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Abstract 

High-pressure torsion (HPT) was used to evaluate the effect of straining on the electrochemical 

properties of a ZK60 magnesium alloy.  The samples were processed using HPT up to 20 turns 

and the electrochemical responses were examined through polarization, EIS, Mott–Schottky and 

hydrogen evolution tests. Electron back-scatter diffraction (EBSD) studies showed more 

homogeneity with finer average grain sizes accompanied by the evolution of a nobler texture when 

increasing the numbers of HPT turns. Ultimately, this led to improved corrosion behavior for the 

HPT-processed disks. Post corrosion observations revealed improved protective layers after higher 

turns of HPT.  
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1.  Introduction 

Magnesium alloys are desirable choices as lightweight materials for energy or fuel 

conservation and biomedical applications; Nevertheless, the main factors currently limiting a 

wider use of Mg products are the difficulties in processing these alloys, the relatively low strength 

and ductility, and the extremely high reactivity and poor corrosion resistance in various working 

environments [1-3]. Recent studies attempted to address these difficulties with the objective of 

improving either the mechanical or the corrosion properties but relatively few studies have 

considered the mutual impact of these properties on each other [4]. In practice, both of these 

properties are linked to the alloy composition and microstructure and this originates from the 

manufacturing process [5] and therefore needs to be considered synergistically. 

Severe plastic deformation (SPD) is an effective method for improving the mechanical 

properties of Mg alloys. Processing by SPD causes grain refinement, a redistribution of solutes 

and changes in the crystallographic orientations within the microstructure which may also have a 

significant impact on the corrosion properties. To date, there are number of recent studies 

examining the influence of SPD processing on the corrosion behavior of Mg and its alloys [5-12]. 

Theoretically, the grain boundaries appear more active than the bulk, therefore, grain refinement 

leads to a more susceptive surface [13]. However, other modifications such as the grain size 

distribution [14] and the evolution of anisotropic texture [5,11,12,15,16] may also occur 

simultaneously with the grain refinement and this may play a more critical influence on the 

corrosion behavior of the Mg alloys. 

The deformation capabilities of Mg alloys through conventional processing are poor due 

to their hexagonal close-packed (HCP) structure and this means that the processing is generally 

conducted at relatively high temperatures. However, high-pressure torsion (HPT) is an SPD 
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process that has an established capability in producing significant grain refinement in a range of 

Mg alloys and, more important, the processing can be effectively conducted at room temperature 

without the development of segmentation or cracking in the base metal [17,18]. Although the effect 

of various SPD processes on corrosion of magnesium was investigated thoroughly [5,6,8,12,19-

21], nevertheless little attention was devoted to the development of electrochemical behavior in 

the HPT-processed  Mg alloys [9,10,22-24] where reports have centered mainly on noting that 

more refined grains lead to a more homogenous corrosion. In practice, processing by HPT permits 

a study of corrosion behavior over a wide range of grain sizes and grain size distributions [25,26]. 

Earlier investigations of authors on the ZK60 Mg alloy showed that HPT induced an 

inhomogeneous strain along the radius of samples by torsional straining and, as a result, the 

average grain size and the mechanical properties tended to vary along the radius of the samples 

but an almost homogeneous microhardness distribution with finer grain size and reasonable 

uniformity was attained after higher numbers of HPT turns [27-29]. The mechanical and thermal 

stability behavior of ZK60 after HPT was evaluated recently by the current authors [30,31] but it 

is imperative to study the electrochemical behavior of the refined ZK60 alloy. Accordingly, this 

research was initiated to assess the electrochemical and semiconductive oxide layer behavior of 

the ZK60 Mg alloy after processing through HPT with different numbers of turns and to make a 

direct comparison with the behavior of extruded material.  

2.  Experimental material and procedures 

A commercially available ZK60 magnesium alloy with a composition (in wt.%) of 5.5 % 

Zn, 0.5 % Zr was used in this study in the form of extruded rods. The rods with diameters of 10 

mm were sliced into disks having thicknesses of approximately 1.2 mm and then both sides of 
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each disk were abraded with SiC papers to achieve smooth surfaces with uniform final thicknesses 

of approximately 0.8 mm.   

2.1  HPT processing 

The HPT processing was conducted using a facility with a rotating lower anvil and 

stationary upper anvil and the experiments were carried out under quasi-constrained conditions 

[32]. The torsional strain was applied to the disks by rotating the lower anvil under an applied 

pressure of 2.0 GPa at a constant speed of 1 rpm. The HPT-processed disks were prepared through 

total numbers, N, of 1, 2, 5, 10 and 20 turns. Post-inspection of the processed disks revealed no 

cracking or signs of damage by HPT processing.  

2.2  Electron back-scatter diffraction (EBSD) sample preparation  

Samples were prepared for electron back-scatter diffraction (EBSD) with a JEOL 

IB09010CP ion beam cross-sectional polishing machine for 5 h at an operating voltage of 6 kV. A 

scanning electron microscope (SEM) JEOL JSM-7001F was used at an operating voltage of 7 kV 

and orientation imaging microscopy (OIM) was employed to record the experimental data. A 

minimum of 2000 grains was examined for measurements of the average grain size and the grain 

size distributions.  In subsequent descriptions, ND, RD, and TD correspond to the Normal 

Direction (torsion axis), Radial Direction, and Tangential Direction, respectively. The 

crystallographic plane of {0001} in the EBSD images was used to evaluate textural evolutions of 

the materials with the pole figures. The EBSD images were recorded from the semi-oval areas of 

samples in the mid-radius of the TD-RD plane at the near surface position of the disks. Earlier 

studies provide a more detailed description of the sample preparation for EBSD [33,34]. 

2.2  Electrochemical testing  
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All of the electrochemical tests were carried out at room temperature in a 0.1 M NaCl 

aqueous solution. Prior to exposure to the solution, samples were sequentially wet ground with 

800 and 1200-grit SiC abrasive papers, washed with distilted water and alcohol and then dried 

immediately. A Saturated Calomel Electrode (SCE) and a platinum mesh were used as the 

reference and the counter electrodes, respectively. Extruded and HPT processed samples were used 

as the working electrode. 

To stablish the electrical connection for electrochemical tests, wires were glued to one side 

of each processed disk. In order to conduct overall examination on the electrochemical behavior 

of ZK60 Mg alloy processed with different number of HPT turns, the whole surfaces of the samples 

were exposed to the solution.  Therefore, the edges, back side and the connection were coated with 

epoxy to minimize any undesirable effects. To achieve a quasi-steady open circuit potential (OCP), 

the samples were immersed in the solution for approximately 200 minutes. Then, electrochemical 

impedance spectroscopy (EIS) was performed with a sinusoidal potential amplitude of 5 mV 

versus the OCP over the frequency range of 100 kHz to a few mHz. At 30 minutes after the EIS 

test, potentiodynamic polarization was carried out over a potential range from -2.0 V to 0 V versus 

SCE with a scan rate of 1 mV/s. 

 In order to assess the semiconductive and the capacitive behaviors of the oxide layer 

formed on the surface of the disks, the same sample from the polarization test was again ground 

and prepared for OCP and EIS similar to the earlier procedure and afterwards the Mott–Schottky 

test was carried out on the sample by employing staircase potential electrochemical impedance 

spectroscopy (SPEIS) with 5 mV AC perturbation at selected frequencies from 100 kHz to 100 Hz 

in a variable potential from -2.0 to -1.6 V vs SCE during a 10 mV/s scan rate. Basically, the time 

of immersion was selected based on the results of the hydrogen evolution test.  
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2.3  Hydrogen evolution testing  

Quasi-steady behavior in the H2 evolution was observed after about 4 hours immersion in 

the solution as will be discussed later.  Under OCP conditions, the corrosion rate can be measured 

from the rate at which H2 evolution occurs on the corroding surface [35]. The collection of 

hydrogen gas is widely used to evaluate Mg alloys corrosion rate [4,36-38]. The H2 gas bubbles 

produced as a result of the dissolution of Mg are collected with an inverted funnel inside the 

solution and conveyed to a volumetric burette [35]. Therefore, the volumetric measurement of the 

evolved hydrogen gives good trend for measurement of the weight loss of the metal [39]. However, 

for low rates of corrosion, as in the  case investigated in this study with relatively mild corrosivity, 

this technique tends to underestimate corrosion rare [40]. Consequently, in this study, the volume 

of evolved hydrogen obtained from direct measurements was used to monitore and compare the 

activity of HPT processed samples with different numbers of turns during 24 hour. In this 

experiment, the whole surface of disk-shaped extruded and HPT samples, with diameters of 

approximately 10 mm, were immersed in the solution with a volume per unit surface area of 100 

ml.cm-2. 

The surfaces of the samples after 4 hours exposure to the solution were observed using an 

optical microscope with images taken from different locations and then positioned together in 

order to form a complete image of the sample. This procedure was repeated for 10 and 24 hours 

of immersion to provide a pictorial presentation of the corrosion process over the total exposure 

time. Ultimately, the corroded surfaces after 24-hour exposure were examined and the morphology 

and composition of the surfaces were analyzed with scanning electrochemical microscopy and 

energy dispersive spectroscopy (EDS). In order to achieve reliable reproducibility of the 

measurements, all of the electrochemical tests were conducted on three different samples. 
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3.  Experimental results 

3.1  Effect of HPT processing on microstructural and textural evolution 

EBSD analysis provides an overall evaluation of grain size and grain size distribution 

during the HPT process. A summary of the analysis with examples of OIM maps are configured 

in Figure 1. All the data were obtained from the mid-radius of each disks including the unprocessed 

condition and after processing by HPT through 1 and 5 turns.   

It is apparent from these results that processing by HPT reduces the grain size from an 

initial value of several microns to a final average value of ~700 nm after processing for 5 turns.  It 

should be noted that further EBSD analysis with even more HPT turns was not possible due to the 

extreme deformation imposed on the samples after 10 and 20 turns. Thus, samples with high 

numbers of HPT turns hardly revealed any Kikuchi bands and consistently exhibited a low 

confidence index (CI) for visualization of the microstructure in the EBSD images.  

Observations of the microstructural evolution during HPT processing revealed that the 

grain size distribution stretched over one order of magnitude of the grain size for all experimental 

conditions. Nevertheless, there is a gradual decrease in the average grain size values by increasing 

the number of HPT turns. These observations were extensively described for the same processed 

materials in earlier studies of the grain size evolution with bimodalities in the grain size 

distributions in ZK60 Mg alloys processed by HPT [18,27,28,41]. 

In practice, the grain size and the texture both change with straining of the material. The 

pole figures obtained from <0001> crystallographic orientation are shown in Figure 2 for the 

extruded condition and after 1 and 5 turns. By increasing the number of HPT turns, a gradual 

change towards basal planes, {0001}, is evident with the c-axis parallel, or close to parallel, to the 

normal direction to the torsion axis or the surface exposed to the corrosive environment. This result 
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is consistent with the earlier studies of the texture behavior of HPT processed ZK60 Mg alloy with 

XRD method [41]. 

3.2  Electrochemical testing of HPT-processed materials  

The potentiodynamic polarization curves of the extruded and HPT processed samples after 

~4 hours of immersion in a 0.1 M NaCl solution are shown in Figure 3. It is readily apparent that 

the stages of the cathodic reactions, with hydrogen evolution as the main reaction, are very similar 

for all samples up to and including 20 turns and thus there is no significant influence of the HPT 

process on the kinetics of the cathodic reactions at high cathodic overpotentials [43]. However, the 

Ecorr values of the HPT processed samples are ∼100-150 mV which is more noble than the extruded 

sample, presumably due to the formation of a nobler crystallographic texture towards the basal 

planes [5,8,11,44] after HPT processing. Nevertheless, Ecorr does not change significantly by 

increasing the numbers of turns from 5 through to 20. The kinetics of the anodic dissolution of the 

HPT-processed samples showed inconsistent behavior because for 1 and 2 turns the anodic current 

increased with an increase of potential whereas for 5, 10 and 20 turns there were apparent pseudo 

passive window trends. This behavior is attributed to the formation of partially protective corrosion 

products on the surface of disks [5,11,45].  This potential increased with the increase in the number 

of turns, showing an enhancement in the adhesion and protectiveness of the film formed on the 

surface of the ZK60 alloy by increasing numbers of turns during HPT. However, with the potential 

increment, the quasi-protective film is prone to lose its integrity and break down and subsequently 

it is expected that the current density starts to increase, thereby implying the free dissolution of 

Mg and the evolution of H2 bubbles [39,43,46,47]. 

A reliable analysis of the corrosion of Mg and its alloys by conventional DC 

electrochemical methods, such as with polarization, requires both half-cell reactions are controlled 
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by activation polarization [37]. In studies of the corrosion of Mg alloys, hydrogen evolution occurs 

through both anodic and cathodic polarizations which increase the ohmic potential and makes it 

difficult to compensate [36,48]. In addition, except in activation-controlled kinetics, polarization 

curves do not show linear behaviors which makes it more difficult to conduct and comprehend the 

analysis [49,50].  Furthermore, the products formed on the surface during corrosion may lead to 

significant deviations in the reactions from the OCP [39,50-52]. Thus, in studying the corrosion of 

Mg alloys, instant corrosion rate determinations using the DC electrochemical method is difficult 

and should be accompanied by an AC electrochemical technique and a non-electrochemical 

technique such as a hydrogen collection method [35,52,53]. 

The Nyquist spectra obtained from the EIS experiment for one of the samples of each 

group in a 0.1 M NaCl solution are shown in Figure 4. All EIS spectra contain one high and one 

medium frequency capacitance loop and one inductive loop at the low-frequency. Evidently 

modification of the impedance with increasing the turns of HPT can be attributed to the 

improvement and integrity of the MgO/Mg(OH)2 oxide layer [52-55]. The corrosion of 

magnesium in an aqueous solution can be described by the following net reactions [46,51,56,57] 

shown in Eq. 1-4: 

 

Mg → Mg+ads + e-           (1) 

Mg → Mg2+ads + 2e-           (2) 

Mg+ads + H2O → Mg2+ + OH- + 1/2H2        (3) 

Mg2+ + 2OH- → Mg(OH)2               (4) 
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The relaxation processes of adsorbed species, Mg(OH)2, cause the formation of the 

inductive loop at the low-frequency domain [51,53,55]. The mass-transport loop, second 

capacitance loop, in the medium-frequency range is attributed to the diffusion of Mg2+ through the 

porous Mg(OH)2 corrosion product layer which is not compact but covers entirely the surface and 

allows easy penetration of aggressive ions [54,58]. Subsequently, the inner oxide layer composed 

of MgO is formed progressively in equilibrium as follows [54,56]: 

 

Mg(OH)2 ↔ MgO+H2O          (5) 

 

which appears in the high-frequency (HF) capacitive loop as a result of both charge transfer and 

film effect [52,54,55,58,59]. 

Based on the described proposed mechanism which also observed in other studies 

[54,58,60,61], an equivalent electrical circuit, shown in Fig 5, is used to elaborate the interface 

interaction.  Rs corresponds to the solution resistance and was placed in series with all other 

elements. Since Mg dissolution mostly occurs at the film-free or porous areas [54,58], then a 

faradaic impedance, ZF, in parallel with the double layer capacitance, Cd, ascribes production of 

Mg ions and the precipitation of a Mg(OH)2 porous layer.  In parallel, Cf and Rf are attributed to 

the MgO inner oxide film capacitance and resistance, which are assumed to be very protective 

compared to the outer Mg(OH)2 layer [54]. Rf is depicted by a dashed line since it has no sensitive 

impact on the low frequency faradaic impedance. Therefore, Rf can be placed equal to the high 

frequency impedance part of the Nyquist, RHF ≃ Rf [55,60]. 

The obtained Nyquist spectra are not perfect semicircles and cannot be used for direct 

determination of the capacitive behavior of the corroded surfaces. This imperfection in the Nyquist 
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spectra is attributed to the electrode geometry, inhomogeneity in microstructure, reactivity and 

resistivity in length of the adsorptive and oxide layer. As a result, using a constant phase element 

(CPE) is a proper approach to the non-ideal capacitances [58, 62-65]. 

The capacitance of an oxide film can be graphically determined by extrapolating the high 

frequency real capacitance, Cf ≃ CHF, using the Cole-Cole capacitance representation [52,66,67]. 

A complex capacitance can be calculated directly using Eq. 6: 

 

𝐶𝐶(𝜔𝜔) = 1
𝑗𝑗𝑗𝑗(𝑍𝑍(𝑗𝑗)−𝑅𝑅𝑠𝑠)

           (6) 

 

where, j2 = -1 and ω is angular frequency [66]. Rs can be accurately obtained by extrapolation of 

the Nyquist plots with Zre axis at high-frequencies [68]. Figure 6 shows the complex capacitance 

plots obtained from the EIS data. Applying the HPT process changes the behavior of the oxide 

film formed on the samples. Evidently, 1 and 2 HPT processed samples are more responsive to 

higher frequencies compared to the other samples, indicating CPE behavior along the surface due 

to the surface heterogeneity and geometrical effects [58]. The values of Rf and Cf obtained by the 

graphical method are given in Table 1. Although, this methodology yields a slight overestimation 

of the capacitance values [52,66,69], it provides a qualitive comparison. By applying the HPT 

processing, the film resistance increases in the order of 1 < 2 < 5 < Extruded < 10 < 20 HPT turns. 

However, the Cf values show a different trend. By applying HPT, Cf first decreased and then 

gradually increased by a number of HPT turns. Assuming that the oxide film thickness is 

proportional to the reciprocal of the capacitance (1/Cf) of the oxide film [66], the trend obtained 

implies that applying the HPT forms a thicker oxide film on the surface of the electrode; but it 

becomes thinner by increasing turns of HPT. 
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It is hypothesized that the protective oxide film is not able to continuously cover the entire 

surface due to the small Pilling-Bedworth (PB < 1) ratio for MgO [37,52]. In addition, the presence 

of Cl- ions in solution makes the surface susceptible to localized attack. Hence, despite the 

formation of a thicker oxide film on the HPT-processed samples with small numbers of turns 

compared to the other sample, this oxide film does not provide continuous coverage and resistance 

on the entire surface and leads to the formation of micro-galvanic cells between the covered and 

uncovered areas. Accordingly, the introduction of grain refinement through the initial turns of HPT 

generally reduces the corrosion resistance compared to the extruded sample. However, increasing 

the numbers of turns of HPT improves the corrosion resistance through the formation of a modified 

and integrated MgO film. This trend is consistent with increasing impedance of the oxide film and 

the pseudo-passive potential behavior observed at the polarization curves. 

Electronic properties of the oxide film formed on Mg interface has significant role on its 

corrosion performance [70]. Charge carriers in the formed oxide film have different 

electrochemical potentials with respect to the solution [71], and this creates a space charge layer 

with a capacitance at Mg interface. The charge carrier density (Nq) of the oxide film can be 

extracted using Mott-Schottky equation: 

1
𝐶𝐶2

= ± 2
𝜀𝜀𝜀𝜀0𝑒𝑒𝑁𝑁𝑞𝑞𝐴𝐴2

(𝑉𝑉 − 𝑉𝑉𝑓𝑓𝑓𝑓 −
𝑘𝑘𝑘𝑘
𝑒𝑒

)                                                                                                    (7) 

where ε is the dielectric constant of the corrosion products (for MgO this value is ~9.62), ε0 

represents the permittivity of vacuum (8.854 × 10−14 F/cm), A is the area of the exposed surface, 

V is the applied potential, Vfb is the flat band potential, e is the charge of the electron (1.602 × 

10−19 C),  k is Boltzmann’s constant (1.38 × 10−23 J/K), T is the absolute temperature (298 K) [73-

75]. The interfacial capacitance, C, can be equaled to space charge capacitance of oxide film by 
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neglecting capacitance of Helmholtz layer which is generally one order of magnitude higher than 

Cox [55,60,70]. 

To ascertain the formation of a continuous oxide layer and make comparison with EIS data 

in OCP, prior to conducting the Mott-Schottky tests, samples were exposed in the 0.1 M NaCl 

solution for 4 hours immersion. As discussed earlier, CPE was observed in the dielectric properties 

of the oxide film. As a result, capacitance and accounted charge carrier density may also vary with 

the frequency. Nonetheless, applying multi-frequency capacitance measurements at relatively high 

frequencies (f > 100Hz) and high scan rate (10 mV/s) and extrapolating equivalent film 

capacitance provide precise calculation for Mott-Schottky plot [72]. Therefore, EIS spectra were 

analyzed for certain steps of potential and C values were graphically estimated with the same 

procedure explained for calculating the Cf. Mott-Schottky plots were created by plotting C-2 versus 

potential changes as shown in Figure 7. All samples exhibit positive slopes over a range of 

scanning potential and it indicates characteristics of n-type semiconductors with dominant defects 

of oxygen vacancies and/or metal cation interstitials [76]. By further increasing the potential, as 

already shown [70,74], the strength of the oxide film was weakened by hydrogen ionization which 

generated magnesium vacancies and led to a p-type semiconducting behavior. This behavior is 

consistent with the polarization curves where increasing turns of HPT forms a more resistive oxide 

film against an overpotential. 

The donor densities of the oxide films, MgO, formed on the samples in the 0.1 M NaCl 

solution were calculated through slopes of the linear portions of the Mott-Schottky plots and 

substituting in in derivate format of Eq (7) as shown in Figure 8. The donor densities of the HPT-

processed samples with 1, 2, and 5 turns increase compared with the extruded sample whereas the 

donor densities of the HPT-processed samples with 10 and 20 turns are slightly less than for the 
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extruded sample. This behavior corroborates the EIS results, although the thickness of oxide film 

decreased with increasing numbers of turns, but the oxide becomes more integrated and less 

defective. It is noteworthy to mention that a quantitative estimation of the capacitance and charge 

carrier densities in the Mott-Schottky test may be affected by the localized electronic states [77], 

potential scan rate, the CPE behavior of electrode and neglecting Helmholtz layer [52]; therefore, 

the presented data were implemented to provide a more qualitative comparison by keeping all the 

test parameter constant and evaluating the  effect of number of HPT turns. 

3.3  Hydrogen evolution testing of HPT-processed materials  

The results of the hydrogen evolution test are presented in Figure 9 for a 24 hours 

immersion in the 0.1 M NaCl solution at room temperature. In general, hydrogen evolution from 

a corroding surface at its OCP implies an electrochemical activity of the surface [35,40].  The 

cumulative amount of the volume of hydrogen gas evolved from the surface of the samples varies 

significantly with the numbers of turns and the results demonstrate that HPT changes the activity 

of the ZK60 alloy. In all cases, the total evolved hydrogen increases within almost the first four 

hours of exposure.  This increment is significant for samples processed through 1, 2 and 5 turns, 

with 1 representing the highest and 5 the lowest.   After around 4 hours, the rate of hydrogen 

evolution decreases with a decrease in the slope of the lines, thereby indicating the formation of 

partially protective corrosion products on the surface which reduce active surface area and hinder 

the dissolution [52,54]. The hydrogen evolution on the samples processed through 10 and 20 turns 

is much lower compared to the other HPT-processed samples.  After 24 hours of immersion in the 

NaCl solution, the amount of hydrogen gas evolved on the surface of the HPT-processed sample 

after 20 turns was less than ~20% of that evolved on the HPT-processed surface for 1 turn, 

indicating a significant reduction in corrosion activity on that sample. 
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3.4  Post-exposure microstructural observations  

The corresponding images obtained at different times of immersion in 0.1 M NaCl solution 

are shown in Figure 10. The disks generally corroded steadily due to the existence of chloride ions 

in solution, but from the extruded sample to the sample processed with 1 turn there is a degradation 

of material even after only 4 hours of exposure to the 0.1 M NaCl solution. The corrosion started 

generally from the periphery of the sample where there is maximum strain and consequently 

localized grain refinement as reported previously for this material by the co-authors of this study 

[27,30,41]. This trend can be observed in the  higher magnification from a slice of disks in Figure 

11. By increasing the numbers of turns, as demonstrated also in the results of the electrochemical 

tests and the hydrogen evolution experiments, the corrosion is ameliorated. The surface of the 

HPT-processed sample with 20 turns was corroded more homogenously.  A drastic increase in 

corrosion activity of the samples within the first four hours of immersion in solution and then a 

gradual increase after that time was also observed and this is also consistent with the results from 

the hydrogen evolution test.  Nonetheless, by comparing images of the extruded disk with 4 hours 

immersion in Figure 10 with different times of immersion for 10 and 24 hours, it is concluded that 

the corrosion morphology and propagation path are not changed by the increasing time of 

immersion. By contrast, and for all HPT-processed samples, the morphology changes with time 

since more portions of the surface are covered by a corrosion product layer with darkish contract. 

This behavior is also apparent in Figure 9 since the extruded sample shows a relatively constant 

rate of hydrogen evolution.   

Figure 12 gives the corresponding images obtained at the mid-radius of each sample shown 

in Figure 10 at a higher magnification after 4 hours of immersion in the 0.1 M NaCl solution. 

Fundamental studies on the nature of the grain boundaries showed that, by comparison with the 
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crystal interior, the grain boundaries have relatively wider distributions of interatomic spacing with 

reduced atomic density due to the misfit between adjacent crystals and therefore the grain 

boundaries are more active regions compare to within the grains [78-80]. Accordingly, it is 

expected that chloride ions initially selectively attack such active regions [13,81]. For the extruded 

sample with conventional grain size, it is reasonable to expect that the majority of corrosion 

pathways are the grain boundaries, due to similarity and size of grains and boundaries between 

Figure 1 and Figure 12 for extruded samples. In the HPT-processed samples with 1, 2 and 5 turns, 

these paths expand but are not uniform due to incomplete grain refinement as shown in Figure 1 

and were extensively discussed in a previous publication [27,29]. Consequently, a micro-galvanic 

corrosion between the interiors of the large grains and non-distorted areas as cathode with cluster 

of distorted grains with high boundary densities as anode can form [5,13]. Convection at the 

vicinity of this area, due to the copious hydrogen bubbling [43], can exacerbate corrosion. 

Therefore, at the early stages of HPT, partial grain refinement and the formation of an unintegrated 

and defective corrosion product film is barely beneficial and even accelerates the localized 

corrosion compared to the extruded ZK60 alloy. However, by increasing the numbers of HPT 

turns, the corrosion performance of the samples is improved, and this can be attributed to the more 

uniform grain refinement and grain distribution in these samples compared to the other samples as 

shown in the electrochemical results and micrographs in Figure 10 and 11.  The uniform grain 

refinement in the HPT-processed samples with higher numbers of turns minimizes the occurrence 

of the micro-galvanic cells, enhances the stability of product film and ultimately leads to an 

improved corrosion behavior. Suffice to mention that, as Figure 11 shows and previously 

elaborated by authors [27], gradual grain refinement through HPT process is not homogenous 

along the radius of HPT disks for Mg alloys. Necklacelike configurations with small grains 
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surrounds the larger grains [18], although this grain refinement evolution is not practically 

proportional with radius at all regions, but microstructure evolves and becomes gradually 

homogenous by increasing numbers of turns. In the test solution of this study, explained micro-

galvanic current restrict to current flux between nearby anodes and cathodes, and galvanic effect 

between each point across whole area of diameter are not addressed. 

The SEM micrographs in Figure 13 with the corresponding EDS results from marked 

points provided in Table 2 show the microscopic morphologies of the extruded and the HPT-

processed ZK60 disks after 24 hours immersion in the 0.1 M NaCl solution. The earlier 

observations in Figure 12 and deep concavity along this path at Figure 13 confirm that the 

dissolution mainly starts along this paths.  The micrograph in Figure 13(a) and corresponding EDS 

in Table 2 demonstrate no discernible thick precipitate within the grain. However, Figure13(b) and 

the corresponding EDS data in Table 2 show that localized corrosion and precipitate was detected 

mostly in the vicinity of fine grains with the presence of more Cl, presumably as MgCl2 [4], and 

this corroborates the catalytic effect of these corrosion precipitates product in the form of pitting 

of this region [43]. By increasing the numbers of HPT turns those corrosion path and morphology 

observed for extruded and early stages of HPT processed samples, seems to be disappeared. In 

addition, as the composition analysis at point C implies, those corrosion product precipitates layer 

has relatively more oxide and less Cl- ion and consequently less defective sites than for the 1 turn 

HPT sample. It is noteworthy that in the early stages of HPT isolated precipitates in the refined 

grain zones are fragmented due to the internal stresses of vigorous dissolution and corrosion 

precipitates accumulation. Thus, during immersion a localized corrosion accelerated by these 

precipitate peeling-off and the consequent penetration of an active aggressive Cl- ion. By 

increasing the numbers of turns, the covered surfaces become more integrated and refined and 
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cracks disappear due to the homogenous formation of less defective corrosion products on 

uniformed grain refined substrate. The increasing Rf values is additional evidence of the higher 

protective properties of the oxide film after larger numbers of turns of HPT.  

It should be noted that in this study a 0.1 M Cl- , with relatively high ohmic resistance, was 

used as the aggressive ion whereas earlier research involved more corrosive environments such as 

0.62 M [Cl]- (3.5 wt% NaCl) which may persistently attack the surface and break down and change 

the chemistry corrosion product [9,10,13,43]. On the other hand, using passivating rather than 

corrosive solutions such as a simulated body fluid leads to an improvement in the protective oxide 

layer and corrosion behavior in each turn of the HPT process compared both to earlier turns and 

to the original extruded condition [22,23,82]. 

4.  Discussion 

The poor corrosion resistance of Mg and its alloys mainly originates from two factors: first, 

the comparatively high electronegative potential of Mg which enables corrosion activity even 

without presence of oxygen. The second factor suggests that oxide/hydroxide layers that form on 

the surface of Mg are soluble in most aqueous environments and provide insufficient protective 

properties [1] and potentially accelerates corrosion [39,43,83]. The grain boundaries, inclusions 

and the defects are more active regions compared to the other grains and generally it is expected 

that the chloride ions will selectively attack these active regions first and accelerates dissolution 

[38-40,81]. 

The HPT processing imposes a torsional strain which varies across the disk radius. The 

equivalent von Mises strain describes the stain variation by number of turns of HPT, N. 

ε𝑒𝑒𝑒𝑒 = 2𝜋𝜋𝑁𝑁𝜋𝜋
ℎ√3

                                                                                                                                     (8) 
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where r is the radius and h is the thickness of the disk. Following Eq. (8) implies that εeq varies 

from zero at the center of the disk to a maximum at the edge [84,85]. It may be hypothesized that 

the significant increase in corrosion activity in the early stages of HPT processing originates from 

the variation of the imposed strain across each circular disk from zero at the center to a maximum 

at the periphery since this variation leads to an inhomogeneity in the refined grains [18,86]. 

Furthermore, this inhomogeneity in return causes the formation of isolated and broken surface 

precipitates on the HPT-processed samples which accelerate localized corrosion. 

Partial grain refinement and non-protective corrosion product accumulation cannot be 

beneficial in enhancing the corrosion resistance of the extruded ZK60 alloy in the 0.1 M NaCl 

solution. However, by increasing the numbers of turns the corrosion properties of the samples are 

improved. This is attributed to the evolution of the microstructure into the more uniform grain 

refinement and distribution with fewer turns of HPT as shown in Figure 1. The uniformity of 

mechanical properties and texture as a result of the uniformity of microstructure of ZK60 with 

saturation in grain refinement at high numbers of turns of HPT was studied extensively in earlier 

investigations of the authors [27,41]. As described earlier, higher numbers of N results in saturation 

of grain refinement, refined grains distributed homogenously on entire of the surfaces and 

consequently it minimizes the occurrence of micro-galvanic cells and ultimately leads to an 

improved corrosion resistance on these samples. Furthermore, the appearance of a pseudo-passive 

potential in the potentiodynamic polarization corroborates this assumption. It was suggeted that 

increasing the numbers of turns increases the integrity and protectivity of the surface film.  

Moreover, the inductive loop in the Nyquist spectra appears when the corrosion products are 

fragmented [21,87-89], and the dissolved Mg generates intermediate species which remain 

adsorbed but unstable on the surface. The shrinking inductive loop and appearance of a diffusion 
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impedance through corrosion product in the Nyquist spectra also confirms this proposal [55,58,60]. 

In addition, as illustrated in the Mott-Schottky test in Figure 8 and the EDS results in Table 2, a 

preferable protective film with fewer defects was achieved in the oxide film by further 

homogenizing and refining the microstructure.  

In the microscopic corrosion morphologies in Fig 13, islands of cracked corrosion products 

are gradually replaced with uniform compact oxide films with increasing numbers of HPT turns. 

Plastic deformation creates many lattice defects, interstitials and vacancies [21], and in addition 

more grain boundaries with lower atomic densities are produced compared to within the grains 

[75,76]. Recent studies show nano-sized second phase precipitation from the highly supersaturated 

Mg matrix [5,83,86] may form during the HPT process. These distributed defects, refined grains 

and precipitates potentially react with the solution and become oxidized more rapidly throughout 

the whole area of the disk simultaneously[9]. Thus, HPT samples with higher turns exhibit uniform 

corrosion because of the uniform distribution of grains, second phases and oxide film and as a 

result there is less occurrence of micro-galvanic cells. 

Processing route is also another key factor affecting on corrosion response in addition to  

grain size and grain size distribution dependency [5]. The textural analysis with pole figures from 

the surfaces of the disks prepared for corrosion tests demonstrated an evolution of grain orientation 

at the surface of the disks from extruded materials with prismatic planes parallel to the surfaces to 

a final basal {0001} fiber texture with the c-axis parallel to the ND after processing by 5 turns of 

HPT.  In Mg alloys, the basal planes have a slower oxidation rate compared to the prismatic planes 

due to their higher densities and order of atoms [44,91-93].  

It should be noted that it is not possible to isolate the effect of texture and grain size on the 

overall corrosion behavior of the HPT-processed samples. Nevertheless, at high numbers of HPT 
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turns with more uniformity, it is reasonable to assume that this change in crystal structure and 

orientation of the samples also plays a significant role in the observed results with the corrosion 

behavior of the samples improved after 5 turns. 

5.  Summary and conclusions 

The microstructural evolution and its influence on the electrochemical behavior of extruded 

and HPT-processed ZK60 alloy were investigated in this study. In the early stages of HPT, 

applying straining leads to an inhomogeneous grain refinement and decreases the corrosion 

resistance of this alloy. Applying more rotations improves the uniformity of the grains and the 

grain size distribution.  The uniform and finely distributed grains can effectively decrease the 

corrosion activity through rapid formation of a smooth oxide film at the grain boundaries and 

surface crystalline defects. Otherwise, grain refinement may cause inhomogeneities which will 

accelerate the dissolution process. In addition, an anisotropic texture was developed by increasing 

the numbers of turns and this could potentially improve the oxidation resistance of the disks. It 

should be emphasized that all experiments were conducted in a 0.1 M NaCl solution and, due to 

the nature of the Mg alloy oxide films, the results may vary in other environments. 
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Legends: 

Figure 1. Grain size distributions and EBSD orientation micrographs taken from the mid-radius 

of the RD-TD planes of the extruded material and samples processed by 1 and 5 turns of HPT. The 
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color coded triangle is reprsentative of the crystalograpic orentation of corresponding colors in the 

EBSD orentation micrographs.  

Figure 2. The pole figures of {0001} crystallographic orientation from the mid-radius of the RD-

TD planes of the extruded, and HPT processed samples with 1 and 5 turns at 298 K.  

Figure 3. Polarization curves of the ZK60 samples in 0.1 M NaCl solution, processed by extrusion 

and various numbers of HPT turns. 

Figure 4. Nyquist plots of one of the ZK60 Mg samples in 0.1 M NaCl solution, processed by 

extrusion and various numbers of turns by HPT, solid lines indicate fitted curves. 

Figure 5. Equivalent circuit constructed based on the interface reactions observed in the EIS 

spectrum for the extruded and the HPT-processed ZK60 samples in 0.1M NaCl. 

Figure 6. Cole-Cole plots corresponding to EIS data at high frequencies presented in Figure 4. 

Figure 7. The Mott–Schottky plots for the ZK60 samples processed by extrusion and various 

numbers of turns by HPT, immersed in 0.1 M NaCl for 4 hours. 

Figure 8. Donor density of the ZK60 Mg alloy processed by extrusion and various numbers of 

turns by HPT, immersed in 0.1M NaCl for 4 hours. In X axis, the 0 number of HPT turns represents 

the original extruded material with no HPT process. 

Figure 9. Cumulative hydrogen evolution for extruded and HPT proceeded samples immersed in 

0.1 M NaCl solution for 24 hours. 

Figure 10. The optical images of the corroded surfaces of the extruded as well as HPT proceeded 

ZK60 samples at different immersion time (the diameter of each disk is ~10 mm). 

Figure 11. The micrographs from slice of the 4 hours corroded surface of disks shown in Figure 

10 for (a) extruded and processed by (b) 1, (c) 2, (d) 5, (e) 10 and (f) 20 turns of HPT. 
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Figure 12. The micrographs of the corroded surfaces of ZK60 Mg alloy samples at exposed in 0.1 

M NaCl for 4 hours for (a) extruded and processed by (b) 1, (c) 2, (d) 5, (e) 10 and (f) 20 turns of 

HPT. 

Figure 13. Fig. 12. SEM of surface morphologies of the ZK60disks after 24 hours immersion in 

0.1 M NaCl solution for samples of (a) extruded with point A for EDS analysis and processed by 

(b) 1 turn of HPT with point B for EDS analysis, (c) 2 turns of HPT with point, (d) 5 turns of HPT, 

(e) 10 turns of HPT and (f) 20 turns of HPT with point C for EDS analysis. The corresponding 

EDS results of point A, B and C are compared in Table 2.   

Table 1. Results from the fitted EIS data in the equivalent circuits suggested in Figure. 5 

Table 2. EDS results of corresponding areas in Figure. 11 

 



Fig. 1. Grain size distributions and EBSD orientation micrographs taken from the mid-radius 

of the RD-TD planes of the extruded material and samples processed by 1 and 5 turns of HPT. 

The color coded triangle is reprsentative of the crystalograpic orentation of corresponding 

colors in the EBSD orentation micrographs. 



Fig. 2. The pole figures of {0001} crystallographic orientation from the mid-radius of the RD-

TD planes of the extruded, and HPT processed samples with 1 and 5 turns at 298 K.
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Fig. 3. Polarization curves of the ZK60 samples in 0.1 M NaCl solution, 

processed by extrusion and various numbers of HPT turns.
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Fig. 4. Nyquist plots of one of the ZK60 Mg samples in 0.1 M NaCl solution, processed by 

extrusion and various numbers of turns by HPT.



Rs

Cf

Cdl

Rf

Mg Alloy             MgO              Mg(OH)2    Solution

ZF

Fig. 5. Equivalent circuit constructed based on the interface reactions observed in the EIS 

spectrum for the extruded and the HPT processed ZK60 samples in 0.1 M NaCl.
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Fig. 6. Cole-Cole plots corresponding to EIS data at high frequencies presented in 

Figure 4.
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Fig. 7. The Mott–Schottky plots for the ZK60 samples processed by extrusion and various 

numbers of turns by HPT, immersed in 0.1 M NaCl for 4 hours.
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Fig. 9. Cumulative hydrogen evolution for extruded and HPT proceeded samples immersed 

in 0.1 M NaCl solution for 24 hours.



Fig. 10. The optical images of the corroded surfaces of the extruded as well as HPT proceeded ZK60 samples at 
different immersion time (the diameter of each disk is ~10 mm).
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Fig. 11. The micrographs of the corroded surfaces of ZK60 Mg alloy samples at exposed in 

0.1 M NaCl for 4 hours for (a) extruded and processed by (b) 1, (c) 2, (d) 5, (e) 10 and (f) 20 

turns of HPT.



(a) (b)

(c) (d)

50 µm

(e) (f)
Fig. 12. SEM of surface morphologies of the ZK60disks after 24 hours immersion in 0.1 M 

NaCl solution for samples of (a) extruded and processed by (b) 1 turn of HPT with point A for 

EDS analysis, (c) 2 turns of HPT with point B for EDS analysis, (d) 5 turns of HPT, (e) 10 turns 

of HPT and (f) 20 turns of HPT with point C for EDS analysis. The corresponding EDS results 

of point A, B and C are compared in Table 2.  



Table 1. Results from the fitted EIS data in the equivalent circuits suggested in Figure 5

Sample Extruded 1 2 5 10 20
Rf (Ωcm2) 760 510 590 680 870 980

Cf (μFcm-2) 4.2 1.6 1.9 2.3 2.9 3.2



Table 2. EDS results of corresponding areas in Figure 11

Element (wt.%) A B C
Mg 81.1 28.1 58.2
Zn 3.2 2.3 1.0
O 14.5 57.7 39.1
Cl 0.2 11.3 0.9




