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STRUCTURAL AND THE CORROSION CHARACTERISTIC STUDY OF
AZ91 ALLOY WITH AND WITHOUT CuZn COATING IN %3 NaCl SOLUTION
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The corrosion characteristics and the structural properties of electrodeposited CuzZn on
AZ91 alloy were investigated. The surfacemorphology and compositions were analyzed
by SEM, EDX and XRD results. The XRD pattern showed Zn and e-phase CuZn
polycrystalline hexagonal close packed phase. The corrosion potential of CuZn
electrodeposited AZ91 alloy was changed with the immersion time in %3 NaCl solution.
Cyclic Voltammetry results presented that the three peaks were observed in cathodic
region for the reduction of Cu(ll) ions to Cu(0O)and the one in anodic region for
electrochemical co-reduction of the Zn(ll) and Cu(ll) ions. The CuZn-based coating
improved the corrosion resistance of AZ91 alloy.
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1. Introduction

AZ91 consisting mainly of %90Mg, %9Al and %1Zn[1], is a part of AZ family used in the
field of transportation [aerospace, automobile etc.], agriculture, chemical, construction and energy
industries owing to its impressive efficient properties such as castability, weldabilty, good
machinability, rigidity, toughness, lightness. The usage requirement of on demand is clearly open
for the future. One important point is the density of magnesium in comparison with that of other
elements such as 35% lighter than aluminum and four times lighter than steel [2,3]. In addition, the
use of magnesium is its engineering metallic characteristics related to the corrosion potential
means that magnesium is more active overall than other engineering metals. Through alloying, the
physical and chemical performance of pure Mg is significantly increased. Magnesium alloys are
light, structural and functional engineering materials with a high strength to weight ratio. The high
chemical activity of Mg corresponds to a negative standard equilibrium potential of Mg, ca. -2.4V
[4-9]. This standard equilibrium potential is more negative than any other engineering metal
including coatings. A stable and protective passive film forming on the surfaces of these metals
significantly inhibits the anodic process and thus results in a positive corrosion potential.
Unfortunately, the surface films formed on Mg and its alloys are generally unprotective and the
anodic polarization resistance is low. Therefore, in a corrosive environment, the corrosion
potentials of Mg and its alloys are as negative as —1.7 — —1.6 VV/ NHE [9].

In this study the morphological and the corrosion behavior of AZ91 (the chemical
compositions of AZ91 are given in Table 1) were examined under different immersion time in %3
NaCl solution. There are many studies on AZ91 rather than on other AZ-series such as AZ21,
AZ31, AZ61, AZ63, AZ80 etc. [1,10-13]. This magnesium alloy has hexagonal-close-packed
(h.c.p) crystal structure. According to its restriction of slip system there are not much deformation
leading to the limitation of deformability and work strengthening [14]. During surface treatment
working of AZ91 substrate Cuzn alloy is used. Copper and copper base alloys (e.g.: CuZn) are
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used in many environments and applications. They resist many saline solutions, alkaline solutions,
and organic chemicals. The corrosion behavior of these alloys can be better understood by
examining the potential-pH diagram for copper. Copper is a relatively noble metal compared with
iron. The immune region for copper extends to cover mildly oxidizing conditions. Copper-base
alloys are immune from corrosion in environments such as deteriorated HCI, but the addition of
oxygen or other oxidizing species will cause corrosion. Furthermore, copper exhibits a passive
range from neutral to mildly alkaline conditions, that is, conditions of pH 7 to 12. In such
solutions, copper will be thermodynamically stable (immune) under reducing conditions. Copper-
base alloys corrode in oxidizing acids and in strongly alkaline solutions [15]. Therefore our
investigation was intensively around high pH values for coating.

Table 1. The content of AZ91

AZ 91

Mg 89.445
Al 9.089
Zn 0.882
Mn 0.445
Si 0.11

Fe 0.018
W 0.009

Besides the analysis of composition and resistivity characteristics of AZ91 alloy with and
without CuZn coating against corrosion, required experiments were carried out to get the profound
information about metallurgical behavior of this alloy.

2. Experimental procedure

The disc shape of working electrode AZ91 alloy substrates having the diameter of exposed
area 1cm? was covered with the method by which molded compressed and heated bakalite. This is
a conventional way to isolate other parts of AZ91 alloy substrate from electrolyte then the surface
of substrate was polished with Struers-Laboforce-3 polishing set. CuZn alloy was grown on the
surface of the substrate by using traditional three electrode system. To grow of the CuZn alloy, the
chemical solutions were prepared using analytical grade chemicals (Merck, Sigma Aldrich) and
double distilled water. The compositional chemical salt list is given in Table 2. The pH value of
the chemical solution (pH=9.2) was adjusted with a few drops of NaOH (%50wt.). The
electrochemical behaviors of the electrodeposited AZ91 alloys before and after coating were
analyzed in solution of 3wt% NaCl at pH 6.8 and at room temperature in the same Pyrex glass cell.
In every before-after measurement steps the specimens were dried and ground with different high
sensitive abrasive SiC papers and cleaned in DD-water and dried in hot air.The quantitative
composition analysis of the electrodeposits was examined by Jeol JSM 6390 LV scanning electron
microscope (SEM) with energy dispersive spectrometer (EDS) working at 15-30 kV. Preferential
crystal orientations of the deposits on the steel surface were determined by X-ray diffraction
(XRD) analysis, using a Philips PAN-alyticalX'Pert Pro X-ray diffractometer with CuK-a
radiation (1.5418A). The 20 diffraction angle range of 10°-90° was recorded at a rate of 0.02°
20/0.5 s. The crystal phases were identified comparing the acquired 28 values and their intensities.
The potentiodynamic measurements for cyclic voltammetry and linear sweep voltammetry were
examined to obtain the corrosion characteristics of both alloys.
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Table 2. Content of chemical solution

Solution Amount (in mol / It) Amount (in g.)

K4P,0; 0,4 29,77
ZnS0,.7H,0 0,1 5,74

KH,PO, 0,5 1,95
CuS0,.H,0 0,01 0,5

3. Results and Discussion

3.1. Scanning Electron Microscope Analysis (SEM)

As shown in Fig. 1 the detailed surface characteristics of CuZn coated AZ91 alloy presents
uniformly distributed spherical particles and shows the range of particle sizes about average
diameter of 1 um with the aid of SEM analysis.The intermetallic precipitates are still visible by
SEM, because of the different morphology of the coating formed on the matrix and on the
intermetallic group. While the coating on the precipitate looks compact and uniform, the coating
on the matrix appeared uncracked and regular. The high crystallinity of the CuzZn coated
surface can be also seen from SEM image. This is supported by XRD analysis containing narrow-
high peak intensity.

Fig. 1. The picture of the grain distribution on one CuZn coated AZ91 specimen
obtained by SEM analysis

3.2. X-ray Diffraction and EDX Analyses

X-ray diffraction patterns of Cu-Zn deposits on AZ91 substrate are represented in Fig. 2.
The peak intensity isobserved to be high for Zn and CuZn that indicates a better crystallinity and
the formation of more crystallites with well-defined orientation (002) and (100) plane of hexagonal
phase. The interplanar distances, dy were compared with the expected values for the phases
described in JCPDS [21]. The dominant crystal orientation of the electrodeposits depends on the
experimental conditions such as pH, current density and temperature. The XRD pattern also shows
the formation of lines corresponding to of Zn phase and hexagonal close packed e-phase CuzZn
phase with different crystallographic orientations and the films are polycrystalline structure. The
surface layer is formed with one phase Cuzn (e-phase-hexagonal). The Zn concentration is more
in the initial CuZn alloy solid solution and the radius of Zn atom is larger than that of Cu atom,
this is a cause of the expansion of the lattice of the initial Cuzn alloy along with the decrease in d-
spacing and the increase in the diffraction angle, as shown in the Table 3 proving the inverse
relationship between d and diffraction angle. The intensity of the diffraction peaks of CuzZn phase
is very low compared with those of other phases of Zn relatively. The highest intensity peaks were
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observed at angles (in 20) of 34.74, 36.98 and 43.45. These were indexed to diffractions from the
(002), (100) and (101) planes of Zn, CusZn and CusZn respectively. There are also lower intensity
peaks observed at angles (in 20) 32.56, 48.27, 57.34, 63.65, 69.26 and 72.785. These were indexed
to diffractions from the (100), (102), (102), (103), (110) and (110) planes of Zn, Mg.g¢7ZNg g3,
CuyZn, Mgo.97Zn003, CusZn and Zn respectively. It is also observed that each of these peaks have
neighbor hills beside, because of the existing adjacent peaks. The observed phase is in accordance
with what one would expect from the binary equilibrium diagram of the Cu—Zn system.One can
see in the figure 2 that the observed third and fourth peaks can be indexed to diffractions from the
intermetallic € phase of CuzZn which is known to have the composition CuggZng,. XRD peaks
corresponding to the Cu-rich intermetallic € phases were also observed. The observed phase is in
accordance with what one would expect from the binary equilibrium diagram of the Cu-Zn system
[15-20].The peak intensity is observed to be high for Zn and CuZn that indicates a better
crystallinity and the formation of more crystallites with well-defined orientation in (002), (100),
(101) and (103) planes of hexagonal phase. From the EDX spectra in fig. 3 and the EDX analysis
report in table 4, it is seen that the concentration of Zn about 0.1 M and the concentration of Cu
about 0.01 M in the growth solutions after the growth process on the surface of the AZ91 substrate
with doping values of Zn and Cu at 83.118 (%wt) and 16.574 (%wt) in the films, respectively. The
film morphology did not change and is uniform. The particle sizes of the structures are about 1
pm calculated by a pixels analysis program. On the other hand, the particles started to form
aggregates on the surface and therefore the surface of the films became relatively smooth which
means the porosity was decreased at higher doping Zn percentages [22- 26].

Table 3. XRD data of 3 high intensity peaks of Cuzn coated AZ91 substrate

Substance hkl 20 iy (A°)
Zn (002) | 34.74 2.5797
Cu,Zn (100) | 37.12 2.4199
Cu,Zn (101) 43.65 2.0717
CuyZn (102) 58.10 1.5861
CuyZn (101) 43.45 2.0806

Table 4. Quantitative values of Cuzn alloys after coating on AZ91 substrate

Elt. Line | Intensity (c/s) Concentration (%) Units
Al Ka |1.87 0.309 wt.%
Cu Ka | 33.27 16.574 wt.%
Zn Ka | 119.59 83.118 wt.%

100.000 wt.%
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Fig. 2. XRD pattern of ZnCu alloy growth on AZ63 substrate deposited
by electrodeposition technique
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Fig. 3.SEM images of the surface morphology and EDX spectra of Cuzn.

3.3 Cyclic Voltammetry Analysis

The cyclic voltammetry measurement for CuZn coated on AZ91 alloy substrate was
performed within the potential range of -2.5 to 0.5 V using platinum electrode. The potential scan
was initiated in the negative direction from the open-circuit potential (EOCP = -0.2 V) at a scan
rate (v) of 0.1 mV/sec. The cathodic part of the curve in Fig.4 exhibits the peak A EPA =-0.746 V,
which is associated with the reduction of Cu (lI) ions to Cu (0). This result is supported by
previous studies [27] demonstrating that the electrodeposition process is from reduction of the Cu
complex. The anodic part of CV curve shows a fast increase in the cathodic current due to the
growth of the nucleation process [28] where the electrochemical co-reduction of the Zn (11) and Cu
(1) ions are carried out at point B (0.193 V). It is mentioned that if during the alloy formation by
via electrochemical, at least one metal is electrodeposited, this is a factor for the possible
formation of intermetallic compounds. The point C is the inversion of the positive potential scan at
0.500 V. The peak D (-0.589 V) is associated with the oxidation of Cu electrodeposited during the
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potential scan in negative direction. While there is a presence of three peaks A, B and C in the
cathodic scan range; the anodic part of this voltammogram indicates one peak D, associated to the
dissolution of phase of Cuzn alloy. According to the literature, the phases formed in the CuzZn by
via electrochemical differ from those in metallurgical method [29, 30], and the results showed the
coexistence of intermetallic compounds CuZn.
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Fig. 4.Comparison of the voltammograms of uncoated AZ91 obtained from electrolytic
solution at fixed potential (-2 V). Scan rate (v) of 0.1 V/Sec.

3.4 Linear Sweep Voltammetry Analysis of Uncoated and CuZn coated AZ91

The potentiodynamic polarization curves for uncoated AZ91 alloy are shown in Fig.5 with
different immersion durations in solution of 3wt% NaCl at pH 6.8 and at room temperature. Most
of the curves exhibit a generally expected shape with a plateau extending on the anodic potential
domain. As seen from Fig.5 the cathodic polarization curves mainly represent the cathodic
hydrogen evolution, the corrosion current density (l.) and potential can be readily calculated by
Tafel plot. The longer immersion times shifted their curves to smaller current densities, possibly
associated with the formation of a high-protective oxide layer resulting in the high potential
resistance, which does not impede the corrosion attack progression. The corrosion characteristic of
AZ91 alloy revealed a clearly shift of E., towards more noble values and pointed the most
significant change on the E. values, possibly due to the high reactivity of this alloy which
promotes formation of a gradually thick corrosion layer, limiting the attack progression. The
evolution of the electrochemical behavior of uncoated AZ91 alloy with 30 min. immersion reveals
Ecor at around -1.685 V (lox = lieg) in Figure 5. The passivity is between -1.685 and +0.500 V. The
fast corrosion is started from -2.00V till -1.685V in cathodic region in which the current lies
between +8.2.6mA and -1.794pA (lox>leq). After -1.685 V to the left side, one can see the
passivation region with the found current from -1.794uA to around -1.11mA (leg>lox). From Fig.6,
it can be stated that the characteristic of coated AZ91 for 30 min is definite identifiable as
expected that means the corrosion potential is at around -1.730 V and at negative side with current
value of -0.6901uA of the related Tafel slope. As the potential characteristic of uncoated 60 min
measurement in Fig.5 is noted at -1.638V then that of the coated measurement shows low potential
value in the same region (E, at around -1.620V). The corrosion is started from -1.620 V till -
0.500 V in cathodic region in which the current lies between -0.0618uA and -0.6654pA (lox>lreq)-
After -1.620 V on the left side, one can see passivation region with the found current from -
0.6654pA to around and -0.0726 pA (leg>lox). The above differences in the corrosion potential
and the corrosion current density are responsible for a weak corrosion resistance for the Cuzn
coated AZ91 sample in the %3 NaCl solution at 60 min. immersion time. But for the
measurements of 90 min. immersion it can be seen that the corrosion characteristic between
uncoated and CuZn coated AZ91 alloy has high difference. Corrosion resistance for uncoated
AZ91 alloy is -1.462 V but for CuzZn coated is 1.256 V in anodic region. This attributes that a high
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corrective CuZn surface occurred with the thin passive oxide film on Cuzn which is responsible
for better corrosion resistance. The final measurements of potentiodynamic polarization for 120
min. immersion time show that the corrosion potential is at -0.053 V for uncoated and is at
+0.518Vfor coated, as given in Table 5. The corrosion characteristic of CuzZn coated AZ91 alloy
shifts slowly to the anodic region which is attributed that this shifting is evidence in the forming of
a thin high passive oxide film on the CuZn film and also on the AZ91 alloy related to the increase
in the immersion time in %3 NacCl solution.
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Fig. 5.all potentiodynamic polarization curves of uncoated AZ91 alloy in %3
NaCl for 30, 60, 90 and 120 minutes

Table 5. The immersion time of uncoated and coated AZ91 vs. E,, for that of AZ91 Alloy

Duration in (%3)NacCl Ecorr(V) uncoated E orr(V) coated
30 min. -1.685 -1.730
60 min. -1.638 -1.620
90 min. -1.462 +1.256
120 min -0.053 +0.518
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Fig. 6all potentiodynamic polarization curves of coated AZ91 alloy in %3 NacCl
for 30, 60, 90 and 120 minutes.
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4. Conclusion

The morphological structure and the corrosion behavior of AZ91 under different
immersion time in %3 NaCl solution at pH=6.8 at room temperature were examined.

Uniformly distributed spherical particles having about average diameter size of 1 um from
the CuZn coated AZ91 surface were determined with the aid of SEM analysis.

From X-ray diffraction patterns of Cu—Zn deposit, better crystallinity and the formation of
more crystallites with well-defined orientations of hexagonal phase were determined by XRD
analysis.

The Zn 83.118 (%wt) and Cu 16.574 (%wt) concentrations in growth solutions after the
growth process on AZ91 substrate surface were carried out with the aid of EDX method.

The cyclic voltammetry measurements gave that there was a presence of three peaks, A
associated with the reduction of Cu (I1) ions to Cu (0), B associated with the electrochemical co-
reduction of the Zn (I1) and Cu (ll) ions and C which was cathodic part of the curve; the anodic
part of this voltammogram indicated one peak D associated with the oxidation of Cu during
electrodeposition process.

The corrosion resistivities of the samples showed tendency shifting from low potential
values to the higher one, depending on relatively increasing the immersion time in %3 NaCl
solution. According to those results, electrodeposited CuZzn alloy film is a suitable coating
substance for AZ91 alloy to increase the resistivity against the corrosion.
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