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1hr; pH=9.221hr; pH=9.22 6hrs; pH=10.306hrs; pH=10.30 12hrs; pH=10.6912hrs; pH=10.69

10mm10mmAZ31B alloyAZ31B alloy

Mg → Mg2+ + 2e-,  2H2O + 2e- → H2↑+ 2OH-

• Standard electrode potential of pure metal elements

Background – Corrosion phenomenon of Mg alloy

• Salt water immersion test at 35C (NaCl concentration; 3%)

Metal Mg Al Zn Fe Ni Cu Ag Au
Standard electrode 

potential (V) -2.36 -1.66 -0.76 -0.44 -0.23 0.34 0.80 1.40 
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Effect of metal impurities on corrosion phenomenon

• Standard potential difference causing corrosion of magnesium

Impurities effect on 
corrosion rate of Mg

Standard potential

Mg    -2.36 V

Fe    -0.44 V

Ni     -0.23 V

Cu   +0.34 V
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D. A. Jones, Principles and prevention of corrosion, 2nd ed., Prentice Hall, Englewood Cliffs, 1996.

Standard 
Potential 

Difference

Graphite accelerates corrosion phenomenon?
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1hr; pH=10.85 6hrs; pH=11.08 12hrs; pH=11.13

AZ31B-2.7vol% CNTAZ31B-2.7vol% CNT

Graphite accelerates corrosion phenomenon?

1hr; pH=9.22 6hrs; pH=10.30 12hrs; pH=10.69

10mm10mmAZ31B alloyAZ31B alloy

10mm10mm

• Salt water immersion test at 35C (NaCl concentration; 3%)
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Objectives

• Investigation of initial galvanic corrosion phenomenon due to local cell

-Potential difference at interface between α-Mg and dispersoids
by Scanning Kelvin Prove Force Microscope (SKPFM)

-Formation of interlayer to decrease potential difference

-Observation of corrosion phenomenon by salt water immersion test
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SKPFM analysis of surface potential difference (SPD) at interface

SKPFM measurement system 
with atmosphere control chamber

FeFeMg

Cantilever
(PtIr5, r<25nm)

VDC

VAC sint

PtIr5 Cantilever

Sample

~10nm
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Principle of SKPFM system for SPD measurement

Cantilever close to specimen surface;
→ Fermi level difference equivalent to zero

Contact potential difference (VCPD);

Electrostatic force (FESF);

(C; Electrostatic capacity, z; Distance)2
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R. Takei, H. Fukuda, H. Imai, J. Umeda, K. Kondoh, Corrosion Phenomenon Evaluation of Mg Alloys 
using Surface Potential Difference Measured by SKPFM, Magnesium Technology, (2010), 169-172.
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AFM and KFM analysis at pure Mg/Fe interface

FeFe MgMg Fe
Mg

Interface

Surface morphology (AFM) Surface potential mapping (KFM)

Interface

FeFe MgMg
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-Mg-MgFeFe

Ⅰ Ⅱ

Ⅰ

Ⅰ

ⅠⅡ

Ⅱ

Ⅱ

0.67Ⅱ

0.62Ⅰ
G - H

0.61Ⅱ

0.53Ⅰ
E - F

0.61Ⅱ

0.55Ⅰ
C - D

0.66Ⅱ

0.54Ⅰ
A - B

VSPD (V)Measurement point

Max. 0.67V
Min.  0.53V
Max. 0.67V
Min.  0.53V

AFM and KFM analysis at pure Mg/Fe interface

-Mg-MgFeFe
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Preliminary experimental results – Effect of surface oxide film on SP

Fig. Surface potential of pure Mg plate dependence on 
exposure time in humid condition (~60%RH). MgO surface 
thin film effective in decrease of surface potential due to 
their higher work function than pure Mg.
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Preliminary experimental results – Reliability of SPD measurement

Exposure time (h) Temperature in 
chamber (C)

Relative humidity 
(%RH)

12 30 ± 1 60 ± 1
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Experimental – Ti particle reinforced Mg composite

1) K. Kondoh at al, Acta Materialia, 58 (2010) 606-614.
2) J. Umeda at al, Materials Chemistry and Physics, 

123 (2010) 649-657.
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Experimental – Preparation of AZ80/Ti bonded materials

AZ80

Ti

(1) Solid-state bonding by SPS (2) Liquid-state bonding by melting

T= 400C for 1.8ks
P=40MPa

T= 800C for 1.8ks
(Ar gas atmosphere)

AZ80

Ti
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AlAl

TiTi

MgMg

TiTiAZ80AZ80 AZ80AZ80 TiTi

AZ80AZ80 TiTi

AZ80AZ80

1.31V  

0.36V  
E  F  1μm  

TiTi

0.52~0.71V0.52~0.71V

Results – EDS & KFM analysis on AZ80/Ti specimen (solid-state bonded)
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VSPD=0.62VVSPD=0.62V

(Mg + 2H2O → Mg(OH)2 + H2)Salt water immersion test
Solution; 5wt% NaCl (30C),  Soaking time; 10.8 ks

Results – Immersion test of AZ80/Ti specimens (solid-state bonded)

5μm5μm 5μm5μm

Mg(OH)2Mg(OH)2

AZ80AZ80 TiTiAZ80AZ80 TiTi

(a) Before immersion test (b) After immersion test
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TiTi AlAl

MgMg

TiTi
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Fig. SEM-EDS analysis on interface between AZ80 and 
pure Ti plate after wettability test (T=973K for t=2.1ks).

Fig. XRD pattern of interface between AZ80 solidified droplet and Ti 
plate after wettability test (t=2.1ks), and free energy of formation of 
various Ti–Al intermetallic compounds 1). 

1) J.H.Westbrook, R.L.Fleischer: Intermetallic Compounds, JOHNWILEY & SONS (2000) 

Results – Interlayer formation at AZ80/Ti interface (liquid-state bonded)
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MgMg

TiTi

AlAl

AZ80AZ80 TiTi AZ80AZ80 TiTi

TiTiAZ80AZ80

1.15V  

0.51V  
A  B  

AZ80AZ80 TiTi

0.24~0.33V0.24~0.33V

Ti-Al compoundTi-Al compound
1μm  

Results – EDS & KFM analysis on AZ80/Ti specimen (liquid-state bonded)
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5μm5μm

5μm5μm

Mg(OH)2Mg(OH)2

VSPD=0.62VVSPD=0.62V
AZ80AZ80 TiTi

5μm5μm

5μm5μm

VSPD=0.29VVSPD=0.29V
AZ80AZ80 TiTi

Results – Immersion test of AZ80/Ti bonded materials

(Mg + 2H2O → Mg(OH)2 + H2)Salt water immersion test
Solution; 5wt% NaCl (30C),  Soaking time; 10.8 ks

Solid-state bonded (without interlayer) Liquid-state bonded (with TiAl3 layer)
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CNTsCNTs

0.5 μm

Background – Galvanic corrosion phenomenon at CNT/AZ31B interface

MWCNTs reinforced AZ31B sintered composite (CNT; 2.66vol.%)
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CC with 2.66 vol % CNTswith 2.66 vol % CNTs 3D3D

Background – Galvanic corrosion phenomenon at CNT/AZ31B interface

H. Fukuda, J.A. Szpunar, K. Kondoh, R. Chromik, 
Corrosion Science, 52 (2010) 3917-3923.



OSAKA UNIVERSITY

Potential difference
A-B  1.06 V
C-D  1.09 V
E-F  1.14 V
G-H  0.01 V (matrix)

Mg-Fe ~0.8 V
Mg-Mg2Cu   ~0.68 V

with 2.66 vol % CNTswith 2.66 vol % CNTs

CNT-matrix

MgMg

CNTCNT

Surface potential difference effective on Galvanic corrosion
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1hr; pH=10.85 6hrs; pH=11.08 12hrs; pH=11.13

AZ31B-2.7vol% CNTAZ31B-2.7vol% CNT

Graphite accelerates corrosion phenomenon

1hr; pH=9.22 6hrs; pH=10.30 12hrs; pH=10.69

10mm10mmAZ31B alloyAZ31B alloy

10mm10mm

• Salt water immersion test at 35C (NaCl concentration; 3%)
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-Mg-Mg

Al-MnAl-Mn

C D

DC

Ⅰ Ⅱ

1.14 (V)

1.91 (V)

Al-MnAl-Mn

-Mg-Mg

Point A-B C-D E-F G-H

-0.46 -0.53 -0.46 -0.45

-0.50 -0.50 -0.53 -0.53

Surface potential difference, VSPD (V)

-Mg-Mg

Al-MnAl-Mn

Results and Discussion – Al-Mn intermetallic of AZ91B alloy
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CC DD

Al-MnAl-Mn
-Mg-Mg

(a) Before salt water immersion
(30C for 180s)

(a) Before salt water immersion
(30C for 180s)

-Mg

Al-Mn

750(nm)

0

Ⅰ Ⅱ

C D

0 (nm) 8.5 (nm)

-Mg

Al-MnAl-Mn

Ⅰ Ⅱ
750 (nm)

0
C D

0 (nm) 8.5 (nm)

CC DD

(b) After salt water immersion(b) After salt water immersion

Al-MnAl-Mn
-Mg-Mg

Results and Discussion – Immersion test around Al-Mn of AZ91B alloy
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Work function – Fermi potential relation for Galvanic control 

Cantilever close to specimen surface;
→ Fermi level difference equivalent to zero

Contact potential difference (VCPD);

  eVV samplePtIrSPCPD /5   (1)
VDC

VAC sint

PtIr5 Cantilever

Sample

Work function measured by UPS
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Work function – Fermi potential relation for Galvanic control 

ΔVSPD = 0.1262ln(i) + 0.5361
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Work function – Fermi potential relation for Galvanic control 

Point A-B C-D E-F G-H
-0.23 -0.24 +0.00 +0.00
-0.22 -0.24 -0.03 +0.01

Surface potential difference (V)

A B
0.45 V

E F
0.45 V

Pure MgPure Mg
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Work function – Fermi potential relation for Galvanic control 

Pure MgPure Mg
5%NaCl solution (30C)
Soaked for 180s 
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～0.65 V

Ti2+ + 2e－ → Ti (SEP=-1.63V)
Mg2+ + 2e－ → Mg (SEP=-2.36V)

VSEPD = 0.73V at Mg/Ti

Pure Mg dropletPure Mg droplet

Ti plateTi plate 10μm10μm

SKPFM analysis at pure Mg/Ti interface
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SKPFM analysis (wettability test specimen)

～0.65 V
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Summaries

SKPFM Quantitative Evaluation of Initial Galvanic 
Corrosion Phenomenon of Magnesium Alloys

SKPFM system has been established to quantitatively evaluate corrosion 
resistance at the interface between dispersoids and α-Mg by using 
ΔVSPD measurements. The correlation between ΔVSPD and galvanic 
corrosion behavior was investigated by SKPFM and SEM observation. 
The results obtained in the present study were summarized as follows:
• Surface potential of low SEP metal was generally high. ΔVSPD also had 
positive correlation with ΔVSEP, theoretically and experimentally. 
Therefore, galvanic corrosion can be evaluated using ΔVSPD at the 
interface between dispersoids and α-Mg.
• Mg-Ti interface caused galvanic corrosion due to large ΔVSPD of 
0.52~0.71V. The formation of TiAl3 interlayer was effective in reducing 
ΔVSPD (0.24~0.33V), and resulted in prevention of corrosion 
phenomenon of Mg-Ti bonded specimen.


