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The present research objective is to evaluate microstructure's influence on corrosion behavior of a new
series of Zn-Al-Sr alloys with possible coating applications. Conventional casting procedures prepared
four Zn-Al-Sr alloys. The alloys were Zn-1Al-0.05Sr, Zn-2.5-Al-0.1Sr, Zn-4.5-Al-0.5Sr, and Zn 10Al
1Sr. Microstructural characterization was performed by scanning electron microscopy. Corrosion
behavior was evaluated employing electrochemical techniques such as potentiodynamic polarization
(PP) and electrochemical impedance spectroscopy (EIS). The alloys were exposed to 3.5 wt. % NaCl.
Results indicated that all samples presented the n-Zn, a-Al, and SrZn13 phases in different arrangements
depending on the alloy composition. Electrochemical tests revealed that Al increased alloy corrosion
resistance by forming insoluble oxides, whereas Sr improved corrosion product layer compactness and
homogeneity of the corrosion product layer. However, the large grain size of the SrZn13 compound
favored the corrosion process by galvanic coupling. Compositions between 2.5 and 4.5 wt.% Al and
0.05 and 0.5 wt.% Sr exhibited the highest corrosion resistance of the Zn-Al-Sr alloys in 3.5 wt.% NaCl
solution, lower Sr content promoted both homogenous corrosion and a compacted corrosion products
layer. A high density of intermetallic particles adversely affects Zn-Al-Sr alloys corrosion resistance,
and Sr content must not exceed 0.5 wt.%.

Keywords: Zn-Al-Sr alloys, SrZn13 compound, corrosion resistance, Potentiondynamic Polarization,
EIS

1. INTRODUCTION

Zn-Al base alloys are widely used as protective coatings on steels for structural and automotive
applications. These coatings have shown superior corrosion performance than to their equivalent Al-Si
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coatings since Zn acts as a sacrificial material [1,2]. The formation of insoluble Zn and Al oxides also
delays environmental corrosion and increases the lifetime of steel substrates. An important body of
research has investigated the corrosion behavior of Zn Al coatings [3,4]. In particular, Galfan (Zn-5wt.%
Al) and Galvalume (55Al-43.5 wt.% Zn-1.5 wt.% Si) coatings can work as a protective barrier as well
as a sacrificial material for steel [5,6].

Additionally, adding elements as an alloying is one of the most practical ways to enhance alloys'
protective properties. Elements such as Mg, Ti, Ni, and rare earth can affect the electrochemical
response, tribological properties, and thermal stability, among others [1,7,8,9]. For instance, additions
of Mg (1 — 3 wt.%) have demonstrated extra corrosion resistance forming a stable oxide layer [10]. This
layer is generated due to the dissolution of Mg-containing phases dissolution, such as Mg.Zn1; and
MgZn;, where free Mg ions react with the oxidizing environment [11].

Recently, Sr has captured a great deal of attention because of its ability to modify both
mechanical and electrochemical properties of Zn-based alloys at relatively low amounts (0.05 - 1.5 wt.%
Sr) [12,13,14]. According to Liu-et al. 2018, small amounts of Sr (0.1-0.15 wt.% Sr) can promote a more
uniform corrosion process and reduce the stress concentration of Zn-4Al alloy, resulting in better
mechanical integrity. The uniform and compact protective layer formed on Zn-Al-Sr alloys prevents
localized corrosion and discloses better corrosion behavior than cast Zn-Mg alloys [15]. The evaluation
of the electrochemical response of Zn-Al-Sr alloys has only been studied on simulated body fluids
(Hank's solution), and no reports regarding other solutions have been found. Often, steel components are
exposed to deicing salts, marine atmospheres, and different environments containing chlorides.
Therefore, assessing the electrochemical behavior of Zn-Al-Sr alloys in saline solutions is crucial.

Given that Sr is commonly added in master alloy form at the industrial level, various proportions
of Al-10Sr master alloy were added to zinc to study the electrochemical behavior of Zn-Al-Sr alloys.

This work aimed to evaluate the microstructure's influence on corrosion behavior of Zn-1Al-
0.05Sr, Zn-2.5-Al-0.1Sr, Zn-4.5-Al-0.5Sr, and Zn 10Al 1Sr alloys. SEM was used to characterize the
microstructure, and electrochemical methods such as potentiodynamic polarization (PP) and
electrochemical impedance spectroscopy (EIS) were used to study corrosion behavior. The alloys were
subjected to a solution of 3.5 weight percent NaCl.

2. MATERIALS AND METHODS

2.1 Materials

Ternary Zn-Al-Sr alloys were prepared by melting down high purity ingots of Zn (99.98 %), Al
(99.9 %), and Al-10Sr master alloy for one hour at 600 °C in an electrical furnace called the VBF-1200X.
After being mechanically agitated, the molten alloy was poured into a steel mold made of unheated steel.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) in a thermal Electron-ICAP
spectrometer was used to determine the nomenclature and chemical composition of the produced alloys,
as shown in Table I.
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Table 1. Chemical composition of the as-cast Zn-Al-Sr alloys (wt.%)

Alloys Al Sr Zn
Zn-1Al-0.05Sr 1.11 +0.0015 0.03 +0.0555 Balance
Zn-2.5Al1-0.1Sr 2.43 £0.0075 0.15 £0.1215 Balance
Zn-4.5Al1-0.5Sr 4.52 +0.0334 0.67 +0.2260 Balance

Zn-10Al-1Sr 9.10 £0.0490 0.98 +0.4550 Balance

2.2 Microstructural Characterization

Specimens were manufactured following ASTM E3-11[16] and cut from a bulk ingot. Various
SiC grit papers were used for polishing (180, 400, 600, and 800). The Kroll solution, which contains HF
3 mL, HNO3 5 mL, and water 100 mL, was used to etch the polish sample. SEM images produced with
a backscattered electron (BSE) detector were used for the microstructural study, which was done using
Scanning Electron Microscopy (SEM, Jeol JSM-6010PLUS/LA) operating at 20 kV with a 1000x
magnification, WD = 14 mm.

2.3 Electrochemical Test

Electrochemical tests were carried out at room temperature using Solartron 1286 equipment and
a 1260 phase gain analyzer. Casting samples served as the working electrodes in a traditional three-
electrode cell design. The reference and counter electrodes were a saturated calomel electrode (SCE)
and a platinum mesh. The test solution contained 3.5-weight percent NaCl. At a sweep rate of 0.06 V
min-1 and a potential scan range of between -0.8 and +1.8 V versus, potentiodynamic polarization curves
(PPC) were captured, ASTM G5-13 was followed for applying SCE [17,18,19,20]. The frequency range
of the EIS measurements was 10 mHz to 100 kHz, with 10 points per decade and a perturbation
amplitude of 10 mV [21,22,23]. Using the "Zview" program, the EIS spectrums were examined in terms
of an equivalent circuit three copies of each corrosion test were run.

3. RESULTS AND DISCUSSION

3.1 SEM microstructural analysis

The microstructure of the as-cast Zn-Al-Sr alloys is shown in Figure 1. All alloys consisted of a
primary proeutectic phase surrounded by a lamellar eutectic structure (a-Al + n-Zn). The n-Zn phase
corresponded to the primary proeutectic of Zn-1Al-0.05Sr, Zn-2.5Al1-0.1Sr, and Zn 4.5Al 0.5Sr alloys,
whereas a’-Al phase corresponded to the primary proeutectic of Zn-10AI-1Sr alloy. The Zn-1Al-0.05Sr
alloy (Figure. 1a) shows coarse dendrites of the n-Zn phase surrounded by a low proportion of eutectic
structure. For the Zn-2.5Al-0.1Sr alloy (Figure 1(b)), the size of the dendrites was reduced by increasing
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the Al and Sr content, whereas the fraction of the eutectic structure was increased. A sharp-edged phase
was found in the intergranular regions, which was attributed to a SrZny3 intermetallic compound [14].
Subsequently, a continuous reduction of the primary phase was observed in the Zn-4.5Al-0.5Sr alloy
(Figure 1c), while the proportion of eutectic structure and SrZn;3 intermetallic compound increased.

The Zn-10Al-1Sr alloy exhibited a microstructure composed of a’-Al dendrites and secondary
phases in the interdendritic regions (Figure 1(d)). Nevertheless, the a’-Al phase is not stable at room
temperature because the excess zinc in its crystalline structure (up to 67 wt.% Zn) decomposing into the
a’-Al and nZn phases through the monotectoid reaction (~277 °C) [24]. Thus, a different arrangement
of phases was observed in the Zn-10Al-1Sr alloy.

SOiEm

Figure 1. SEM-BSE microstructure of the alloys at a magnification of 1000x: (a) Zn-1Al-0.05Sr; (b)
Zn-2.5Al1-0.1Sr; (c) Zn-4.5A1-0.5Sr; and (d) Zn-10Al-1Sr.

The image analysis obtained the average grain size of the proeutectic phase, and the proportion
of the eutectic structure was obtained by image analysis see Figure 2. The grain size of the proeutectic
phase decreased with increasing the Al and Sr content, whereas the lamellar eutectic structure initially
increases but decreases above 4.5 wt.% Al and 0.5 wt.% Sr. When increasing the Sr content, the SrZn13
intermetallic phase showed a mean particle size range between 10.6 + 3.7 and 18.1 +2.7 um [see Figure
1(b) and 1(d)].
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Figure 2. Average size of proeutectic phase and fraction of the eutectic structure at different Zn-Al-Sr

composition.

3.2 Electrochemical measurements

3.2.1 Potentiodynamic Polarization

In PP curves, the analysis gives information about the corrosion rate and mechanism. The Tafel
extrapolation was used in potentiodynamic polarization to determine the icor (A-cm™2), and corrosion
rate [25-28].

The studied Zn-Al-Sr alloys potentiodynamic polarization curves (PPC) in 3.5 %wt. NaCl
solution are shown in Figure 3. Corrosion potential (Ecorr), corrosion current density (icorr), and
passivation current density (ipass) Were obtained from the Tafel extrapolation method [19,25,26], and
these parameters are given in Table 2. PPC plots revealed that the (a) Zn-1Al-0.05Sr, (b) Zn-2.5AI1-0.1Sr,
and (c) Zn-4.5Al-0.5Sr alloys showed Ecorr Values between -1.27 and -1.28 V (curves (a), (b), and (c) in
Figure 3, respectively). In contrast, the (d) Zn-10Al-1Sr alloy presented a more negative Ecorr, -1.43 V
(curve (d) in Figure 3). Corrosion potential is directly correlated with corrosion process susceptibility,
where the more positive corrosion potential, the less susceptibility to corrosion [29]. The corrosion
susceptibility Zn-Al-Sr alloys was as follows: (a) Zn-1Al-0.05Sr = (b) Zn-2.5Al-0.1Sr < (c) Zn-
4.5A10.55r < (d) Zn-10AI-1Sr, where the (d) Zn-10Al-1Sr alloy displayed the highest corrosion
susceptibility. The (a) Zn-1AI-0.05Sr and (b) Zn-2.5Al-0.1Sr alloys showed higher amounts of primary
n-Zn phase, which acts as a sacrificial anode once the a-Al phase is passivated. Afterward, the corrosion
susceptibility increases due to the increase of secondary phases by further addition of Al and Sr.

Likewise, icor decreases from 2.23 x 107° to 1.74 x 107> A-cm™ when the Al and Sr content
increases from 1 wt.% Al and 0.05 wt.% Sr to 2.5 wt.% Al and 0.1 wt.% Sr. Nevertheless, icorr increased
t0 63.87 x 10~ A-cm™ at the highest addition of Al and Sr (10 wt.% Al and 1.5 wt.% Sr). Since icor and
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the corrosion rate have a proportional relation, the (b) Zn-2.5AI-0.1Sr alloy present the best performance
in corrosion resistance of all Zn-Al-Sr alloys, whereas the (d) Zn-10Al-1Sr alloy was the worst.

All samples exhibited a passivation process at the anodic region (see Figure 3), mainly caused
by the formation of the corrosion products layer at the sample/solution interface. The layer can provide
extra corrosion protection; its protection level will depend on its thickness, density, and porosity. The
(@) Zn-1Al-0.05Sr alloy showed a passivation region between -1.24 and -1.13 V. The ipass Was maintained
close to 1.31x 10~° A-cm (curve (a) in Figure 3). Above pitting potentials, passivity breakdown occurs,
allowing the charge transfer to increase with increasing potential. The (b) Zn-2.5AI1-0.1Sr alloy showed
three stages of passivation: main passivation, breakdown, and re-passivation (curve (b) in Figure 3).
During passivation, current density decreased continuously up to 0.75 x 10~ A-cm, indicating the
continuous formation of corrosion products. The double passivation effect is probably caused by forming
new corrosion products, which fill-pores of the degraded corrosion product layer [30]. The curve of the
(c) Zn-4.5Al1-0.5Sr alloy also presented a passivation region but no re-passivation process. Finally, the
(d) Zn-10Al-1Sr alloy showed a passivation region between -1.30 and -1.05 V and an ipass of 56.07 x
10> A-cm (curve (d) in Figure 3). This alloy presented the widest passivation region regarding the
potential of Zn-Al-Sr alloys, but ipass was considerably larger, indicating increased charge transfer.

The increase in the corrosion current density (icorr) Of the Zn-10AI-1Sr alloy may be due to two
main factors. The first is related to the lamellar eutectic phase fraction (B+n) that plays an important role
in the corrosion resistance of Zn-Al alloys. When the dissolution of the n-Zn phase begins, the Zn-based
oxide layers formed are porous and are not well adhered to the surface, therefore, they do not protect the
material against aggressive environments [31-32]. In this case, the corrosive medium can diffuse
continuously through the porous layer and react with the substrate, increasing the galvanic correction
inside. With this process, the corrosion products block the pores of the formed layer and generate
autocatalytic corrosion cells, which result in severe localized corrosion processes and therefore increase
the icorr [33]. Second, when forming the SrZnl3 phase, it does so discontinuously and has a lower
electrical potential than the n-Zn phase. Which causes the SrZni3 phase to dissolve as a sacrificial anode.
Therefore, in the Zn-10Al-1Sr detection, there is a greater amount of SrZnl13 phase located in a
discontinuous manner that acts as a sacrificial anode and this can cause the highest icorr in this alloy.

Based on this, the higher corrosion current density presented by the Zn-10Al-1Sr sample could
be due to a decrease in the fraction of the lamellar eutectic phase (B+n) and an increase in the grain size
of the primary phase n-Zn. The presence of 1% by weight of Sr has a detrimental effect on the corrosion
resistance of the Zn-Al-Sr alloy. Thus, the corrosion products layer on the (a) Zn-1AI-0.05Sr, (b) Zn-
2.5Al-0.1Sr, and (c) Zn-4.5Al-0.5Sr alloys was more homogeneous and compact than that formed on
the (d) Zn-10Al-1Sr alloy.
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Figure 3. Potentiodynamic polarization curves (PPC) for Zn-1AI-0.05Sr, Zn-2.5-Al-0.1Sr, Zn-4.5-Al-
0.5Sr, and Zn 10Al 1Sr alloys immersed in 3.5 wt.% NaCl solution.

Table 2. Electrochemical parameters obtained by PCC analysis immersed in 3.5 wt.% NaCl.

A“Oy Ecorr (V) icorr (A-cm-z) ipass (A-cm-z)
Zn-1A1-0.0551 1273 223105 131 x 105
-5 -5

Zn-2.5A1-0.1Sr -1.275 1.74x 10 0.755 x 10
-5 5

Zn-4.5A1-0.55r -1.289 416 x 10 2.27 x 10
Zn-10AI-1Sr 1431 63.87 x 10°5 63.93 x 10°5

3.3 Electrochemical Impedance Spectroscopy

Figure 4 shows the Nyquist and Bode plots recorded for the Zn-Al-Sr alloys. All plots show one
capacitive loop at high frequencies and a non-well-defined capacitive loop at low frequencies [Figures
4(a) and 4(b)].
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Figure 4. Measured data and fitted values of electrochemical impedance spectroscopy for Zn-1Al-
0.05Sr, Zn-2.5-Al-0.1Sr, Zn-4.5-Al-0.5Sr, and Zn 10Al 1Sr alloys. (a) Nyquist plots; (b)
magnification of Nyquist plots; (c) Bode plot (impedance vs. frequency); and (d) Bode plot
(phase angle vs. frequency);

Bode plots of |Z| vs. frequency (Figure 4(c)) and angle phase vs. frequency (Figure 4(d))
suggested one time constant at high frequencies and a non-well-defined time constant at low frequencies
in all spectra. The time constant at high frequencies was correlated to the charge transfer process, which
is controlled by the ionic double layer capacitance [34-35]. Likewise, the time constant at low
frequencies was associated with diffusional processes [36-37]. The diameter of the capacitive loop at
high frequencies increases with the Al and Sr content but decreases above 4.5 wt.% Al and 0.5 wt.% Sr
(Figures 4(a) and 4(b)). Since the capacitive diameter is directly correlated with corrosion resistance,
i.e., the larger the diameter, the higher the resistance to corrosion, the corrosion resistance of alloys
increased with augmenting Al and Sr but is seriously affected with excessive amounts of Al and Sr.

Fitting EIS spectra data proposed an equivalent electrical circuit (EEC) to obtain the impedance
parameters, see Figure 5. Rs is the solution resistance; Rct and CPE (constant phase element) are the
resistance and capacitance of the time constant at high frequencies, and W1 corresponds to the Warburg
impedance. The impedance of CPE can be estimated as follows [38-39]:



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221038 9
(w) = [(w)]! 1)

Where the magnitude of CPE is Y, the square root of -1 is j, ® = 2xnf is the angular frequency (f
in Hz), and n corresponds to the depression degree of impedance spectra. When n = 1, CPE behaves as
pure capacitor; n = 0, as pure resistor; and n = 0.5, as Warburg impedance [40-42].

constant phase element

CPE
Rs
Warburg
NRdw impedance
solution resistance interface

Figure 5. Equivalent electrical circuit (EEC).

The fitted EIS parameters are given in Table 3. The proposed EEC successfully characterized
EIS data since the error was less than 5 %, and the standard deviation (%) was in the order of 10 [4]
Additions up to 4.5 wt.% Al and 0.5 wt.% Sr increased the corrosion resistance of Zn-Al-Sr alloys, but
further additions decreased its corrosion resistance. Quantitative analysis using Bode diagrams (Figures
4(c) and 4(d)) confirms the above.

Table 3. Fitted parameters were obtained from the EEC for all EIS data.

Alloys Rs, CPE, n, Ret Wi, Error, a
Q-cm? pF-cm? 0O<n<l1 Q-cl;lz kQ-cm? %
Zn-1Al-0.05Sr 71.80 12.52 0.84 139.5 0.76 3.33 0.94
Zn-2.5Al-0.1Sr 12.52 8.36 0.89 599.5 3.94 1.14 1.08
Zn-4.5Al-0.5Sr 47.22 4.85 0.88 708.3 1.76 1.28 0.71
Zn-10Al-1Sr 7.64 59.8 0.76 225.3 1.60 2.12 8.62

Additionally, Zn-2.5Al-0.1Sr and Zn-4.5AI1-0.5Sr alloys showed low CPE values, indicating a
more homogeneous corrosion product layer. On the other hand, the Zn-10Al-1Sr alloy displayed a higher
CPE value, indicating the presence of defects (e.g., cracks and pores) on the corrosion products layer.
Large Rct and low CPE values are associated with a compact and homogeneous corrosion product layer
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[43]. This is consistent with the observations in potentiodynamic polarization curves. Also, Nyquist
spectra seem to present an oblique line close to 45° at lower frequencies, which resembles the form of
Warburg impedance (W1) see Figure 4(b). The Warburg impedance indicates defects on the corrosion
products layer, affecting its compactness. Additionally, W1 was measured at lower frequencies,
revealing that diffusion processes control corrosion.

As the Al content increased, the proportion of a-Al phase in the Zn-Al-Sr alloys increased. As a
result, the corrosion resistance of these alloys was improved. This behavior is mainly attributed to the
formation of insoluble oxides on the surface of the alloys, which offers additional protection against
corrosion. Likewise, the corrosion products layer presented better corrosion resistance at lower Sr
content [44,45]. Nevertheless, at the highest Sr content, a high density of SrZny3 grains was observed,
and the corrosion process is favored possibly by galvanic coupling. According to the standard electrode
potential (vs. standard hydrogen reference), Zn, Al, and Sr present potentials of -0.762, -1.70, and 2.92
V, respectively [46,47]. Therefore, the Sr-containing phase (SrZni3) corrodes preferentially before n-Zn
and o-Al phases, thus acting as a sacrificial anode. Subsequently, the a-Al phase is passivated, and the
n-Zn phase is corroded. However, the corrosion resistance of the Zn-10Al-1Sr alloy was seriously
affected mainly by pitting corrosion, which is promoted by the large grain size and non-uniform
distribution of the SrZnis grains. Thus, rapid degradation of the corrosion products layer is observed
(curve (d) in Figure 3). During pitting corrosion. CI~anions contaminate the corrosion products layer,
making the corrosion process auto-catalytic [48-50]. All samples presented a corrosion products layer
undermined by vacancies formation and rapid cation release at the film/solution interface. This result
was confirmed by EIS measurements, where all the spectra showed a flattening at low frequencies
(Figure 4).

4. CONCLUSIONS

In this research, the effect of microstructure on the corrosion behavior of Zn-Al-Sr alloys has
been investigated by electrochemical measurements in the alloy model.

e All alloys presented the n Zn, a-Al, and SrZni3 phases but were arranged differently
according to the composition of the alloys.

e The results indicated that the PPC and EIS measurements showed that the electrochemical
response of Zn-Al-Sr alloys was susceptible to microstructure, particularly with the grain
size and distribution of the SrZn3 compound.

e Addition Al increased the corrosion resistance of Zn-Al-Sr alloys by forming insoluble
oxides. At the same time, Sr promoted a more homogeneous and compact corrosion
product layer.

e Large grains of SrZnis promoted corrosion by galvanic coupling, which may be
responsible for the poor performance of Zn-10Al-1Sr alloy.

e [t is necessary to consider options for Al adding due to the toxicity of this element in the
human body reported by different authors (it can produce Alzheimer's).
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