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Abstract. Magnesium alloys exhibit elevated strength to weight ratio, high capacity for absorbing mechanical vibrations
as well as good machinability and castability. One of the main disadvantages of magnesium alloys is their elevated
chemical reactivity, which might limit application in certain media or impose protective measures. As such, efficient and
safe use of magnesium alloys requires an understanding of their corrosion resistance in relation to previous
processing/microstructure conditions which might influence electrochemical behavior. In the present work, an
exploratory work of the corrosion resistance of magnesium alloy ZK60A (0.5%Zr and 5.5%2n) in 3.5%NacCl solution
containing naturally dissolved oxygen was performed. Tests were performed on samples in the T5 (aged) condition and
submitted to different levels of cold-work by drawing in order to evaluate the relation between strain-hardening and
corrosion behavior. To this end, mechanical properties of the samples (tensile test and hardness) and microstructure
(crystallographic texture). The corrosion resistance was evaluated by means of electrochemical impedance spectroscopy
and potentiodynamic polarization. The results obtained revealed that the drawing process causes the (10-10) planes to
become perpendicular to the drawing direction, as opposed to the initially randomly textured samples in the T5 condition.
The corrosion resistance could was found to be dependent on the level of strain-hardening, with a small increase in
corrosion rate as a function of cold-work.
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1. INTRODUCTION

Magensium alloys are currently comprise some of the lightest density metals used in structural applications. These
materials exhibit good strength to weight ratio, excellent vibration damping capacity and have good castability. For these
reasons, Mg-alloys have been increasingly considered as possibilities for reducing weight in the automotive and aerospace
industries (Froes et al., 1997). Some of the difficulties associated with Mg-alloys involve reduced thickness, low
toughness and formability, low creep resistance and elevated reactivity (Mordike and Ebert, 2000).

The relatively low performance of Mg-alloys in forming processes (compared to other metals, such as Al-alloys) is
attributed to the HCP close-pack structure which presents limited slip systems at low temperature (Koike, et al., 2003).
Additionally, forming processes induce strong crystallographic textures in wrought Mg-alloys (Gall et al., 2013; Chen et
al., 2015; Li et al., 2018), and texture analyses of products obtained by hot or cold forming processes are important for
the assessment mechanical properties and overall performance (Wang, et al., 2018; Lloyd et al., 2019).
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From investigations of the electrochemical behavior of Mg-alloy single crystals, it is known that atomic packing plays
an important role in corrosion resistance, with more densely occupied crystal planes exhibiting lower corrosion rates
(Hagihara et al., 2016). Therefore, it is important to consider the relation between texture and microstructure
modifications induced by forming processes on the corrosion behavior of Mg-alloys. Currently, most investigations have
focused extrusion (Mostaed, et al., 2014; He, et al., 2017) and sheet-forming processes (Gu, et al., 2009; Xin et al., 2011),
with relatively less information available concerning other common forming operations such as drawing.

In the present work, the corrosion resistance of Mg-alloy ZK60A as a function of deformation in cold-drawing was
investigated. The objective of this research is to assess the extent to which alterations in crystallographic may modify the
electrochemical behavior of the selected material in a neutral Cl- environment.

2. EXPERIMENTAL PROCEDURE
2.1 Cold-drawing process and mechanical properties

The materials used in the present investigation were ZK60A Mg-alloy (5.5%2Zn, 0.5%Zr) round bars initially received
in the aged condition (T5 treatment), supplied by Metalmart Intarnational Inc (USA). The initial 25mm diameter was
reduced in successive drawing operations to 24, 23, 22 and 21 mm which resulted in cold-work values of 7.8, 15.4, 22.6
and 29.4%, respectively, as in previous investigations (Oliveira et al., 2014; Silva et al., 2014). The mechanical behavior
of the cold-drawn bars was evaluated after each deformation step by submitting the materials by conventional tensile tests
performed in EMIC DL20000 equipment. The tensile tests were performed according to the ABNT NBR 6152 (2002)
standard at a strain rate of 0.04 min™. All mechanical tests were performed three times for reproducibility.

2.2 Crystallographic texture analysis

Crystallographic texture analysis on as received and cold-drawn samples were performed by X-Ray Diffraction
(XRD). The tests were performed using a laboratory source operating with Cu K, radiation. XRD spectra were collected
within a diffraction angle (20) range of 25 to 65°, which allowed acquisition of reflections from the (100), (002), (101),
(102) and (110) planes, located at 20 positions of 32.25, 34.45, 36.65, 47.9 and 57.45°. The samples were rotated around
the azimuthal angle from 0 to 360° in 5° steps and were tilted from 0 to 85° also in 5° steps. The data acquired was then
processed using MTEX software for generating graphical representations of the experimentally determined pole figures.
The samples submitted to texture were evaluated on their cross-section, i.e. the perpendicular to the drawing direction.

2.3 Corrosion resistance

Selected cold-drawn samples were submitted to corrosion testing in order to verify whether the incremental drawing
process could lead to a change in corrosion resistance. The tests were performed in 0.6M NaCl aqueous solution (3.5wt.%)
in a 500 ml flat cell with a 10.0 mm diameter orifice for exposing the sample surface to the electrolyte. The surfaces of
the samples were prepared by grinding and polishing with a diamond suspension down to a 1 um finish. A three-electrode
setup was used, with a platinum wire counter electrode, Ag/AgCI reference electrode and the Mg-alloy samples as work
electrode. Initially, the Open Circuit Potential (OCP) was monitored for 3600 s to allow for stabilization. Subsequently,
Electrochemical Impedance Spectroscopy (EIS) analyses were performed at the stabilized OCP value by applying a
0.01 Vv amplitude sinusoidal signal with frequencies varying between 100,000 and 0.01 Hz. Finally, potentiodynamic
polarization scans were performed from -1.8 to 0.8V in 1mV steps and 2mV/s scan rate. The polarization data was used
to obtain corrosion potential (Ecor) and corrosion current density (icor) by modeling the experimental curves with the
Butler-Volmer equation (1):

2.303(E—Ecorr) 2.303(E—Ecorr)
i= icorr e be —€ ba (1)

where i is the current density, E is the applied electrode potential, bc is the cathodic Tafel slope and ba is the anodic
Tafel slope. The electrochemical tests were performed three times on the analyzed samples, for reproducibility.

3. RESULTS AND DISCUSSION
3.1 Mechanical properties

The results obtained from the tensile tests as a function of drawing reduction are presented in Figure 1, which
summarizes the variation of tensile strength and ductility as a function of drawing reduction for the as received and 7.8,

15.4, 22.6 and 29.4% cold worked samples. As expected, with an increase in prior deformation, the ZK60A alloy
experienced an increase in tensile strength and a decrease in ductility, caused by strain-hardening.
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Figure 1. Schematic diagram of the control strategy.
3.2 Crystallographic texture analysis
The experimental pole figures determined for the different ZK60A samples are presented in Figure 2(a-d). In each
case, texture strength is indicated by multiples of a random distribution (m.r.d). It is possible to notice that initially, the
T5-aged samples exhibit an approximately random texture distribution, with a low maximum texture strength (3.3 m.r.d)
and no particularly strong texture components.
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Figure 2. Pole figures determined for the (a) as-received (T5), (b) 7.8%CW, (c) 22.6%CW and (d) 29.4%CW samples.
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With the drawing process, the presence of crystallographic texture can be discerned, for the lower values of reduction,
but texture strength is still low (at 7.8 and 22.6%CW the maximum texture strengths of 4.5 and 4.7, respectively). By
analyzing the (100) and (002) pole figures shown in Figures 2(b) and 2(c), it is possible to notice that the prismatic (100)
planes become oriented parallel to the sample surface (so normal to the drawing direction) while the basal (002) planes
become are oriented along the sample radial direction. The same texture formation is observed in the subsequent reduction
(29.4%), but here the texture strength increases significantly (maximum texture strength of 31.9 m.r.d). The results are in
agreement with previous observations concerning the extrusion of AZ31, AZ61 and AZ81 alloys (Mueller et al., 2006)
and the initial drawing behavior (up to 3% strain) of a Mg-2%2zn alloy (Jing-Bai et al., 2017) — although in the latter case,
the authors noticed that upon further drawing passes the initial texture was modified.

j;i(oo(n) Drawing direction
(1010)

Figure 3. Schematic representation of texture formation during drawing of initially randomly oriented Mg-alloy bars
leading to prismatic planes normal to the drawing direction and basal planes oriented along the sample radius.

A possible explanation for this behavior is that the deformation by slip on the HCP structure of Mg takes place on the
basal (0001) plane. As such, there is tendency that the (002) planes (parallel to the basal plane) become oriented parallel
to the material flow curves during deformation through the drawing die, as illustrated schematically in Figure 3. Since
the flow curves follow the drawing direction, basal planes become oriented along the sample radius while the prismatic
(1010) become oriented perpendicular to the drawing direction. It remains to be investigated whether the significant
increase in texture strength is connected to the fracture of the bars (by torsion) that took place during the attempt to
perform subsequent drawing passes.

3.3 Corrosion behavior

Based on the information obtained concerning crystallographic texture of the cold-drawn ZK60A specimens, a series
of electrochemical tests were performed with the objective of evaluating corrosion resistance. The samples selected for
further examination were those in the as-received condition (random texture, low strain-hardening), and submitted to 22.6
(weak texture, strain-hardened) and 29.4%CW (strong texture, strain-hardened) samples. The evolution of OCP over time
is presented in Figure 4, for the as-received, as well as 22.6 and 29.4%CW samples. It is possible to notice that after
3600 s exposure to the 0.6M NaCl solution OCP values become stabilized (with a variation of approximately 0.1mV/hour)
at approximately -1.505, -1.515 and -1.525 for the T5, 22.6%CW and 29.4%CW samples, respectively.

Following OCP stabilization, EIS tests were performed and the obtained results are presented in Figure 5, in the form
of Nyquist plots. The equivalent circuit model (Hagihara et al. 2016) used to fit the experimental data is also presented in
Figure 5. The EIS results indicate the presence of a single depressed capacitive arc, which was modeled using a constant
phase element with impedance (Zcpe) given by (Stoynov, 1990):

Zeps = [QG)"]™! )

where Q is a constant and n is an adjustable factor ranging from -1 (inductive behaviour) to 1 (capacitive behaviour).

In the impedance model adopted (Figure 5), the terms Rp and Q correspond, respectively, to the charge transfer
resistance and the capacitance of the electrical double layer formed at the metal/solution interface, while Rs is the
impedance due to the solution. According to Hagihara et al. (2016), the terms R, and L correspond to inductive behaviour
(the negative Z; values in Figure 5) that is caused by the adsorption of Mg* at the metal surface. The model adopted does
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not take into account the presence of an oxide film on the metal surface, which would be indicated in the experimental
data by a second capacitive arc.
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Figure 4. Open Circuit Potential (OCP) monitoring in 0.6M NaCl solution.
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Figure 5. Nyquist diagram generated with the EIS data along with the equivalent circuit used to model the experimental
data (based on Hagihara et al., 2016)

The results obtained from the EIS data are summarized in Table 1. Overall, for all tested materials, the charge transfer
mechanisms of the freely corroding metallic surface are the same, which is indicated by the similar Q and n values. The
charge transfer resistance, however, which is inversely proportional to the corrosion rate, did vary according to the tested
sample. Among the three experimental conditions, largest resistance to metal dissolution was observed in the T5
condition, followed by the 22.6%CW and 29.4%CW conditions.

Table 1. Summary of the EIS data obtained for the aged and cold-drawn ZK60A Mg-alloy samples in 0.6M NaCl
(fitting errors for each parameter are in parenthesis)

Sample Rs () Re () R (Q) Q (x10°Fs™) L (H) n
TS5 120.5 (1.7%) | 845.9 (3.81%) | 643.5 (7.23%) | 5.79 (11.35%) | 1000 (11.61%) | 0.843 (2.6%)
22.4%CW | 99.5 (1.18%) | 639.8 (2.13%) | 276.7 (7.88%) | 3.05 (8.4%) | 443.8 (4.94%) | 0.862 (1.63%)
29.4%CW | 86.31 (1.49%) | 523.6 (2.64%) | 369.6 (5.98%) | 4.28 (10.55%) | 758.3 (8.14%) | 0.882 (2.11%)
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The results of the potentiodynamic polarization scans are presented in Figure 6. The samples presented a well-defined
active region, but no significant passive behavior. The 22.6%CW and 29.4%CW samples exhibited a limited passive
range, with transpassive potentials of approximately -1.1 and -1.05 V, respectively, but the T5 sample did not exhibit
discernible passive behaviour. In the absence of passivity, the corrosion resistance of the alloys can be analyzed based on
the corrosion potential (Ecorr) and corrosion current density (icorr) Values, which are presented in Table 2. By considering
these two parameters, it is possible to notice that with increased amount of cold-work, the samples become more reactive,
which is indicated by the shift to more negative values of Ecor as a function of cold-work. In addition, the corrosion
current density, directly linked to the materials corrosion rate, also increased with the amount of cold work. Therefore,
the results obtained from the potentiodynamic polarization measurements are consistent with the EIS analyses, which
showed corrosion resistance followed the order T5 > 22.6%CW > 29.4%CW.
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Figure 6. Potentiodynamic polarization curves obtained from T5-aged and cold-drawn ZK60A Mg-alloys in 0.6M NaCl.

Table 2. Polarization results obtained for the aged and cold-drawn ZK60A Mg-alloy samples in 0.6M NaCl.

Sample | Ecorr (V-Ag/AGCI) | icorr (MA/CM?) | ba (V/dec) | bc (V/dec)
T5 -1.30 £ 0.04 2.01+£0.83 | 0.09+0.04 | -0.11+0.04
22.4%CW -1.30 £0.02 3.44+206 |039+£0.09 | -0.17£0.02
29.4%CwW -1.37 £0.02 8.00+4.84 |0.41+0.33 | -0.14 +-0.03

The crystallographic texture analyses indicates that in the T5 condition a near random texture. In this condition, the
material is also in least strain-hardened condition among the samples tested in this investigation. By increasing the amount
of cold work in the drawn samples, the texture was modified so that the basal planes were oriented along the bars radial
direction while the (1010) planes were perpendicular to the sample normal direction (and to a relatively larger extent in
the 29.4%CW sample, that exhibited a significantly higher texture strength). The (1010) plane of the HCP structure is,
however, of average planar density. Comparing in-plane atomic densities for the (0001), (1120), (1010),
(1123), (1012) gives values of 11.21, 6.91, 5.98, 2.54 and 4.09x10%** atoms per cm?, respectively (Hagiara et al., 2016).
Therefore, by increasing texture strength and increasing the amount of (1010) planes which are exposed to the electrolyte,
it can be expected that the average planar density does not deviate significantly from the nearly random texture condition
(T5) or between the samples with different texture strengths (22.6%CW and 29.4%CW). In the present case, therefore, it
is likely that the amount of cold work is responsible for decreasing corrosion resistance to a larger extent than the samples
crystallographic texture.

4. CONCLUSIONS

In the present investigation, ZK60A-T5 Mg-alloy bars were submitted incremental cold-drawing operations up to
29.4% cold work. With each cold drawing pass, the materials exhibited an increase in mechanical strength and decrease
in ductility as a consequence of strain-hardening. The initial samples, in the aged condition, exhibited a near random
crystallographic texture. With the drawing process, crystallographic texture strength was increased with the c-axis of the
HCP structure oriented parallel to the sample radial direction and the (1010) planes oriented perpendicular to the drawing
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direction. The corrosion behavior of the cold-drawn ZK60A alloys was found to be more influenced by the amount of
strain hardening than by crystallographic texture, following the tendency: T5 > 22.6%CW > 29.4%CW.
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