blowing hot air and weighed in order to obtain their 
weight loss. The weight of the AlZnMn-xMg was measured 
before and after the immersion. From the actual weight 
loss measured, the capacity and theoretical current or 
total charge to be produced by the alloy could be 
calculated. The anode efficiency (η) was calculated by 
the actual ampere hours delivered by AlZnMg-xMg al- 
loys between the theoretical amperes hours calculated 
from weight loss of AlZnMn-xMg alloys. 

3. Results and Discussion 

3.1. X-Ray Diffraction  

The qualitative analysis of diffraction pattern in Figure 1 
belongs to as-cast and ageing condition from the Al- 
ZnMn-xMg alloys. The determination of atomic confor- 
mation is in an effort to relate the composition alloys 
with electrochemical degradation and also the anodic 
efficiency. 
The X-rays enables record of what happens to an 

AlZnMn-xMg material’s crystal structure through the 
process of casting and heating samples. The Figures 1(a) 
and (b), shows that the alloys in as-cast and aged condition  
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(a) 

 
(b) 

Figure 1. X-ray diffractograms of the AlZnMn-xMg alloy in 
as-cast (Figure 1(a)) and aging (Figure 1(b)) showing the 
presence of the main lines of diffraction τ-(MgZn)49Al32 and 
α-Al peaks with eight different Mg content. 
 
are composed of α-Al solid solution and (MgZn)49Al32 

phase, also called precipitates of τ-phase particles. These 
two phases appears when the Mg addition is up to 5.49% 
Mg. The microscopy scanning examination provided 
additional confirmation of these two phases. The first one 
phase, is a simple face-centered-cubic (fcc) of α-Al solid 
solution rich in aluminum with an estimated lattice pa- 
rameter a = 0.4049 nm. The second crystalline phase, is a 

body-centered cubic (bcc) of (MgZn)49Al32. This phase is 
also calledτ-Al2Mg3Zn3 with lattice parameter a = 0.1416 
± 0.03 nm, Pearson symbol cI 162 and space group Im-3 
(No. 204) which is based on a periodic arrangement of 
icosahedral Berman clusters [18].  

Furthermore the presence of α-Al solid solution and 
(MgZn)49Al32 phases are according to the ternary phase 
diagram [19] merely when the magnesium content is 
upper to 4.89% at. For the case of less atomic concentra- 
tion in magnesium, the intermediate τ-phase magnesium- 
rich (Mg2Al3 or Mg5Al8) with cubic cell a = 2.8239 nm, 
space group Fd-3m was not detected. Even though the 
magnesium crystal structure is hexagonal close-packed 
(hcp) like zinc element, the incorporation of magnesium 
atoms into the AlZn alloy is entrapped in α-Al solid solu- 
tion. The magnesium rich phase reduces the mechanical 
properties of castings [8], and has been treated as an un- 
wanted microstructural component for our AlZnMn-xMg 
alloys. 

In addition, the X-ray inspection is unable to distin- 
guish one phase precipitation as can we deduce from the 
Figure 1(a). This precipitation is suggested by the pro- 
gressive shifting of diffraction peaks (530) and (100) for 
the X-ray diffraction. These peaks belongs to 
(MgZn)49Al32 phase. The shifting of diffraction is from 
2θ angles of 36.71˚ - 35.3˚ and 8.80˚ - 6.58˚ respectively 
and formed up to 7.33% Mg content. The magnesium 
content is 1.38 times more than the atomic percentage of 
zinc which one is nearly constant for all the alloys.  

X-ray diffractometry follows the structural changes of 
AlZnMn-xMg alloys produced by casting process and the 
alloys with an age thermal treatment. The X-ray diffrac- 
tograms for samples in as-cast and aged conditions, show 
that (MgZn)49Al32  phase precipitates are formed in our 
alloys with high Mg addition. But there are few reflec- 
tions of the (MgZn)49Al32 phase precipitates for samples 
with low Mg as can be shown in Figure 1(a). These ob- 
servations demonstrate that the formation of the  
(MgZn)49Al32 phase particles was promoted through the 
high Mg addition plus the aging treatment condition. 
Previously, it has been assumed the fact that 7000 series 
aluminium alloys has a strong trend for preferential pre-
cipitation during the subsequent aging process [8]. 

With the X-ray diffraction measurement, we found the 
atomic-structure differences between the two phases in 
AlZnMn-xMg alloys. But it is apparent also from inspec- 
tion of Figure 1(a) that the relative intensities for the (111) 
reflection of the α-Al (which is a rich-aluminum solid 
solution with crystalline structure fcc) is much higher 
than the other peaks. This higher relative intensity indi- 
cates the presence of a texture which was developed 
during the casting operation. It should be mentioned that 
the XRD intensities are influenced too by the phase con- 
tent, the crystallite size, lattice strain and degree of crys- 
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tallinity [20].  
During the heat treatment an atomic reordering of the 

aluminum matrix exists towards a preferential direction 
of the planes (220) and (311) as it can be observed in 
Figure 1(b). The variations in intensity and small dis- 
placements of the diffraction angle have their origins 
from the variations in composition of the alloy probably 
due to the formation of a supersaturated solid solution 
enriched by solute atoms like magnesium and zinc. These 
are the primary elements of alloy, also called second 
elements associated with a metal to form an alloy. 

3.2. Microstructure Characterization  

The first results showed that the (MgZn)49Al32 phases, 
are formed by two routes, a first one route as product of 
the solidification process when the Mg addition is up 
5.49% Mg. And the second route by the aging precipita- 
tion process in the composition range of 7.33% to 11.53% 
at.Mg. The other phase in the Al-alloys under study was 
the α-Al, which is formed through the solidification route 
mainly. All the alloys contain α-Al with a dendritic 
structure developed by the combination of thermal and 
constitutional undercooling. It is well-known that a so- 
lidification structure depends strongly on the solidifica- 
tion conditions. The representative microstructure can be 
observed from the Figures 2(a) and (b) from as-cast 
condition. These two figures reveal the presence of equi- 
axed morphology structure. In four of the AlZnMnMg 
alloys with a composition from 7.33% to 11.53% at.Mg, 
the primary solidification for the α-Al solid solution is 
followed by the eutectic solidification of α + τ- 
(MgZn)49Al32 phase, these phase can be observed pref- 
erentially in Figure 2(b) which corresponds to phase 
with white color.  

It has been reported [2] that the lamellar eutectic 
structure is derived from the decomposition of the α' 
phase by the following cellular reaction at 488.85˚C  

49 32. Al (MgZn) Al      

The stable phase (MgZn)49Al32 was observed homo- 
geneously dispersed on the Al-matrix with a geometry of 
rods. The precipitates in Figure 3(a) were observed in 
aged samples firstly. The heat treatment and high content 
in Mg addition caused an increase of volume fraction of 
(MgZn)49Al32 precipitates. 

The microstructure of AlZnMn-xMg alloys observed 
in as-cast condition was modified with heat treatment. It 
can be observed from the Figure 3(a) that dendritic 
structure is broken down and show a quasi-binary eutec- 
tic mixture. This apparent eutectic structure are formed 
by Al and (MgZn)49Al32 which was always observed 
along the grain boundaries of the primary α-Al matrix in 
aging condition alloy. In the eutectic region the light  

 

 

Figure 2. (a) Shows the α-Al equiaxed dendritic micro- 
structure from as-cast condition; (b) Interdendritic regions 
characteristic of microstructure in as-cast condition. 
 
contrast corresponds to the phase (MgZn)49Al32. While 
dark contrast corresponds to the α-Al phase (Figure 
3(b)), Al-matrix or solid solution rich in aluminum, pos- 
sess the same FCC crystalline structure of aluminum. 
The literature on alloys [9,10] of the type studied in this 
work, point out that the solidification equilibrium in- 
volves the existence of two phases. One of them is an 
aluminum based α-solid solution and another phase, the 
τ-(MgZn)49Al32. The last one phase, having a variable 
composition around the Al2Mg3Zn3 formula, which is 
considered a non-stochoimetrically intermetallic phase. 
These intermetallic particles are the second phase that 
dominant the feature of AlZnMn-xMg microstructures. 

Previous work [21] has been related the magnesium 
content with the hardness on an Al-alloy. Evidently the 
hardness property is directly connected with the semi- 
coherent and coherent precipitates rich in magnesium. 
The effect of coherency or semi-coherency second phase, 
between matrix alpha aluminium alloy is effectively to 
impede the dislocation motion and get a hard material. In  
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Figure 3. (a) Quasibinary eutectic of α-Al plus (MgZn)49Al32 
between the grain boundaries in aged alloys; (b) Detail of τ- 
(MgZn)49Al32 phase. 
 
our case, the precipitate (MgZn)49Al32 and the solid solu- 
tion of the matrix alloy has the bcc and fcc crystal struc- 
ture respectively. The precipitate has a different crystal- 
line lattice spacing that the matrix material forming a 
connection between the hardness and crystallographic 
structure between these principal actors.  

Another effect related could be the atomic size of al- 
loying elements. Due to the zinc and magnesium are 
smaller and larger, respectively than aluminum [4]. In 
addition, the presence of (MgZn)49Al32-precipitates is 
also associated with the galvanic efficiency. That is at- 
tributable to the difference in the electrical potential be- 
tween these precipitates and the matrix. The precipitates 
allow a galvanic activity continued. The second phases 
avoiding the polarization of the alloys. The breakdown of 
the alumina oxide film is caused by the precipitates or 
second phases. 

3.3. Hardness Vickers  

Microhardness curves from the alloys in as-cast and ag- 
ing condition are shown in Figure 4(a). The α-Al struc- 
ture with aging treatment is 8% harder than the sur- 
rounding Al-matrix in as-cast alloys. Indeed, the average 
Vickers hardness measured inside the Al-matrix for as- 
cast structure is 83.65 HV, whereas the Al-matrix for  

 
(a) 

 
(b) 

Figure 4. The hardness and anode efficiency plotted against 
τ-(MgZn)49Al32 phase curves for the alloys AlZnMn-xMg in 
as-cast and aged condition. 
 
aging is 91.81 HV. These values emphasize the influence 
of the (MgZn)49Al32 particles inside the matrix. It can be 
seen from Figure 4 the higher point from the alloy added 
with 5.49% Mg. This alloy has a significantly hardening. 

3.4. Electrochemical Performance  

In Figure 4(b) has been showed the electrochemical per- 
formance throughout the efficiency for this alloy is de- 
veloped at 1.0 vol% (MgZn)49Al32-phase particles. The 
peak efficiency is achieved after 4.89% Mg addition. The 
efficiency curve for as-cast condition shows the similar 
behavior: the high peak is reached when (MgZn)49Al32- 
phase is equal to 1.0 vol%. It is clear that aging treatment 
enhances the hardness and also the efficiency, when the 
Mg addition does not exceed 5.49%. It means that the 
phase (MgZn)49Al32 increases due to the formation of 
quasi-binary eutectic structure (α-Al + (MgZn)49Al32). 
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While, the α-matrix decreases and also its distribution of 
(MgZn)49Al32 precipitates. 

These results emphasize that the precipitates on the 
matrix active the surface of the alloy. The activated sur- 
face influenced in electrochemical efficiency when it 
breakdown the oxide film. This passive oxide over-layer 
formed in air covered the surface of the α-AlZnMn-xMg 
alloy. The efficiency is greater when the initial attack is 
present for the intermetallic compounds distributed in the 
matrix. However, the intergranular eutectic phase begins 
to dissolve it and this intergranular corrosion is stronger 
than the (MgZn)49Al32-phase. 

4. Conclusions 

According to the effects of magnesium addition as third 
alloying element on the chemical composition of AlZnMn 
it has been related with the microstructure and galvanic 
efficiency of the alloys modified with magnesium, and 
the following conclusions are obtained:  

The precipitation of (MgZn)49Al32 particles depends on 
the magnesium addition, ageing condition and the quantity 
of the eutectic phase formation. 

The addition of Mg in just 5.49 at% to the ageing 
AlZnMn alloy clearly increases the peak efficiency as gal- 
vanic anode and generates the 1.0 vol% of (MgZn)49Al32  

precipitates.  
For magnesium content upper than 5.49% with ageing 

condition the eutectic phase increases more than (MgZn)49 
precipitates, and the efficiency of the alloy decreases Al32 

while for low magnesium content the (MgZn)49Al32 phase 
is poor such as efficiency. 

A galvanic efficiency performance as high as 81% has 
been achieved with magnesium plus aging treatment on 
AlZnMn-xMg alloy that activation process depends on 
the amount of (MgZn)49Al32 particles deposited at the 
Al-matrix surface. 
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