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Present investigation explores the possibility of using dynamic 

electrochemical impedance spectroscopy (DEIS) to evaluate the 

corrosion protection of conversion coating produced onto AZ31 

alloy in simulated body fluid (SBF). The protection extended by 

the conversion coating was clearly noticed from an increase of 

DEIS-impedance and phase angle maximum values. 

 

Development of Magnesium (Mg) and its alloys as degradable 

implant materials is one of the key areas in biomaterials research.1, 2 

Similar mechanical properties of Mg alloys to that of the natural 

bone are believed to minimize the stress-shielding effect. However, 

the usage of Mg as degradable implant material is still limited owing 

to their highly reactive nature in body fluid environment. Higher 

electronegative potential of Mg and its alloys are responsible for the 

rapid degradation of Mg.3-6  

 

The general cell reactions involved in the Mg dissolution are  

 

(1) Mg(s) → Mg2+
(aq) + 2e- (Anodic) 

(2) 2H2O + 2e- → 2OH-
(aq) + H2 ↑ (Cathodic) 

(3) Mg2+
(aq)+ 2OH-

(aq) → Mg(OH)2 (Overall reaction) 

 

 The resulting Mg(OH)2 partially covers Mg surface and weakly 

protect the underneath Mg from aggressive environment containing 

Cl- ions. Therefore, a continuous contact of this environment could 

accelerate the Mg degradation. The evolution of higher amount of H2 

gas due to Mg degradation could isolate the contact of the implant 

from its environment thereby postpone the bone healing. Hence, it is 

necessary to control the degradation rate of Mg to facilitate bone 

healing. Surface modification of Mg materials using chemical 

conversion coatings is an easy and cost effective method to control 

their degradation rate.7 Chemical conversion coatings are directly 

produced on to Mg alloy by immersing in aqueous acidic/basic 

solutions at ambient/slightly elevated temperature. The formation of 

corresponding metal salts along with oxides/ hydroxides helps in 

establishing good contact between the substrate and coatings. 

Several studies are explored on the conversion coated Mg materials 

for improving their corrosion resistance.8-10 In the present 

investigation Magnesium carbonate conversion coating is produced 

on to AZ31 Mg at ambient temperature and their protective nature 

has been evaluated using DEIS. Deliberate conversion of 

Magnesium into Magnesium carbonate in bicarbonate solution is 

tried since the body fluid contains bicarbonate ions. Based on the 

detailed analysis of available literature, it is confirmed that the   

usage of DEIS for the evaluation of protective nature of conversion 

coatings are scandy.11 DEIS was selected to evaluate the protective 

coatings because the widely used conventional polarization 

measurement has some discrepancies due to negative differential 

effect (NDE).12-14 The obtained DEIS responses can be represented in 

two forms viz., Nyquist and Bode plots which consisting of 

Magnitude and phase angle plots. In our previous report, we 

investigated the corrosion behaviour of AZ31 Mg in SBF solution 

using DEIS-Nyquist response.15 In the present investigation, we 

have made an attempt to evaluate the protective behaviour of 

conversion coated AZ31 Mg using DEIS in terms of Bode 

magnitude and phase angle plots to validate the applicability of 

DEIS for studying the protective coatings. Bode responses have been 

emphasised in the present work, because the applied frequency 

appears in one of the axes, which could give more insight on the 

dependence of impedance with frequency of the material.  

 AZ31 Mg alloy (2.83 wt.% Al, 0.8 wt.% Zn, 0.37 wt.% Mn, 

and balance Mg) was used as substrate material. AZ31 Mg alloys  

(20 x 15 x 4 mm) were polished up to 2000 # silicon carbide (SiC) 

emery papers and ultrasonicated in acetone for 15 min, thoroughly 

washed with double distilled (DD) water, air-dried and used for the 

chemical conversion coating. The ground samples were immersed in 

to 50 ml of 5 wt. % of NaHCO3 solution taken in a polypropylene 

tube at 30 °C for 6 h without any agitation (BCTM-5). After 6 h of 

immersion, the samples were removed from the solution and washed 

thoroughly with DD water, ultrasonicated until the loosely bound 

products on the surface were remove and dried using dry air. Surface 

morphology of the coated samples was observed using JEOL-JSM 

6360 scanning electron microscope at an accelerating voltage of 20 

kV. Perkin-Elmer spectrometer Spectrum Two was used to obtain 

attenuated total reflectance infra-red (ATR-IR) spectrum.  

D8 Advance instrument with Cu Kα source was used for XRD 

analysis (step height-0.02º).  

 DEIS studies were carried out in a conventional three-electrode 

flat cell as per our previous report.15 A brief about the experimental 
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condition is furnished here. The untreated AZ31 Mg (UT) and 

BCTM-5 were used as working electrodes (1 cm2). Pt sheet and 

saturated calomel electrode (SCE) were used as counter and 

reference electrodes respectively. SBF solution composition reported 

by Kokubo et al.16 was used as electrolyte. Auto lab PGSTAT 12 

Potentiostat/Galvanostat (The Netherlands) has been used for DEIS, 

the frequency range was from 100 kHz to 0.01 Hz with a sinusoidal 

perturbation of 10 mV. DEIS studies were carried out with an 

increment of 30 mV potential in the potential range of -1.65 to -1.20 

VSCE. All the potential values mentioned in the present investigation 

are corresponding to SCE.  

 Fig. 1a shows the surface morphology of the conversion layer 

formed onto AZ31 Mg after 6 h of treatment time. The surface was 

covered with a cracked dry-mud layer and the existence of crack 

could be attributed to the release of H2 during chemical conversion 

or the dehydration of the surface layer.17 Fig. 1b and c shows the 

ATR-IR and XRD pattern of BCTM-5 respectively to confirm the 

formation of conversion layer. Four major bands appeared around 

1490-1380, 1060-1000, 860-865 and 620 cm-1 in ATR-IR are mainly 

attributed to carbonate (-CO3
2-) group of MgCO3.3H2O.18, 19 The 

presence of peaks at 22.5°, 24.25°, 32.29°, 34.5°, 57.57° in XRD 

patterns are attributed to 002, 211, 212, 210, 004 and 314 planes of 

MgCO3.3H2O.20, 21 From the ATR-IR and XRD pattern, the 

formation of converison coatings on to AZ31 Mg is confirmed. 

  The representation of DEIS results has generally been reported 

in the form of Nyquist plots.11 Nyquist plot is a complex impedance 

plot and represented as real impedance component in the X-axis and 

imaginary impedance component in the Y-axis with applied 

frequency.22 Though the Nyquist plots provide information about the 

corrosion behaviour of Mg materials, a direct relationship between 

the frequency and change in impedance values could not be 

identified. Therefore, in order to distinguish the change in 

impedance values with frequency as a function of applied potential, 

DEIS-Bode plots have been used and emphasised in the present 

investigation. DEIS-Bode plots viz., magnitude and phase angle 

plots represent the dependence of impedance (IZI) and phase angle 

values with the frequency respectively. The change of magnitude 

and phase angle values with the potential ramp is represented and 

discussed to explain the UT and BCTM-5 degradation behaviour. 

 DEIS-Bode magnitude plots of UT and BCTM-5 are given in 

Fig. 2 (a-d). As can be seen from the frequency vs. log IZI plot, the 

log IZI is found to increase in the high as well as in the low 

frequency region for both UT and BCTM-5. BCTM-5 (Fig. 2b) 

exhibited gradual increase in log IZI values, the value is relatively 

high compared to that of UT and is attributed to the existence of 

relatively compact conversion layer on the surface and is confirmed 

from Fig. 1a. Existence of this layer could resist the penetration of 

aggressive ions and slows down the charge transfer at the 

coating/substrate interface thereby reduce the Mg(s) → Mg2+
(aq) 

reaction kinetics.15 Whereas in the case of UT (Fig. 2a), the increase 

of log IZI is attributed to the partial passivation of surface by 

Mg(OH)2. However, log IZI values significantly reduced as the 

potential is increased above -1.44 and -1.53 VSCE for BCTM-5 and 

UT respectively. It is interesting to note that, in the case of BCTM-5, 

the decrease in log IZI values is shifted to about 0.090 VSCE in 

positive direction. This shift clearly indicating that, the dissolution of 

Mg is delayed due to the participation of conversion layer in 

protecting the substrate. However, when the potential exceeds above 

-1.41 VSCE, surface film of BCTM-5 rupture due to the attack of 

aggressive ions in the applied potential and accelerates the Mg 

dissolution. This phenomenon can be explained based on the 

existence of micro-cracks in the coatings. The protection extend by 

the coating could be disturbed since it had micro-cracks. The 

penetration of aggressive ions would be more in the cracked region 

thereby accelerate the dissolution rate and clearly distinguished from 

the decline of IZI values in the positive potentials. Based on obtained 

results it is understood that, an increase of overall IZI values of 

BCTM-5 compared to UT can be attributed to the coatings with 

micro-cracks.     

 DEIS-Bode phase angle plots of UT and BCTM-5 are given in 

Fig. 3 (a-d) as a function of applied potential. The phase angle plots 

can be broadly classified in to two regions viz., high and low 

frequency in the present investigation. The high and low frequency 

regions provide the relaxation processes at surface layer/electrolyte 

and substrate/surface layer interfaces respectively.22 An increase in 

phase angle values in the high frequency region for UT (Fig. 3a & c) 

and BCTM-5 (Fig. 3b & d) with increased peak area is attributed to 

the capacitive behaviour. As evidenced from the results, the phase 

angle values remained increasing up to -1.44 VSCE for BCTM-5. In 

addition to that, the area under the peak also gradually increased 

with potential confirming the increase of capacitive behaviour and 

improvement in corrosion resistance provided by the conversion 

layer. Similar behaviour is also seen in the case of UT and could be 

explained based on the formation of surface layer during the 

application of potential. Furthermore, the phase angle maxima and 

peak area of BCTM-5 is high compared to that of UT confirming the 

participation of conversion layer consisting of micro cracks in the 

protection of substrate surface. The appearance of phase angle peak 

at low frequency region for BCTM-5 in the potential range between 

-1.53 to -1.44 VSCE is attributed to the charge transfer between the 

surface layer and the substrate surface. Similar behaviour was not 

observed for UT confirming the participation of conversion layer in 

BCTM-5 and also the uncovered area by the conversion layer could 

also be oxidized to form Mg(OH)2. Further increase in potential has 

resulted in a rapid decline of phase angle values at  

1000 Hz and remarkable shift in peak position to high frequency 

confirming the breakdown of the conversion layer.22
 The extend of 

capacitive behaviour could be affected by the micro cracks present in 

the coatings. Therefore, this could also be one of the reasons for the 

decline of phase angle values at higher anodic potential. It is also 

presumed that the decline of phase angle could be shifted to potential 

that is more anodic if the coatings had less number of micro-cracks.  

The scattering of the phase values was relatively high in the low 

frequency region is due to the faster Mg dissolution reaction kinetics 

at higher potential and rapid formation followed by breakdown of 

the passive film. 

 DEIS-Nyquist plots of BCTM-5 are represented in Fig. 4 (a-d) 

in order to compare the results with DEIS-Bode responses. The 

diameter of the capacitive semi-circles varied significantly as the 

potential is increased towards positive direction. As can been seen 

from the plots, the diameter of the high frequency capacitive semi-

circle was increased with applied potential. Moreover, the diameter 

of the BCTM-5 is relatively higher than that of the UT, indicating 

the reduction of charge transfer by the conversion layer.15 A 

significant increase in semi-circle diameter was observed in the 

potential range of -1.53 to -1.44 VSCE is attributed to the presence of 

conversion layer. An increase in IZI and phase angle maximum in 

Bode plots are further confirmed the improved corrosion resistance 

of the coatings compared to UT. The diameter of the high frequency 

semi-circle disappeared as the potential is increased above -1.44 

VSCE in the case of BCTM-5. It shows the breakdown of the surface 

layer. This could be clearly seen from the rapid decline of IZI value 

and phase angle values above -1.44 V. 

 Log IZI values at three different frequencies viz., IZI 100 kHz, 

IZI11.3 Hz and IZI0.01 Hz were compared in order to clearly distinguish 

the change in impedance values for UT and BCTM-5 and given in 

Fig. 5 (a & b). These three frequencies viz., 100 kHz, 11.3 and 0.01 

Hz were selected particularly to attribute electrolyte/surface layer 
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and surface layer/substrate interfaces respectively. A significant 

increase in IZI11.3 and IZI0.01 Hz was observed for BCTM-5 for the 

potential up to -1.44 VSCE, which is attributed to the existence of 

relatively stable conversion layer. This is also further confirmed 

from the increase of maximum phase angle values (Fig. 5c). Sudden 

drop in IZI0.01 Hz at -1.41 VSCE could be considered as a critical 

potential and above which the conversion layer is severely affected 

and accelerate the rapid degradation of Mg. However, comparing the 

IZI values of BCTM-5 at different frequency regions with UT 

clearly indicated the protective nature of the coating. As can be seen 

in Fig. 5 (a & b), the IZI11.3 Hz and IZI0.01 Hz values of BCTM-5 with 

respect to IZI100 kHz is higher compared to UT is due to the protection 

provided by the conversion layer. In addition to that, the IZI values 

beyond -1.44 VSCE for BCTM-5 are close to that of the UT 

indicating the severe attack of the surface by aggressive ions and 

degradation of conversion layer. Therefore, further increase in 

potential could only result in the acceleration of Mg dissolution 

rather than formation of stable passive film. Analysis of phase angle 

maxima of BCTM-5 and UT provided a good correlation of the 

capacitive behaviour. A significant increase (2 to 5 fold) in 

maximum phase angle values from -1.56 to -1.44 VSCE of BCTM-5 

(Fig. 5c) confirming the protection extended by the conversion layer. 

     The increase in impedance values and phase angle maxima of 

DEIS bode plots of BCTM-5 compared to UT revealed the 

protection provided by the conversion layer. The ability to resist the 

corrosive ions was much better for BCTM-5 compared to UT. 

However, a sudden drop in impedance values above -1.41 VSCE for 

BCTM-5 confirmed the breakdown of the conversion layer. Based 

on these DEIS results, it is concluded that the potential from -1.44 to 

-1.41 VSCE could be a critical potential region for the breakdown of 

the conversion layer and onset of corrosion. Further it is quite 

reasonable to state that DEIS studies could able to predict the 

existence of conversion layer and its protective nature against 

corrosive ions attack. A detailed research is under investigation to 

check the wide applicability of this technique to other protective 

coatings formed on to Mg and its alloys.   
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Figure Captions 

 

Fig. 1 (a) SEM surface morphology, (b) ATR-IR spectra and (c) 

XRD pattern of BCTM-5. 

Fig. 2 DEIS-Bode magnitude plots of (a & c) UT and (b & d) 

BCTM-5 as a function of applied potential in SBF solution. 

Fig. 3 DEIS-Bode phase angle plots of (a & c) UT and (b & d) 

BCTM-5 as a function of applied potential in SBF solution. 

Fig. 4 DEIS Nyquist plots of BCTM-5 as a function of applied 

potential in SBF solution. 

Fig. 5 Comparison of IZI values at different frequency regions 

(100 kHz, 11.3 Hz and 0.01 Hz); (a) UT and (b) BCTM-5 and (c) 

Comparison of - Max. Phase angle values of UT and BCTM-5 as 

a function of applied potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 4 of 6RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

10 20 30 40 50 60 70 80

 

 

 Mg

MgO

Mg(OH)
2

 MgCO
3
.3H

2
O

 
   

   
 

 

  

 

       

 

In
te

n
s
it
y
 (
a
.u

)

2 Theta (degree)

(c)

4000 3600 3200 1600 1200 800 400

 

%
 T

ra
n
s
m

it
ta

n
c
e
 (
a
.u

)

Wavenumber (cm-2)

(b)

 (a) 

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

0.1

1

10
 -1.65 V

SCE

 -1.62 V

 -1.59 V

 -1.56 V

 -1.53 V

 -1.50 V

 -1.47 V

IZI 
0.01 HZ

IZI 
11.3 HZ

 

 

L
o
g
 I
Z
I 
(k

o
h
m

 c
m

2
)

Frequency (Hz)

IZI 
100 kHZ(b)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

0.1

1

10

 

 

 

Frequency (Hz)

L
o
g
 I
Z
I 
(k

o
h
m

 c
m

2
)

 -1.44 V
SCE

 -1.41 V

 -1.38 V

 -1.35 V

 -1.32 V

 -1.29 V

 -1.26 V

 -1.20 V

(d)

10
-2
10

-1
10

0
10

1
10

2
10

3
10

4
10

5

0.1

0.2

0.3

0.4

 L
o
g
 I
Z
I 
(k

o
h
m

 c
m

2
)

Frequency (Hz)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

0.1

1

10

 

 

 -1.65 V
 SCE

 -1.62 V

 -1.59 V

 -1.56 V

 -1.53 V

 -1.50 V

 -1.47 V

L
o
g
 I
Z
I 
(k

o
h
m

 c
m

2
)

Frequency (Hz)

(a)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

0.1

1

10

 

 

 

Frequency (Hz)

L
o
g
 I
Z
I 
(k

o
h
m

 c
m

2
)

 -1.44 V
SCE

 -1.41 V

 -1.38 V

 -1.35 V

 -1.32 V

 -1.29 V

 -1.26 V

 -1.20 V

(c)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

0.1

0.2

0.3

0.4

L
o
g
 I
Z
I 
(k

o
h
m

 c
m

2
)

Frequency (Hz)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

-20

-10

0

10

20

30

40

50

60

 

 

 
Frequency (Hz)

 -1.65 V
SCE

 -1.62 V

 -1.59 V

 -1.56 V

 -1.53 V

 -1.50 V

 -1.47 V

-P
h
a
s
e
 a

n
g
le

 (
d
e
g
re

e
) (a)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

-20

-10

0

10

20

30

40

50

60
 -1.44 V

SCE

 -1.41 V

 -1.38 V

 -1.35 V

 -1.32 V

 -1.29 V

 -1.26 V

 -1.20 V  

 

Frequency (Hz)

-P
h
a
s
e
 a

n
g
le

 (
d
e
g
re

e
) (c)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

-20

-10

0

10

20

30

40

50

60

 

 

 
Frequency (Hz)

 -1.65 V
SCE

 -1.62 V

 -1.59 V

 -1.56 V

 -1.53 V

 -1.50 V

 -1.47 V

-P
h
a
s
e
 a

n
g
le

 (
d
e
g
re

e
) (b)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

-20

-10

0

10

20

30

40

50

60
 -1.44 V

SCE

 -1.41 V

 -1.38 V

 -1.35 V

 -1.32 V

 -1.29 V

 -1.26 V

 -1.20 V

 

 

Frequency (Hz)

-P
h
a
s
e
 a

n
g
le

 (
d
e
g
re

e
) (d)

Figure 1  
 

 

 

 

 

 

 

 

 

 

 

       
       
       
       
       
       
       
       
        

 

 

 

 

 

Figure 2      

       

       

       

       

       

       

       

       

       

       

       

       

       

       

       

       

       

    

 

 

 

 

 

 

 

 

 

 

 

Figure 3  

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 1 2 3 4 5

0

1

2

3

4

5

 

 

-Z
"
 /
 k

o
h
m

 c
m

2

Z' / kohm cm
2

 -1.65 V

 -1.62 V

 -1.59 V

 -1.56 V

 -1.53 V

(a)

0.0 0.5 1.0

0.0

0.5

1.0

-Z
" 

/ 
k
o
h
m

 c
m

2

Z' / kohm cm
2

0 2 4 6 8

0

2

4

6

8

Z' / kohm cm
2

 

 

 
-Z

" 
/ 
k
o
h
m

 c
m

2

 -1.50 V

 -1.47 V

 -1.44 V

 -1.41 V

(b)

0.0 0.5 1.0

0.0

0.5

1.0

-Z
" 

/ 
k
o
h
m

 c
m

2

Z' / kohm cm
2

0.00 0.03 0.06 0.09 0.12 0.15

0.00

0.03

0.06

0.09

0.12

0.15

-Z
"
 /
 k

o
h
m

 c
m

2

Z' / kohm cm
2

 

 

 -1.38 V

 -1.35 V

 -1.32 V

(c)
60 80 100 120

-20

0

20

40

-Z
" 

/ 
O

h
m

 c
m

2

Z' / Ohm cm
2

0.00 0.02 0.04 0.06 0.08 0.10

0.00

0.02

0.04

0.06

0.08

0.10

-Z
"
 /
 k

o
h
m

 c
m

2

Z' / kohm cm
2

 

 

 -1.29 V

 -1.26 V

 -1.20 V

(d)

60 70 80

0

10

20

-Z
"
 /
 O

h
m

 c
m

2

Z' / Ohm cm
2

Page 5 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

-1.6 -1.5 -1.4 -1.3 -1.2

0.1

1

10

IZI
100  kHz IZI

11.3 Hz

IZI 
0.01 Hz

 

L
o
g
 I
Z
I 
(k

o
h
m

 c
m

2
)

Potential (V
SCE

)

(a)

-1.6 -1.5 -1.4 -1.3 -1.2

0.1

1

10

IZI
100 kHz

IZI
11.3 Hz

IZI 
0.01 Hz

 

 

L
o
g
 I
Z
I 
(k

o
h
m

 c
m

2
)

Potential (V
SCE
)

(b)

-1.6 -1.5 -1.4 -1.3 -1.2
0

10

20

30

40

50

60

UT

BCTM-5

 

- 
M

a
x
. 
P
h
a
s
e
 a

n
g
le

 (
D

e
g
re

e
) 

Potential (V
SCE

)

(c)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

0.1

1

10
 -1.65 V

SCE

 -1.62 V

 -1.59 V

 -1.56 V

 -1.53 V

 -1.50 V

 -1.47 V

IZI 
0.01 HZ

IZI 
11.3 HZ

 

 

L
o
g
 I
Z
I 
(k

o
h
m

 c
m

2
)

Frequency (Hz)

IZI 
100 kHZ(b)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

-20

-10

0

10

20

30

40

50

60

 

 

 
Frequency (Hz)

 -1.65 V
SCE

 -1.62 V

 -1.59 V

 -1.56 V

 -1.53 V

 -1.50 V

 -1.47 V

-P
h
a
s
e
 a

n
g
le

 (
d
e
g
re

e
) (b)

 Figure 5  

       

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TOC: 

 

 

 

 

 

 

 

 

Increase in Magnitude (IZI) and Phase angle maximum values with 

applied potential reveal the protective nature of the coating. 
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