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Graphene was added to the electrolyte during the preparation of an anodic oxidation coating on an 

AZ31 magnesium alloy, and the effects of graphene on the surface morphology, chemical composition 

and phase composition of the coatings were investigated by scanning electron microscopy (SEM), 

energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 

(XPS). The corrosion resistance of the coatings was evaluated via electrochemical measurements, 

including dynamic polarization curves and electrochemical impendence spectroscopy (EIS). The 

results indicated that graphene was successfully incorporated into the anodic oxidation coating, and the 

number of micro-pores and cracks on the coating dramatically decreased. Moreover, the 

electrochemical measurements demonstrated that the corrosion resistance of the coating improved 

because the corrosion potential increased 470 mV and the corrosion current density decreased 

approximately three orders of magnitude when 0.5 g L
-1

 of graphene was added to the electrolyte. 
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1. INTRODUCTION 

Magnesium and its alloys display excellent properties, such as a low density, high strength to 

weight ratio, good casting ability, excellent electromagnetic shielding characteristics and favorable 

bio-compatibility [1,2], and these properties make magnesium alloys promising candidates in many 

fields, including aeronautics, the automotive industry, electro-communication and military industries 

[3,4]. In contrast, the high chemical activity and poor corrosion resistance of magnesium alloys 
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seriously limit their applications. Surface treatment is one of the most effective and direct 

methods to improve the corrosion resistance of magnesium alloys. Various surface treatments have 

been proposed to improve the corrosion resistance of magnesium alloys, such as chemical conversion 

coatings, anodic oxidation, vapor phase deposition, electroplating and electro-less plating, and plasma 

electrolytic oxidation [5-10]. Among these methods, anodic oxidation is considered as one of the 

easiest processes to protect magnesium alloy substrates due to its low cost, simple operation and 

excellent bond strength between the coating and the substrate [11]. Unfortunately, the surface 

morphology of the anodic coating is porous, which reduces the surface quality and facilitates the 

corrosion velocity of the magnesium alloy substrate. Therefore, the coating cannot be used for long-

term protection of magnesium alloy substrates. 

Consequently, an anodic oxidation treatment to seal the porosity embedded in the coatings is 

important. The chemical composition of the electrolyte is a main factor in determining the morphology 

and performance of the coatings. In recent years, the researchers [12-18] have proposed and added 

certain particles, such as ZrO2, TiO2, SiC, clay and PTFE, into the electrolytes, and these particles can 

be incorporated into the coatings and produce less defective and cracked coatings. Zhang et al. [11] 

investigated the effect of superfine Al2O3 particle additives in the electrolyte on the corrosion 

resistance and anti-wear properties of an anodic coating on AZ31 magnesium alloy. The corrosion 

resistance, micro-hardness and anti-wear property of the coating with the Al2O3 particle additives all 

improved compared to that of the coating without the additive. Lv et al. [19] investigated the effect of 

graphite additives in the electrolytes on the microstructure and corrosion resistance of plasma 

electrolytic coatings on aluminum alloy and found that the morphology and corrosion resistance of the 

PEO coatings were significantly affected by the graphite size. Finer graphite grains are involved in the 

coating and make the coating more compact. Rapheal et al. [20] investigated the effect of the current 

density on the microstructure and corrosion resistance of PEO coatings on AM50 Mg alloy produced 

in an electrolyte containing clay additives. They found that the clay additives melted and were 

incorporated into the coating, and the coating exhibited the best corrosion resistance at a 30 mAcm
-2

 

current density. Liu et al. [21] successfully fabricated hard anodic oxidation coatings containing micro-

PTFE particles on the surface of an aluminum alloy via the addition of micro-PTFE particles into the 

traditional anodizing electrolyte. Consequently, the fabrication of composite coatings with additives in 

the electrolyte is an effective and new method to further improve the performance of anodic oxidation 

coatings [22].  

Graphene is a new generation material, which was first isolated by a simple mechanical 

exfoliation in 2004 [23]. Graphene is a two-dimensional material and with a honeycomb single layer 

crystal lattice formed by tightly packed sp
2
 bonded carbon atoms. Due to its corresponding unique 

structure, graphene has extraordinary electrical properties and excellent optical and mechanical 

properties. The extraordinary properties of graphene make it an effective barrier against oxidation and 

corrosion of a substrate [24]. However, in terms of the utilization of graphene as a protective coating, 

only a few reports have been published in recent years, especially on anodic oxidation coatings on 

magnesium alloys. The purpose of the present paper was to investigate the effects of graphene in an 

electrolyte on the surface morphology and corrosion resistance of anodic oxidation coatings on AZ31 

magnesium alloy. In addition, coatings formed in electrolytes with and without a graphene suspension 

were investigated for comparison. 
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2. EXPERIMENTAL PROCEDURE 

2.1 Materials and experimental process 

A commercial AZ31 magnesium alloy, nominal composition (in wt.%) 3.29% Al, 0.53% Zn, 

0.15% Mn and balance Mg, was utilized as the substrate material in the present investigation. The 

samples were cut with dimensions of 10 mm × 10 mm × 10 mm. The samples were ground to 1500 

grits with silicon carbide abrasive papers. Subsequently, the samples were ultrasonically rinsed with 

acetone and distilled water and dried in air at room temperature prior to the anodizing oxidation. 

 

 
 

Figure 1. SEM morphology of the graphene utilized in the current investigation 

 

 
 

Figure 2. Raman spectrum of the graphene utilized in the current investigation 

 

The anodizing oxidation processes were executed using a DC power source. The AZ31 samples 

were utilized as the anode, and 316 L stainless steel was utilized as the cathode. First, the alkaline 

electrolytes containing 10 g L
-1

 of sodium hydroxide (NaOH), 18 g L
-1

 of sodium silicate 

(Na2SiO3·9H2O), and 0, 0.1 g L
-1

, 0.5 g L
-1

 and 1.0 g L
-1

 of graphene were prepared. Then, the 

electrolytes were ultrasonically dispersed for 30 min to ensure the graphene was homogeneously 

dispersed prior to the anodic oxidation processing. All the chemical reagents in the present 

5μm 
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investigation were of the analytical reagent (AR) grade. The graphene additive utilized in the 

present investigation was supplied by the MORSH Technology Co. Ltd. of Ningbo City, China. The 

SEM morphology of the graphene is presented in Fig. 1, and the corresponding Raman spectrum is 

presented in Fig. 2. The Raman peaks at 1347 cm
-1

, 1585 cm
-1

 and 2670 cm
-1

 corresponded to the D, G 

and 2D characteristic peaks of graphene [25]. The anodizing processing was executed with a constant 

current density of 0.3 A cm
-2

,
 
and the electrolyte temperature was maintained at 25 °C for 30 min. 

During the anodizing, the electrolyte was persistently stirred by a magnetic stirrer in the electrolytic 

bank. After the anodic oxidation processing, the samples were washed in ethanol and distilled water 

and dried in air at room temperature. 

 

2.2 Coating characterization 

The micro-morphology and cross-section of the coatings were examined using scanning 

electron microscopy (SEM, Quanta, FEI 450). The chemical compositions of the coatings were 

analyzed via the energy dispersive spectrum (EDS, Oxford) attached to the SEM and X-ray 

photoelectron spectroscopy (XPS, Physical Electronics, Thermo ESCALAB 250Xi) with an Al Kα 

(hν=1486.6 eV) monochromatic source. The X-ray diffraction (XRD) experiments were performed on 

a Bruker D8 diffractometer with Cu Kα radiation (λ=0.154060 nm) over an angle range of 10~90º (2θ 

values).  

The corrosion resistance of the coatings was evaluated via the dynamic polarization curves. 

The electrochemical impedance spectroscopy (EIS) measurements were taken in a 3.5 wt.% NaCl 

solution using a PGSTA302A AutoLab electrochemical workstation with a three-electrode cell system, 

and the system contained a reference electrode (a saturated calomel electrode), a counter electrode (a 

platinum foil) and a working electrode (samples). The area of the working electrode was 1.0 cm
2
. All 

the electrochemical tests were conducted following a 30 min immersion in the 3.5 wt.% NaCl solution 

at room temperature to attain a steady state of the open circuit potential, and three independent 

measurements were performed for each experimental condition. The EIS measurements were executed 

at a certain corrosion potential within a frequency range of 10
-2

 Hz to 10
5
 Hz. The dynamic 

polarization curves were performed at a scanning rate of 1 mV s
-1

 from - 0.2 to 0.3V with respect to 

the open circuit potential. The corrosion potential (Ecorr) and the corrosion current density (icorr) were 

determined using the Tafel extrapolation method according to the achieved dynamic polarization 

curves. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Voltage behavior 

The variation of the voltage as a function of time under a constant current density with and 

without the graphene additive is presented in Fig. 3. It can be observed that the addition of graphene 

affects the voltage evolution during the entire coating process. As reported in  previous studies [26-28], 

the voltage variation with the time curves of the coating with graphene demonstrated a typical three 
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stage characteristic. Compared to the sample without graphene, the voltage increased faster with 

time. In particular, the sample with the graphene addition of 1.0 g L
-1

 had a faster voltage increase than 

the other samples, indicating that graphene might result in a thicker coating [29].  
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Figure 3. Voltage vs. time plots of the anodic oxidation process with a constant current density of 0.3 

A cm
-2

 for 30 min in electrolytes containing 10 g L
-1

 of NaOH, 18 g L
-1

 of NaSiO3·9H2O and 

different concentrations of graphene  

 

3.2 Surface morphology and phase composition 

Fig. 4 presents the differences in the surface morphology of the anodic oxidation coatings on 

the AZ31 magnesium alloy without and with graphene additions. It can be observed that all the 

coatings displayed similar features, and there are certain micro-pores and cracks embedded in the 

corresponding surfaces. Lu [30] and Fan [31] also found that micro-pores and cracks exist in the 

plasma electrolytic oxidation coatings of Mg alloys. The micro-pores are formed by gas bubbles 

leaving via the micro-discharge channels. Compared to the coating without graphene, the number and 

size of the micro-pores on the coatings with graphene decreased, especially for the sample with 0.5 g 

L
-1

 of graphene in the electrolyte. However, Fig. 4d shows that a higher concentration of graphene in 

the electrolyte caused an increase in the number of micro-pores and a decreasing uniformity in the 

coating surface morphology. It could also be observed that fewer cracks existed on the coatings with 

graphene. This phenomenon was consistent with the experimental observations, and the discharge 

spark further decreased when graphene was added to the anodic oxidation electrolytes. To investigate 

the incorporation of graphene into the anodic oxidation coating, the EDS analysis was executed. Table 

1 presents the EDS chemical composition of the coatings with added graphene, and the results show 

that the main elements forming the coatings were Mg, O, Si, Na and C. The identification of C was 

proof that graphene was successfully incorporated into the coatings because the corresponding C 

concentration was higher than that of the coatings without graphene.  
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Figure 4. SEM surface morphology of the anodic oxidation coatings processed with a constant current 

density of 0.3 A cm
-2

 for 30 min in electrolytes containing 10 g L
-1

 of NaOH, 18 g L
-1

 of 

Na2SiO3·9H2O with graphene additions of (a) 0, (b) 0.1 g L
-1

, (c) 0.5 g L
-1

 and (d) 1.0 g L
-1

 

 

Table 1. EDS chemical composition indicated by the box in Fig. 4  

 

Elements (wt.%) Mg O Si Na C 

0.1 g/L graphene 32.48  37.89 15.63 1.68 12.42 

0.5 g/L graphene 22.19 32.83 9.54 0.83 34.11 

1.0 g/L graphene 19.73 18.40 7.17 0.95 53.40 

 

To further identify the incorporation of graphene additives into the anodic oxidation coatings 

and the phase composition of the coatings, XRD and XPS analyses were performed to analyze the 

coating compositions. As presented in Fig. 5, the main phase of the substrate was Mg, and the anodic 
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oxidation coating was composed of Mg, MgO and Mg2SiO4 phases. Based on Daroonparvar’s 

research results  on the phase formation process of plasma electrolytic oxidation coatings on a Mg-

1%Ca alloy in aluminate electrolytes [32], it was assumed that the new phases, MgO and Mg2SiO3, in 

the present investigation formed through the following processes during the anodic oxidation 

processing: 
  e2MgMg 2

          (1) 
  e4H4OOH 22        (2) 

2

2 )OH(MgOH2Mg  

    (3) 

OHMgO)OH(Mg 22       (4) 

3

-2

3

+2 MgSiO SiO + Mg 
        (5)

 

 

 
 

Figure 5. XRD patterns of the substrate and the anodic oxidation samples processed with a constant 

current density of 0.3 A cm
-2

 for 30 min in electrolytes containing 10 g L
-1

 of NaOH, 18 g L
-1

 

of Na2SiO3·9H2O and 0.5 g L
-1 

of graphene 
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Figure 6. XPS spectra of coatings processed with a constant current density of 0.3 A cm

-2
 for 30 min 

in electrolytes containing 10 g L
-1

 of NaOH, 18 g L
-1

 of Na2SiO3·9H2O and (a) 0 (b) 0.5 g L
-1

 

graphene  

 

Although a C signal was not detected in the XRD patterns in Fig. 5, the XPS survey spectra 

detected Si, O, Mg, and C peaks. The signal of C 1s was present in the coating in Fig. 6a, and this is 
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common in XPS surface scanning from hydrocarbons in the environment. In contrast, the 

intensity of the C 1s peak in Fig. 6b was significantly stronger than that of the C 1s peak in Fig. 6a, 

which was evidence of graphene incorporation in the anodic oxidation coating [19].  

Fig. 7 presents the high solution spectra of the elements detected in Fig. 6b. The C 1s peaks at 

284.65 eV, 285.6 eV and 288.47 eV in Fig. 7a corresponded to C=C, C sp
3
 and O-C=O chemical 

bonding, which indicated the incorporation of graphene into the coating [33], and the appearance of O-

C=O bonding might be due to the oxidation of graphene during the anodic oxidation processing. The 

Mg 1s peaks at 1303.24 eV, 1303.84 eV and 1304.41 eV in Fig. 7b indicated that the Mg existed in the 

forms of Mg, MgO and MgSiO3. The Si 1s peaks at 102.2.24 eV in Fig. 7c indicated that the Si existed 

in the form of MgSiO3. The O 1s peaks at 531.08 eV, and 532.11 eV in Fig. 7d indicated that the O 

existed in the forms of MgO and MgSiO3. All the results in Fig. 7 were acceptable because all the 

detected peaks in Fig. 7 were derived from standard peaks below 1 eV. 

 

 

 
 

Figure 7. XPS high resolution spectra of elements detected in Fig. 6b (a) C, (b) Mg (c) Si and (d) O 

 

The SEM cross-sectional morphology and the EDS chemical composition of the anodic 

oxidation coatings without and with 0.5 g/L of graphene are presented in Fig. 8. The results indicated 

that two main coating regimes were visible and existed for all the coatings, i.e., an outer layer and an 

inner layer, which is typical of the cross-sectional morphology for the coatings produced by the anodic 

oxidation method [22]. The coating without graphene was significantly more porous compared to the 
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coating with the 0.5 g L
-1

 of graphene. Especially, the inner layer of the coating with the 0.5 g L
-1

 

of graphene was also significantly more compact than the coating without graphene. The result was 

consistent with the voltage variation over time curves (Fig. 3). The EDS results indicated that although 

C could be detected in both coatings, the amount in Fig. 8b was almost 6 times higher than the amount 

in Fig. 8a, and this is additional evidence of graphene incorporation into the anodic oxidation coating. 

 

 

 
 

Figure 8. SEM cross-sectional morphology and EDS chemical composition analysis of the coatings 

processed with a constant current density of 0.3 A cm
-2

 for 30 min in electrolytes containing 10 

g L
-1

 of NaOH, 18 g L
-1

 of Na2SiO3·9H2O and graphene additions of (a), (b) 0 and (c), (d) 0.5 g 

L
-1

 

 

3.3 Corrosion resistance measurements 

It is well known that the corrosion current density (icorr), corrosion potential (Ecorr) and Tafel 

slope are frequently used to evaluate the corrosion resistance of samples. In the polarization curves, the 
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anodic curve is an important feature related to the corrosion resistance, while the cathodic 

reaction corresponds to the evolution of hydrogen [34, 35]. The potentiodynamic polarization curves of 

the uncoated AZ31 magnesium alloy and the anodic oxidation samples with and without graphene 

exposed to a 3.5 wt.% NaCl solution for 30 min versus the open circuit potential are presented in Fig. 

9. The corrosion potential (Ecorr), corrosion current density (icorr) and the Tafel slope ((bc) were derived 

using the Tafel fitting method from the curves listed in Table 2. It can be observed that the corrosion 

potential, corrosion current density and Tafel slope of the uncoated sample were -1.49 V, 23.4 μA and 

175.3 mV/dec, respectively, whereas the corrosion potential, corrosion current density and Tafel slope 

of the anodic oxidation sample were 1.33 V, 0.90 μA and 230.8 mV/dec, respectively, which indicated 

that the anodic oxidation improved the corrosion resistance of the AZ31 magnesium alloy. The results 

in Fig. 8 and Table 2 also show that the anodic oxidation coatings with graphene displayed higher 

corrosion potentials, lower corrosion current densities and lower Tafel slopes than those of the samples 

without graphene. In particular, for the coating with 0.5 g L
-1

 of graphene, the corrosion potential 

increased by 0.47 V, the corrosion current density decreased by approximately 3 orders of magnitude, 

and the Tafel slope increased 73.4 mV/dec compared to those values for the coating without graphene. 

These improvements were attributed to the uniform structure of the coating and the presence of fewer 

and smaller micro-pores.  
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Figure 9. Dynamic potential polarization curves of the coating processed with a constant current 

density of 0.3 A cm
-2

 for 30 min in electrolytes containing 10 g L
-1

 of NaOH, 18 g L
-1

 

Na2SiO3·9H2O and various graphene addition amounts 

 

The cathodic polarization curves usually demonstrate cathodic hydrogen evolution (reaction 

(2)), whereas the anodic dissolution of magnesium can be ascribed to the anodic curves (reaction (1)) 

Thus, the anodic branches can determine the corrosion resistance of samples. The anodic current 

density sharply increased. This phenomenon can be attributed to the low density and thickness of the 

formed oxide coatings with loose structures on the AZ31 magnesium alloy substrate. These oxide 

coatings are not able to protect the AZ31 magnesium alloy surface during corrosion [36, 37]. However, 

the coating reduced the anodic current density of the AZ31 magnesium alloy, which is mainly related 
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to the increased compactness, homogeneity and thickness of the coatings compared to that of the 

formed oxide films on the AZ31 magnesium alloy. These oxide coatings do not have enough stability 

in solution and cannot adequately protect the alloy against corrosion because the coating is porous. 

However, the incorporation of graphene into the anodic oxidation coating can remarkably reduce the 

anodic current density of the AZ31 magnesium alloy during corrosion The reason for this phenomenon 

can be attributed to the presence of graphene in the coating, which has a high chemical stability, and 

the dense structure of the anodic coating, which provides a good barrier to prevent the penetration of 

corrosion substances.  

 

Table 2. Tafel fitting results of the curves in Fig. 9 

 

Sample Ecorr (V) icorr (μA cm
2
) -bc (mV/dec) 

uncoated AZ31 -1.49 23.4 175.3 

0 g/L graphene  -1.33 0.90 230.8 

0.1 g/L graphene  -1.30 0.35 242.6 

0.5 g/L graphene  -1.02 0.012 258.7 

1.0 g/L graphene  -1.15 0.052 232.9 

 

EIS measurements were also executed to further investigate the performance of the coatings, 

and the Nyquist plots of the uncoated AZ31 magnesium alloy and the coated samples are presented in 

Fig. 10. It can be observed that all the Nyquist plots demonstrated capacitive depressed semicircles in 

the high frequency region, whereas the capacitive loops of the samples coated by anodic oxidation 

were significantly higher than that of the uncoated sample. The anodic oxidation samples with the 0.5 

g L
-1

 of graphene in the electrolyte had the highest capacitive loops, which indicated that the sample 

displayed the best corrosion resistance [15].  

Using the SEM morphology observations and the EIS measurements, Fig. 11 presents the 

model microstructures of the anodic oxidation coatings with equivalent circuits, indicating that the 

anodic coatings were composed of two layers, i.e., a porous outer layer and more dense inner layer, 

that were similar, as demonstrated in reference [38]. The equivalent circuits in Fig. 11 were utilized to 

model the impedance data and deduce the parameters of the circuit elements, and Rs, R1 and R2 refer to 

the impedance of the solution, the outer layer and the inner layer, respectively. The CPE2 was parallel 

to R2, and CPE1 was parallel to R1. The variation in the parameters of the circuit elements can be 

utilized to assess the corrosion resistance of the coatings [12], and Table 3 provides the calculated 

parameters of the various samples. It can be observed that the impedances of the coated samples were 

significantly higher compared to those of the uncoated samples, especially for the sample with 0.5 g L
-

1
 of graphene. The R1 and R2 impedances were approximately 10 times higher than those of the 

uncoated sample, which indicated that the corresponding corrosion resistance improved. This result 

can be related to the protective characteristics of the coatings, as previously mentioned. The real 

impedance can be taken as the value where the imaginary part becomes the capacitive part to be the 

charge transfer resistance, and this can be regarded as a measure of corrosion resistance. Thus, the 

good corrosion resistance can be attributed to the high charge transfer resistance [39-41]. 
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Figure 10. Nyquist plots of anodic coatings: (a) uncoated AZ31 magnesium alloy and (b) coatings 

processed with a constant current density of 0.3 A cm
-2

 for 30 min in electrolytes containing 10 

g L
-1

 of NaOH, 18 g L
-1

 of Na2SiO3·9H2O and various graphene additions 

 

 

 
 

Figure 11. Model microstructure of the anodic oxidation coating with an equivalent circuit diagram 

 

The present experimental results demonstrated that the addition of graphene into the anodic 

oxidation electrolyte of the AZ31 magnesium alloy can improve the corrosion resistance of the anodic 

coatings. Zhao et al. [33] deduced the mechanism by which a graphene oxide addition into the 

electrolyte improved the corrosion resistance of the plasma electrolytic oxidation coating on an AZ31 

magnesium alloy, and they concluded that the graphene oxide addition can block corrosion electrolyte 

diffusion into the substrate. Referenrce [32] reported similar results. Therefore, the mechanism by 

which a graphene addition improves the anodic oxidation coating surface performance can be deduced 

as the following: during the anodic oxidation coating formation, the graphene is embedded into the 

outer layer and inner layer of the coating, leading the coating to become compact (Fig. 8b). This occurs 

because graphene preferentially locates at the micro-pores and cracks in the coating. Additionally, 

when the coated samples are immersed in a corrosion medium, graphene prevents the corrosion 

medium from penetrating the substrate and improves the magnesium alloy corrosion resistance. 
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Table 3. Impedance values of samples with various graphene additions 

 

Graphene  

(g L
-1

) 

Rs 

 (Ω.cm
2
) 

CPE-T 

(S
n
Ω

-1
.cm

-2
) 

CPE-P 

(S
n
Ω

-1
.cm

-2
) 

R1 

（KΩ.cm
2） 

CPE-T 

(S
n
Ω

-1
.cm

-2
) 

CPE-P 

(S
n
Ω

-1
.cm

-2
) 

R2 

（KΩ.cm
2） 

0 13.13 3.68×10
-6

 0.71 1.74 5.37×10
-6

 0.95 146.90 

0.1 13.74 3.79×10
-7

 0.83 14.86 5.05×10
-6

 0.70 302.46 

0.5 11.06 4.47×10
-7

 0.75 79.25 1.84×10
-6

 0.91 2108.60 

1 12.32 6.72×10
-6

 0.54 4.86 5.04×10
-6

 0.68 421.13 

 

 

 

4. CONCLUSIONS 

In the present investigation, a novel approach for decreasing the number of micro-pores in the 

anodic oxidation coating of an AZ31 magnesium alloy to improve the corresponding corrosion 

resistance was developed by adding graphene into the electrolyte during the anodic oxidation 

processing. The microstructure and phase composition investigations indicated that the graphene was 

successfully incorporated into the anodic oxidation coatings, and the graphene additive dramatically 

decreased the number of micro-pores in the anodic oxidation coatings. The electrochemical 

investigations demonstrated that the corrosion resistance of the anodic oxidation coatings improved 

upon the incorporation of graphene into the coatings. Moreover, the corrosion potential increased by 

approximately 470 mV and the corrosion current decreased by approximately three orders of 

magnitude for the coating with a graphene addition of 0.5 g L
-1

 compared to those of the coating 

without graphene. Higher concentrations of graphene in the electrolyte caused an increase in the 

number of micro-pores and a decrease in the uniformity of the coating structures, which resulted in a 

decrease in the corrosion resistance. 
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