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Corrosion Behavior of Mg-6Al-1Zn+XRE Magnesium Alloy

with Minor Addition of Yitrium
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The effect of yttrium addition on the microstructure of Mg-6Al-1Zn alloy was investigated by optical
microscopy, x-ray diffraction analysis, and scanning electron microscopy. The experimental alloys were
prepared by melting high-purity Mg, Al, Zn, and Y, respectively. Melting was carried out in a Inconel 718
crucible under SF¢ and ultra pure Ar (99.999%) gas mixture environment using electric arc furnace. The
corrosion behavior of Mg-6Al-1Zn+xYttrium (x = 0.5, 1.0 and 1.5 wt.% Y) magnesium alloy with different
levels of yttrium additions was studied in 3.5 wt.% NaCl solution. Microstructure of yttrium-added alloy
shows that higher grainrefinement is obtained in Mg-6Al-1Zn+0.5wt.%Y. Increasing yttrium content re-
duces the size of a-grain and alters the distribution of the p-phase (Mg;;Al;,) from continuous network
morphology to small and dispersive distribution. It forms secondary intermetallic phase ALY which has
high melting point along the grain boundary. The corrosion resistance of Mg-6Al-1Zn magnesium alloy
improved with addition of Yttrium. It was confirmed by the results of electrochemical polarization test.
Based on the polarization curves, it is seen that fine precipitates of Al-Y intermetallic phase in Mg-6Al-1Zn
alloy decrease the corrosion current density, thereby improving the corrosion resistance of the Mg-6Al-1Zn

magnesium alloy.
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1. Introduction

Magnesium and magnesium alloys are attractive for micro-
electronics, automobile, and aircraft engine applications due to
their low density, good damping characteristics, good thermal
conductivity, and high-specific elastic modulus (Ref 1). How-
ever, use of magnesium and magnesium alloys is limited to
structural and nonstructural components served in mild envi-
ronments (Ref 2, 3). As magnesium alloys are finding new
applications, challenges lie ahead in improving their high
temperature strength and resistance to corrosion (Ref 4). Recent
studies have concentrated on anodizing, ion implantation, laser
direct melting, plasma electrolysis, and other surface modifi-
cation techniques (Ref 5). These techniques help in protecting
the surface of the alloys, and it is also necessary to improve the
overall properties (corrosion and high temperature strength) of
Mg alloys (Ref 6, 7). Improving these properties will ensure the
longevity of the alloys even after the surface coating is
damaged. Due to the presence of multiphase structure, mag-
nesium alloy suffers from localized corrosion (galvanic effect).
The high corrosion resistance exhibited by Mg-RE alloys can
be attributed to the formation of less cathodic intermetallic
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compounds (Ref 8). Corrosion resistance of magnesium alloy
has improved with increasing Al content up to 6.0 wt.% (Ref 9,
10). Many researchers have reported that the addition of rare
earth elements, such as Y, La, Ce, Nd, and Gd are effective in
improving the mechanical properties and corrosion resistance
of Mg alloys (Ref 11-14). Yttrium is considered a more
effective alloying element which improves the properties,
especially the elevated temperature mechanical properties, of
magnesium alloy compared to other RE elements (Ref 15, 16).
More stable and chemically less reactive hydroxide protective
film was formed on alloying yttrium with magnesium, resulting
in higher corrosion resistance in pure water (Ref 17). Many
investigations have been carried out on the effect of RE
addition on corrosion behavior of AZ91D magnesium alloys,
and the effect of yttrium addition is still unexplored fully in
Mg-6Al-1Zn magnesium alloy. In the present study, the effect
of yttrium addition to Mg-6Al-1Zn alloy, as a grain refiner and
its effects on alloy’s corrosion behavior when subjected to
chloride environment, was extensively studied.

2. Experimental Procedures

The material used in this study was an AZ61 magnesium
alloy with composition of Mg-6Al-1Zn. The commercial Mg
and Mg-Y Master alloy obtained from China Shanxi Xinghua
Cun International Trading Co. (China), and commercial Al and
Zn are obtained from Johnson Matthey Chemicals India Pvt.
Ltd. (India). The chemical compositions of the experimental
alloys were confirmed using AES spectroscopy methods, and
results are listed in Table 1. Commercially pure Mg, Al and Zn
were weighed and added to the crucible. Predetermined
amounts of Mg-Y master alloys were carefully weighed and
added to the melt at 720 °C with the continued supply of gas
mixture consisting of 99.5% Ar and 0.5% SF; at the rate of
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Table 1 Chemical composition of Mg-6Al-1Zn-XRE (in wt.%)

Alloy Al Mn Zn Si Cu Ni Fe Mg
AZ61+0.0Y 5.8 0.02 0.4 0.1 0.05 0.05 0.005 Bal.
AZ61+0.5Y 5.73 0.15 0.33 0.07 0.05 0.03 0.005 Bal.
AZ61+1.0Y 5.85 0.08 0.52 0.15 0.01 0.02 0.04 Bal.
AZ61+1.5Y 5.63 0.10 0.80 0.18 0.1 0.03 0.004 Bal.

Fig.1 As-cast Microstructure of Mg-6Al-1Zn alloy. (a) 0.0 wt.% Y. (b) 0.5 wt.% Y. (c) 1.0 wt.% Y. (d) 1.5 wt.% Y

0.25 m>/h. The cast specimens were cold mounted, polished
with SiC emery papers staring from 80 to 2000 grit size, and
diamond polished up to 1 micron. The polished specimens
were etched using 2.0 wt.% Nital solution for 5-10 s to perform
optical microscopy (OM). The microstructure of the cast
specimens was obtained using DIC Leica OM, Model No:
DM750M. The effects of grainrefinement of a-phase and size
of B-phase for refined and un-refined alloys were also observed
using Hitachi Scanning Electron Microscopy (SEM) equipped
with energy-dispersive spectrometers (EDS). Phases were
confirmed using x-ray diffraction technique. Immersion tests
were conducted to evaluate the corrosion rate of samples
through weight loss method with ASTM G31-72. The corrosion
test specimens were evaluated as per ASTM G1-03 standard.
The corrosion behavior of yttrium-added alloy was experiment-
ed in 3.5% NaCl environment. The electrochemical corrosion
measurements were carried out in a three-electrode setup using
GillAC electrochemical corrosion analyzer, cell containing
about 500 ml of Mg (OH), saturated 3.5 wt.% NaCl solution.
Saturated calomel electrode used as a reference with a platinum
electrode as counter and a sample as the working electrode. The
electrochemical polarization tests were done in triplicate. The
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Table 2 Fraction of alpha and beta plus RE Phases in
Mg-6Al-1Zn-XRE (in wt.%)

Experimental alloy Alpha phase Beta phase + RE phases

Mg-6Al-1Zn 60.99 3245
Mg-6Al-1Zn+0.5Y 78.67 23.97
Mg-6Al-1Zn+1.0Y 61.31 38.72
Mg-6Al-1Zn+1.5Y 62.35 33.27

surface topography of the exposed specimens was further
investigated by microscopy techniques.

3. Results and Discussion

3.1 Effects of Yttrium on Mg-6Al-1Zn Magnesium Alloy

The microstructure of the base material shown in Fig. 1(a)
consists of o and B (Mg;;Al;,) phase in continuous network
shape. The PB-(Mg;7Al;;) phase accelerates corrosion of
magnesium alloy as a cathode owing to its higher corrosion
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Fig.2 Phase analysis for Mg-6Al-1Zn. (a) 0.0 wt.% Y, (b) 0.5 wt.% Y, (c) 1.0 wt.% Y, and (d) 1.5 wt.% Y
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Fig.3 SEM and EDX analysis of Mg-6Al-1Zn+0.5wt.%Y

higher grainrefinement due to nucleation of ALY intermetallic
phase along the o matrix as shown in Fig. 1(b). As the addition
of yttrium is increased from 0.5 to 1.0 wt.% and then to
1.5 wt.%, there is a corresponding increase in nucleation of
Al,Y intermetallic phase and higher isolation of  (Mg;;Al;,)

potential than that of the surrounding bulk material (a-Mg). The
Mg-6Al-1Zn magnesium alloy is remarkably refined by
yttrium, which is concentrated on the solid-liquid interface
during solidification process, suppressing the growth of B-
phase. The addition of 0.5 wt.% Y to Mg-6Al-1Zn results in the
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Fig.4 X-ray mapping of Mg-6Al-1Zn+0.5wt.%Y alloy sample showing the regions of Al-Y phase

phase. This is confirmed by the microstructures shown in
Fig. 1(c) and (d). The higher wt.% yttrium has also resulted in
lower volume fraction of B (Mg;Al;,) as tabulated in Table 2
and Fig. 2.

3.2 SEM and EDX Analysis

Figure 3 shows the SEM analysis of Mg-6Al-
1Zn+0.5 wt.%Y and EDS patterns of f-phase. The microstruc-
ture consists of a-phase surrounded by (o + ) eutectic lamellar
precipitates and isolated B-phases. EDS analysis was performed
on P-phase that confirms the formation of intermetallic
Mg7Al;; and ALY (Fig. 4). Alpha (anode) and beta (cathode)
phases form micro-galvanic couples (Ref 18). After the
addition of yttrium, cathodic effect is so weaker in -Mg;;Al;,
phase side of the couple that couple itself is diminished. Phase
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analysis provided the information on the different phases in o-
Mg and B-Mg;,Al;, + RE phase fraction. This has been shown
in different colors in Fig. 2. In addition, the Al,Y phase
emerges at the grain boundary, simultaneously the composition
of typical Al-Mg phase changes.

3.3 X-ray Diffraction

Figure 5 shows the x-ray diffraction analysis (XRD)
analysis of Mg-6Al-1Zn+XRE (where X = 0.0, 0.5, 1.0, and
1.5 wt.% Y) alloys. The XRD confirmed the o-phase, -phase
(Mg,Aly,), and ALY intermetallic phase present in these
alloys. The pattern reveals that the B-phase (Mg;,;Al;») is a
main microscopic element of the Mg-6Al-1Zn magnesium
alloy. Due to the presence of yttrium in Mg-6Al-1Zn alloy, the
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formation of high melting point intermetallic element Al,Y
along the o-magnesium matrix is promoted.

3.4 Density Test

Density of the experimented alloys was tested using
Archimedes’ principle and found that the density of an alloy
containing 0.5 wt.% of yttrium and 1.5 wt.% of yttrium has
decreased compared to that of base magnesium alloy (Mg-6Al-
1Zn+0.0wt.%Y). This is due to the presence of intermetallics of
ALY and isolated B-phase (Mg;;Al;,). The density test results
are given in Table 3.

3.5 Corrosion Test

3.5.1 Microstructure After Immersion Test. Figure 6
shows the optical microstructures of Mg-6Al-1Zn+xRE (where
x=0.0,0.5,1.0, and 1.5 wt.% Y) after immersion test in 3.5%
NaCl Solution. In case of base alloy, the corrosion surfaces had
two characteristics: one was the runaway of corrosion film from
corrosion surface and the other was severe pitting corrosion.
Mg-6Al-1Zn+0.5wt.%Y shows lower corrosion rate compared
to the alloy containing 1.0 and 1.5 wt.% Y.

3.6 Corrosion Rate

The variation of corrosion rate of alloy with different
contents of the rare earth element yttrium is shown in Fig. 7.
The corrosion rate of the alloy with 0.5, 1.0, and 1.5 wt.% Y is
considerably lower than that of base magnesium alloy. The
results confirmed that addition of rare earth element (yttrium)
has improved the corrosion resistance of Mg-6Al-1Zn magne-
sium alloy markedly. This significant improvement could be
attributed to the new phases containing Mg-Y and Al-Y
forming on the grain boundaries as well as in the grain interior.
The Al-Y phase improves the film-forming tendency on the
surface of B-phase (Mg;;Al;), thus reducing the corrosion
attack. However, with the increase of rare earth yttrium above
0.5 wt.% in Mg-6Al-1Zn magnesium alloy, the corrosion rate
becomes slightly higher, and further addition of Y content over
1.0 wt.% results in the increment of the corrosion rate, which
suggests that excessive addition of rare earth (yttrium) leads to
reduced corrosion resistance of Mg-6Al-1Zn magnesium alloy.
As Fig. 1 shows the change in microstructures, the addition of
yttrium in magnesium alloy could increase the amount of [3-
phase (Mg;-Al;,) on the grain boundaries and help them to be
more continuous manner. This might be a reason for lower
corrosion resistance at higher yttrium addition.

3.7 Potentiodynamic Polarization Test

In the potentiodynamic polarization test, the applied poten-

AZ61-15Y] e T tial is increased with time and the current is constantly
] monitored. The current density is plotted against the potential.
L . 0 | From the polarization curves, the corrosion current (/o) was
.tl 00 S s eo e determined by Tafel e.xtrapolation methgd. The polarization
L U A . curves of base magnesium alloy and yttrium-added alloys are
AZ611Y shown in Fig. 8(a). Yttrium addition to the Mg-6Al-1Zn
= o ) ) ] - 14
1 @ ALY magnesium alloy shifts the corrosion potential to positive
i 1 0 Al12mg17 gradually and makes the corrosion rate derived from corrosion
current densities decrease. From the Tafel curve, it was noted
L ___.....__LJL‘L___,L.__A A ¢ Alpha Mg that a large number of small alloying additions of yttrium can
A ennoble the E ., value of Mg-6Al-1Zn magnesium alloy
T |A2e10.57] . (Table 4). The alloy with 0.5 wt.% Y addition manifest the low
< corrosion rate as compared to 0.0, 1.0, and 1.5 wt.% of Y. It
% r y was clearly observed that yttrium additions on Mg-6Al-1Zn
3 U J\ \ ] magnesium alloy have a potent tendency to raise the E.oy
£ | value. The above results agree fairly well with those obtained
_BE 1 from the immersion test. The E. and I, values are listed in
Table 4. Many researchers reported (Ref 19, 20) that f-phase
L ] distributed along o grain boundary acts as a micro-galvanic
: :U.L ' I : cathode. The current produced between B-phase and a-phase is
. . micro-galvanic in nature. It mainly attacks o-phase resulting in
0 30 60 90 corrosion of o grain due to which the B-phase is flaked away.
2 Theta (Deg) Refinement of o- and PB-phase results in the weakening of
micro-galvanic corrosion. Yttrium addition has resulted in size
Fig.5 XRD analysis of Mg-6Al-1Zn+XRE reduction of primary o grain and B-phase. Also the area ratio of
Table 3 Corrosion Rate
Weight Density, Area, Time of Corrosion rate, Standard
Alloy loss, g glee cm? exposure, h mm/year deviation
Mg-6Al-1Zn+0.0wt.%Y 0.201 1.7770 7.8 72 17.64 0.1205
Mg-6Al1-1Zn+0.5wt.%Y 0.004 1.7664 5.7 72 0.48 0.0208
Mg-6Al-1Zn+1.0wt.%Y 0.068 1.7762 6.3 72 7.4 0.1
Mg-6Al-1Zn+1.5wt.%Y 0.096 1.7264 3.66 72 18.50 0.1

Journal of Materials Engineering and Performance

Volume 24(4) April 2015—1653



| 12116200, 1137

*
AZSL1SY 0008

Fig.6  Optical microstructures of Mg-6Al-1Zn alloy after immersion test. (a) 0.0 wt.% Y. (b) 0.5 wt.% Y. (c) 1.0 wt.% Y. (d) 1.5 wt.% Y
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B phase to adjacent o grain decreases. It is noted that solid
solution of aluminum in o-phase benefits reducing corrosion in
o phase. This in turn declines the density between f-phases to
adjacent o grain.

4. Conclusions

(1) Minor addition of yttrium to Mg-6Al-1Zn magnesium
alloy causes significant refinement of microstructure in-
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Fig.7 Average corrosion rates for the mass loss in 72 h for Mg-6Al-1Zn+XRE in 3.5 wt.% NaCl solution. (a) Corrosion rate vs. yttrium con-
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cluding primary o-phase and eutectic (o + B) lamellar
phase.

The refined microstructure results in the remarkable im-
provement of corrosion resistance.

Lower Icorr value was obtained in Mg-6Al-1Zn+
0.5wt.%Y confirming the high corrosion resistance of
this magnesium alloy compared to other alloys such as
Mg-6Al-1Zn + 0.0, 1.0, and 1.5 wt.% Y.

The corrosion resistance of the yttrium-added Mg-6Al-
1Zn alloy has increased compared to that of the base
Mg-6Al-1Zn magnesium alloy, due to the grainrefine-
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Fig.8 (a) Polarization curves of Mg-6Al-1Zn+XRE alloy in 3.5 wt.% NaCl solutions. (b) Effect of yttrium addition on corrosion potential

Table 4 Potentiodynamic polarization results

Ecorr, IcoRrRs Corrosion rate,
Alloy mV mA/cm’ mm/year
AZ61+0.0wt.%Y —1387.2 0.3432 7.8773
AZ61+0.5wt.%Y —1355.1 0.1435 3.295
AZ61+1.0wt.%Y —1486 1.0301 15.48
AZ61+1.5wt.%Y —1477.7 0.2192 5.0318

ment of B-phase from continuous network morphology
to small and dispersive distribution along the grain
boundary by forming the secondary intermetallic Al,Y
phase.

The improvement in corrosion resistance of Mg-6Al-
1Zn+xYttrium alloy will increase the longevity of automotive
engine blocks and in other fields where Mg-6Al-1Zn alloy is
used.
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