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The effect of Cd on the corrosion-resistant behavior and mechanical performance of Mg using gas 

collection, electrochemical measurements and tensile stress tests has been investigated. The 

experimental results showed that in the cathodic polarized region, hydrogen evolution and magnesium 

hydride formation were significantly reduced, whereas in the anodic polarized region, the negative 

difference effect was restrained and the anodic dissolution slightly enhanced when Cd (2.04 wt.%) is 

alloyed to Mg. The sum effect of the cathodic and anodic reactions results in an improvement of the 

corrosion resistant behavior in Mg-Cd alloy. Furthermore, the addition of Cd has been found to reduce 

the susceptibility to stress corrosion cracking. The mechanisms of these improved properties has been  

clarified by considering the formation of a stable Mg
n+

- Cd
d-
 galvanic couple in the Mg-Cd alloy that 

can be applied in the interpretation of the corrosion behavior of other Mg alloys.  
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1. INTRODUCTION  

Magnesium and its alloys are an excellent choice for lightweight structural applications in the 

automotive and aerospace industry. These materials exhibit desirable characteristics of high specific 

strength, low density, excellent castability, damping ability, and ease in machining [1-3]. Yet one 

major problem with the application of Mg and its alloys as structural materials is its poor corrosion 

resistance in moderately aggressive environments [4-8]. In addition, the increasing use of Mg alloys in 

structural load-bearing applications where the effects of stress corrosion cracking are obvious [9], 

makes it imperative to design Mg alloys that possess excellent mechanical properties. 
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The corrosion of Mg and its alloys display an unusual phenomenon of increasing hydrogen 

evolution with increasing potential known as Negative difference effect (NDE). It is of crucial 

significance in the study of the corrosion behavior of Mg and its alloys [10,11] as it causes severe 

damage and defects by shortening the lifetime of materials under corrosive environments due to the 

formation of galvanic corrosion [12,13] and stress corrosion cracking [14]. It is therefore essential in 

the study of the corrosion behaviour of Mg and Mg alloys to understand the mechanism of the 

corrosion processes with a view to reducing the NDE behaviour. Although the interpretation of NDE 

induced by monovalent magnesium ion (Mg
+
) [15-21] is increasingly acknowledged, the mechanism 

through which NDE is induced by the decomposition of magnesium hydride still remains unclear and 

debated [22-24]. Interestingly, as evidenced via various experimental measurements, MgH2 has been 

found to exist in the film of magnesium corrosion products [25-27], and its formation is supported by 

thermodynamic theoretical analysis [28]. In addition, the formation of MgH2 in the cathodic region is 

known to degrade the mechanical properties of Mg alloys [29], while NDE in the anodic region is 

associated with cracking and subsequent disintegration of magnesium [30]. Generally, the presence of 

hydrogen in the corrosion system of Mg and its alloys has been linked with stress corrosion cracking 

caused by hydrogen embrittlement in the alloy [29,31,32]. However, in recent years, the perception of 

the NDE phenomenon has continued to evolve with new ideas. The uncertainty concerning the 

existence of the uni-positive Mg
+
 ion [33], the observation of a magnesium dissolution stoichiometry 

of approximately of n = 2 [34], the understanding of NDE as a consequence of a localized corrosion 

mechanism involving hydrogen evolution due to cathodic activation [35] and the explanation of NDE 

as showing that the corrosion of Mg and its alloys are dependent on two electron consuming processes 

resulting from external polarization measured as current flow on the ammeter and from hydrogen gas 

formation [36]; are all a testament to the continued interest in the understanding of NDE. 

An attempt at identifying an effective way to reducing significantly the formation of both 

magnesium hydride and the monovalent magnesium ion in Mg and its alloys will present solutions to 

greatly improving the corrosion resistance and mechanical performance of these materials. Mercury 

has been reported to reduce the hydrogen evolution reaction (HER) rate [37]. This is attributed to the 

nature of its droplet having a very high over potential and a low exchange current density during the 

reduction of H
+
 [38]. Nonetheless, mercury addition degrades the mechanical performance [39]. 

Interestingly, Zn, Cd and In possess properties similar to those of Hg for H
+
 reduction [38]. Of all the 

mercury-like metals, Cd readily dissolves into Mg phase forming a mutual solid solution above 253 

ÁC. Even at a lower temperature, the phase diagram of Mg-Cd alloy exhibits a region in which a 

complete solid solution was observed with the maximum of 20 atomic percent Cd [40-42]. In 

comparison with other elements, the solubility of Cd in Mg is the largest [43] and this helps in 

reducing the formation of intermetallic phases. The addition of Cd has been found to increase 

significantly the tensile strength of Mg [44]. Also, its effect in reducing the HER of Mg alloy has been 

partly proven [45]. The foregoing implies that the addition of Cd to Mg would have both the desirable 

effects of improving the corrosion resistance and enhancing the mechanical strength of Mg.    

In furtherance to our research on the corrosion behavior of Mg alloys, we present herein a 

systematic investigation of the effect of alloyed Cd to Mg using gas collection and electrochemical 

techniques.  Our interest is focused on the role of Cd in the reduction of NDE and in the understanding 
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of the formation of magnesium hydride for improved corrosion resistance and mechanical strength in 

Mg alloys. We report a remarkable improvement in the corrosion resistance and mechanical properties 

of Mg alloyed with Cd. Furthermore, we have explained the anodic and cathodic reactions taking place 

on the metal surface from an atomic perspective using a micro-galvanic couple model that is for the 

first time reported in literature. The results demonstrate the benefit of Cd incorporation in the design of 

new corrosion resistant Mg alloys for enhanced engineering use. 

 

 

 

2. EXPERIMENTAL  

2.1. Sample preparation 

The materials used for the experiments were Magnesium (Mg) and as-cast Magnesium-

Cadmium (Mg-Cd) alloy.  The Mg alloy was prepared from pure Mg (99.995 wt.%) with impurities, 

FeḶ100 ppm and NiḶ50 ppm.  The chemical composition of the as-cast Mg-Cd alloy was 2.04 wt.% 

Cd and the balance Mg with impurity levels of FeḶ100 ppm and NiḶ50 ppm. The chemical 

compositions of the materials were measured by inductively coupled plasma atomic emission 

spectroscopy.  The alloy was first smelted by adding cadmium (99.99 wt.%) to magnesium (99.995 

wt.%) in a shaft crucible furnace in the presence of CO2 and SF6 gases at a temperature of 750 ÁC , 

followed by casting in a water-cooled graphite mould.  

The samples were cut into dimensions of (10Ĭ15Ĭ2) mm
3
 for the immersion test, whereas those 

for the electrochemical tests were mounted using epoxy resin with 1 cm
2
 surface exposed.  The 

samples were ground with 2000 grit SiC paper, cleaned with distilled water and acetone and dried in 

cold air. 

 

2.2. Structure and surface identification 

The structural identification of the materials were characterized by means of X-ray diffraction 

(XRD) by employing a D/Max-2500PC detecting machine (lCu Ka = 1.54 ¡). The corrosion 

morphologies were observed using a Phillips XL30 scanning electron microscope (SEM) equipped 

with energy dispersive X-ray analysis (EDS).  All samples were sprayed with thin gold films to create 

a conducting surface.  In order to observe the corrosion features clearly, the corrosion products that 

formed after the immersion test on pure Mg and Mg-Cd alloy were removed in a hot chromic acid bath 

consisting of 180 g/L CrO3. A conventional optical microscope was used to obtain metallographic 

images of the alloy. 

 

2.3. Immersion test and electrochemical measurements 

The samples for the immersion test having a dimension of (10Ĭ15Ĭ2) mm
3
 were completely 

immersed in 400 mL 0.1 mol L
-1

 NaCl solution at pH = 7 for 24 hours at open circuit potential (OCP) 

under a room temperature of 25 ÁC. An experimental arrangement as described by Song et al [46]. was 
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used to collect and measure the hydrogen gas that evolved during the immersion test. The hydrogen 

evolution rate HR (ml/cm
2
/d), was determined and related to the corrosion rate CRH, in (mm/y) using 

the expression below. 

 

CRH = 2.279 HR     (1) 

 

Electrochemical Impedance Spectroscopy (EIS) measurements were carried out at open circuit 

potential on epoxy-mounted samples having 1 cm
2
 surface exposed at various times up to 24 hours. 

The samples were ground using 2000 grit SiC paper, cleaned with distilled water and acetone and dried 

in cold air prior to EIS measurements in 0.1 mol L
-1

 NaCl solution using a M273A/5210E 

Potentiostat/Phase-lock amplifier over the frequency range  of 100 KHz to 10 mHz with an AC 

amplitude perturbation of 5 mV.  A three-electrode electrolytic cell set-up having Mg and Mg-Cd alloy 

as the working electrode, Pt plate as the auxiliary electrode and a saturated calomel electrode (SCE) as 

the reference electrode was used.  The potentiodynamic polarization curves were measured at a 

constant sweeping rate of 0.2 mV/s. For the potentiostatic polarization test, the working electrode 

potential ranged from -2.200 V/SCE to -0.800 V/SCE. The current density and the volume of the 

hydrogen gas evolved at each applied potential were simultaneously measured for 600 s using the 

potentiostat and a gas collection apparatus [20] respectively. The polarization resistance Rp, was 

evaluated from the EIS results as the value of the impedance at 1 Hz at final immersion (24 hrs) and 

was used to derive an estimate of the corrosion current density icorr (mA/cm
2
) [47]; calculated using 

values of the cathodic Tafel slope ɓc, and anodic Tafel slope ɓa, from polarization curves.  The 

corresponding corrosion rate Pi (mm/y) was evaluated using [48]. 

 

 

p

corr
R

B
i =                                               (2) 

where,               

 

)(3.2 ca

caB
bb

bb

+
=                                        (3) 

 

corri iP 85.22=                                                  (4) 

 

2.4. Differential Scanning Calorimetry (DSC) measurements 

Mg and Mg-Cd alloy specimens having a dimension of (10Ĭ10Ĭ0.1) mm
3
 were 

potentiostatically polarized at a potential of -2.000 V/SCE for 24 hours in 0.1 mol L
-1

 NaCl solution 

for cathodic hydrogenation to occur. The magnesium hydroxide film [49] (produced by the dissolution 

of both Mg matrix and magnesium hydride) on the charged specimen was removed in 180 g/L CrO3 

solution, the specimen was cleaned with distilled water and acetone and finally dried in cold air. A 
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DSC (Pyris DSC404) testing machine operating at a heating rate of 20 ÜC/min was employed to detect 

the thermal desorption behavior of magnesium hydride formed during the cathodic polarizing 

processes of the specimens. All measurements were performed in standard alumina cups and under a 

constant flow rate of 200 mL min
-1

 of pure argon (purity > 99.999 %) to prevent oxidation.  The 

proportion of magnesium hydride desorbed was calculated by integrating the peak area under the DSC 

curves.  

 

2.5. Stress Corrosion Cracking (SCC) susceptibility evaluations 

A Shimadzu AGX-20kN universal tensile machine was employed in order to detect the SCC 

susceptibility of Mg and Mg-Cd alloy using the slow strain rate test (SSRT) method. The sheet tensile 

specimen had a gauge dimension of 15 mm (length) Ĭ 5 mm (width) Ĭ 2.5 mm (thickness). Before the 

SSRT test, the tensile samples were polished using SiC paper with grit size up to 5000 (produced by 

RIKEN Corp.), rinsed in distilled water and cleaned with ethanol.  

The tests were performed under conditions of laboratory atmosphere (air) and in 0.1 mol L
-1

 

NaCl solutions at a strain rate of 10
-6

 s
-1

. The immersion length of each specimen in the test solution 

was 15 mm. For the tests conducted in solution, three different potential settings of -2.000 V/SCE 

(cathodic), open circuit potential (OCP) and +50 mV/OCP (anodic) were used. The SCC susceptibility 

was evaluated by the parameters of ultimate tensile strength (UTS), elongation to failure (ef), and the 

reduction of area (RA). The SCC susceptibility was further characterized by a parameter A, which is 

the percentage ratio of the tensile stress of the specimen measured in the test solution at a particular 

polarized condition to its corresponding measurement in air. Thus, AUTS (%) is the percentage ratio of 

the tensile stress of the specimen in the test solution measured in MPa to its corresponding tensile 

stress measurement in air.  The same applies to Aef (%) and ARA (%). 

 

 

 

3. RESULTS  

3.1. Microstructure 

Fig. 1 shows the XRD patterns of Mg and Mg-Cd alloy.  It indicates that Mg-Cd alloy is 

isostructural to Ŭ-Mg matrix [50].  The results confirm a solid solution in Mg-Cd alloy in accord with 

the binary phase diagram of Mg-Cd [40-42]. The metallography of Mg-Cd alloy (Fig. 2a) shows no 

evidence of intermetallic particles and the grain sizes of the alloy are large with dimensions of about 1-

2 mm. Thus, the grain size effect on the corrosion process could be neglected safely in the present 

study.  Furthermore, Fig. 2b presents the SEM image of Mg-Cd alloy with its corresponding EDS 

maps for Mg (Fig. 2c) and Cd (Fig. 2d).  The microstructure of Mg-Cd alloy reveals an even 

distribution of Cd in the Mg matrix and no intermetallic particles were observed. 
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Figure 1.  X-ray diffraction patterns of pure Mg and Mg-Cd alloys. 

 

 
 

Figure 2.  (a) A metallographic image of Mg-Cd alloy, (b) SEM image, (c) & (d) the corresponding 

EDS maps for Mg and Cd respectively for the alloy. 

 

3.2. Hydrogen gas collection and polarization curves  

The corrosion rates CRH, calculated from the volume of hydrogen evolved during the 

immersion test was 1.06 mm/y for Mg-Cd alloy and 3.44 mm/y for pure Mg.  The corrosion rate of 

Mg-Cd alloy was found to be less than a third the corrosion rate of pure Mg. Fig.3 shows the 
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polarization curves of pure Mg and Mg-Cd alloy measured in 0.1 mol L
-1

 NaCl solution. The plot 

reveals an increase in the apparent anodic Tafel slope ɓa in the Cd containing sample, whereas the 

apparent cathodic Tafel slope ɓc of both pure Mg and Mg-Cd are similar. Moreover, the plot presents a 

decrease in both the anodic and the cathodic current densities of Mg-Cd alloy. The increase in the 

gradient of the Tafel slope and the decrease in the current densities mean the reactions in both anodic 

and cathodic regions are restrained by Cd addition. The OCP values for Mg and Mg-Cd alloy were -

1.584 V/SCE and -1.606 V/SCE respectively. The OCP shifted in the negative direction with Cd 

addition. For magnesium alloys, there is no quantitative relation between the corrosion potential Ecorr 

to the corrosion rate [18].  

 

 
 

Figure 3.  Potentiodynamic polarization curves of Mg and Mg-Cd alloy in 0.1 mol L
-1

 NaCl solutions 

at pH 7 and 25 ÜC. 

 

3.3. EIS spectra 

The Nyquist plots of Mg and Mg-Cd alloy in Fig. 4a and 4b respectively, show the impedance 

at initial immersion as composed of two capacitive loops; a high frequency (HF) loop, caused by the 

charge and discharge of the electric double layer and a low frequency (LF) loop caused by the film 

capacitance.  

The Bode-|Z| plots of Mg and Mg-Cd alloy in Fig. 4aǋ and 4bǋ clearly show the existence of 

these two capacitive loops at initial immersion. Likewise, the Bode-phase plots (Fig. 4aǋǋ and 4bǋǋ) 

expresses these loops with both having positive phase angles. After 2 hrs immersion, the HF capacitive 

loop shrinks and one inductive loop starts to appear in the LF range, and is equally seen in Fig. 4aǋǋ and 

4bǋǋ having a positive phase angle and a negative phase angle respectively. This change can be 

attributed to the dissolution of films and the occurrence of localized corrosion [51,52].  
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Figure 4.  EIS plots of pure Mg (a, aǋ, aǋǋ) and Mg-Cd alloy (b, bǋ, bǋǋ) after varied times of immersion 

in 0.1 mol L
-1

 NaCl solutions at pH 7 and 25 ÜC. 

 

Mg-Cd alloy is found to exhibit a lower resistance to corrosion than pure Mg at initial 

immersion, but higher at final immersion (24 hrs) at low frequencies (f = 0.01 Hz) as seen in Fig. 4aǋ 

and 4bǋ. For Mg, the impedance significantly decreased to about 200 ohm cm
2
 at 4 hr, and then 

continuously dropped down to about 50 ohm cm
2
 at the final immersion time. The impedance for Mg-

Cd alloy also decreased with increasing immersion time, but not as severe as Mg, reaching a minimum 

of about 200 ohm cm
2
 after 16 hrs immersion. A lower corrosion resistance for Mg is mainly related to 

severe localized corrosion and higher corrosion rate. The values of B calculated from Eq. (3) using 

values of ɓc and ɓa obtained from the polarization curves are 19.3 mV and 13.3 mV for Mg-Cd alloy 

and pure Mg respectively. The impedance value at 1 Hz was stochastically chosen as the polarization 

resistance Rp since about this frequency the impedance values appear relatively stable. Thus, Rp 
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measured 560 ohm cm
2
 for Mg-Cd and 120 ohm cm

2
 for Mg at final immersion (24 hrs). The 

estimated current densities are 0.034 mA/cm
2
 and 0.110 mA/cm

2
 for Mg-Cd alloy and Mg 

respectively. The converted corrosion rate for Mg-Cd alloy is 0.78 mm/y and 2.53 mm/y for Mg. It is 

evident that the corrosion rate of Mg-Cd alloy is significantly lower than that of pure Mg. The results 

from the EIS and polarization curves are consistent with the corrosion rates obtained from hydrogen 

gas collection. In addition, the corrosion rate of Mg determined via hydrogen evolution was observed 

to be higher than that of Mg-Cd alloy by a factor of about 3.2, while the corrosion rate for Mg from 

both polarization and EIS measurements differed by a factor of 3.1 times that for Mg-Cd alloy. The 

improvement in the corrosion resistance of Mg-Cd alloy as shown by the lower corrosion rates in the 

experimental data demonstrates the potential of Cd in improving the corrosion performance of Mg. 

 

3.4. Corrosion morphologies 

Fig. 5a and 5b show the SEM images of the corroded surfaces and Fig. 5c and 5d the cross-

sectional views of pure Mg and Mg-Cd alloy respectively after 24 hrs immersion in the test solution. 

Localized form of corrosion was observed on Mg surface and the extent of damage was widespread, 

while uniform corrosion was expressed on Mg-Cd alloy with relatively lesser area of damage to its 

surface.  

 

 
 

Figure 5.  Scanning electron micrographs of (a) & (b) the surface, and (c) & (d) the cross-sections of 

pure Mg and Mg-Cd alloy respectively after immersion for 24 hrs in 0.1 mol L
-1

 NaCl solution 

at 25 ÜC and pH 7. 
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The surface of Mg-Cd alloy shows uniformly shallow scars, whereas the surface of pure Mg 

exhibits deep scars, evidenced by the penetration depth of about 400 ɛm of the corrosion product on 

Mg (Fig. 5c), and about 20 ɛm on Mg-Cd alloy (Fig. 5d) as seen on the cross-sectional images of these 

samples. The extent of pitting on the surface of both Mg and Mg-Cd alloy after subjecting the samples 

to strain test under anodic polarization is shown in Fig. 6. The degree of pitting is greater in the Mg 

sample with the pits merging together to form deep cracks on the surface indicative of localized 

corrosion, whereas fewer pits typical of pitting corrosion are observed on the surface of Mg-Cd alloy. 

 

 
 

Figure 6. Stereomicroscope photos of (a) pure Mg, and (b) Mg-Cd alloy showing the extent of pitting 

on the surface.  

 

3.5. Potentiostatic current decay results 

Fig. 7 and Fig. 8 show the potentiostatic polarization results measured for pure Mg and Mg-Cd 

alloy respectively in 0.1 mol L
-1

 NaCl solutions. It can be seen from the results of both Mg (Fig. 7a and 

7c) and Mg-Cd alloy (Fig. 8a and 8c) that the time-dependent current density is immediately decayed 

to a constant value at various potentials [53,54]. The results show that the current density reaches a 

stable state just after 300 s polarization. The cathodic current density decreases with enhancing 

cathodic polarized potential, whereas the anodic current density increases with increasing anodic 

polarized potential. The evolved gas volume linearly increases with time, and increases with 

decreasing cathodic potential and with increasing anodic potential.  

The evolved gas volume, if obeying the ideal gas law, can be converted to a current density 

value using Faradayôs law.  A comparison of the current densities measured from the potentiostatic 

experiment (ic and ia), converted from the evolved gas volumes (iH and iH') and their differences (im and 

im'), with potential for the cathodic and anodic processes respectively is presented in Fig. 9.  In high 

anodic or in the high cathodic polarized regions, a pure anodic or cathodic current density respectively 

can be reasonably assumed to be the external current density. 

 



Int. J. Electrochem. Sci., Vol. 7, 2012 

  

4745 

 
Figure 7.  (a) & (c )- the variation of current density with time and (b) & (d)- the variation of volume 

of hydrogen evolved with time for pure Mg at different potentials in 0.1 mol L
-1

 NaCl solution 

at 25 ÜC and pH 7. (a) and (b) represent the cathodic process while (c) and (d) represent the 

anodic process. All potentials are with respect to the Saturated Calomel Electrode (SCE). 

 

 
 

Figure 8.  (a) & (c )- the variation of current density with time and (b) & (d)- the variation of volume 

of hydrogen evolved with time for Mg-Cd alloy at different potentials in 0.1 mol L
-1

 NaCl 

solution at 25 ÜC and pH 7. (a) and (b) represent the cathodic process while (c) and (d) 

represent the anodic process. All potentials are with respect to the Saturated Calomel Electrode 

(SCE). 

 

However, the converted current density is obviously less than the measured current density for 

both the high anodic and the high cathodic polarization regions for all of the specimens. Furthermore, 


