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Abstract

In this work, electrophoretic paint (E-paint) was deposited on AZ31 Mg alloy after four different surface
pretreatments: knife abrading, SiC paper abrading, deionized (DI) water immersion and NaOH immersion.
The deposition process of E-paint was studied by analyses of voltage-time and current-time curves, amount
of deposited paint, current efficiency and surface oxide film resistance and the adhesion of E-paint was exam-
ined by tape test before and after immersion in DI water for 500 h at 40

oC. It was found that the induction
time for the deposition, the amount of deposited paint and the current efficiency are inversely proportional
to the resistances of surface films prepared by different surface pretreatment methods. The electrophoretic
painting showed longer inductance time, larger amount of deposited paint and higher current efficiency on
the highly conducting surfaces, such as knife-abraded and SiC-abraded surfaces than on the less conducting
surfaces, such as DI water-immersed and NaOH-immersed samples. Excellent adhesion was observed on the
E-paintings deposited onto knife-abraded and SiC-abraded AZ31 Mg alloy samples.
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1. Introduction

Magnesium is the lightest metals among structural

metals with a density of 1.74 g cm–3, that is only

two-thirds of aluminum and one-fourth of iron. Mg

alloys have been developed for automotive,

aeronautic, electronic and recreational industries,

owing to their low density, high specific strength,

good castability, machinability and weldability [1].

However, widespread use of magnesium alloys is

currently hindered by their poor corrosion resistance

[2-4]. The surface coating is regarded as one of the

most effective and cheapest ways to enhance the

corrosion resistance of Mg alloys [5-7]. In fact,

various surface coating techniques have been

developed for Mg alloys and some of them have

been promised to be industrially applicable [5].

Recently, many surface coating processes on Mg

alloys are focused on a primer coating such as

chemical conversion coating, anodizing, electroplating

and vapor phase deposition [5-9]. However, in the final

stage of the coating process, an organic coating is

typically used to enhance the corrosion resistance and

decorative purposes [5]. Electrophoretic paint, so-

called E-paint, is known as a popular industrial

painting process due to its excellent corrosion

resistance and great covering ability on complex

metal components [5]. E-paint is a process of using

an anodic or cathodic current to deposit paint on

metallic substrates. Although E-painting processes

have been successfully used for many applications,

but the exact mechanisms that explain the deposition

process of paint from the E-painting solution are still

not entirely clear [10]. In general, the E-painting

process by the cathodic current is a complex

electrochemical process, which includes [10-15]:

(i) electrochemical decomposition of water to
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generate OH– ions:

2H2O + 2e–
→ H2 + 2OH– (1)

(ii) electrophoretic migration of the cationic resin

micelles and associated pigment, towards the

cathode under the influence of the electric field;

(iii) electro-coagulation of the cationic resin

micelles in the cathodic diffusion layer by

neutralization of positively charged groups in the

resin with electrochemically generated OH– ions:

R − NH3
+

+ OH
−

→ R − NH2 + H2O (2)

(iv) electro-osmosis of water in the pores of the

deposited films, caused by the potential difference

across the film and surface charges on the pore

walls;

(v) heterogulation, that is film deposition on the

metal substrate; and

(vi) adagulation, that is further film deposition

upon already deposited layers.

Previous studies have reported that the deposition

process and properties of E-paint were affected by

surface pretreatment methods [10-18]. Reddy et al.

[17] found that the adhesion strength of the E-paint

on alkaline cleaned surfaces of aluminum alloys was

much stronger than that on chromate conversion

coated surfaces. Aćamović et al. [12] also reported

that different substrates affected the properties of E-

paint. E-paint deposited on the phosphated steel was

more porous but much higher corrosion protection

than E-paint deposited on the bare steel. On the

surface of electrically conducting materials, such as

bare steel, nucleation of E-paint occurs all over the

metal surface and E-paint with homogeneous and

dense structure grows. Otherwise, on the less

electrically conducting surface such as the phosphated

steel, the E-paint deposition starts to occur first

within the pores and grows over the phosphated

layer [12].

Although E-painting processes have been widely

used in industries of steels and aluminum alloys,

there are some concerns when this process is applied

to bare Mg alloys [19-22]: (1) Mg substrates may be

corroded rapidly in aqueous electrolyte; (2) Mg

rapidly forms loosely bonded oxide/hydroxide films

on the surface, which may inhibit successive

electrodeposition and reduce the adhesion of the E-

paint layer; and (3) Mg alloy are easily dissolved in

some acid electrophoretic solution with pH < 7.

Therefore, the surface pretreatment step becomes an

essential step in the E-painting process.

AZ31 Mg alloy, recently, has attracted much

attention because they can be used for mass

production of components by mechanical forming

processes such as pressing or rolling methods. The

use of AZ31 Mg alloy is supposed to be pre-cleaned

prior to further the surface modification in order to

enhance their corrosion resistance and surface

appearance. Mechanical and chemical cleaning

methods are usually used for Mg alloys. The

mechanical cleaning method is normally achieved

by grinding and rough polishing, brushing, barrel

and SiC-abraded. Chemical cleaning methods for

Mg alloys include vapor degreasing, solvent

cleaning, alkaline cleaning, and acid cleaning. By

different surface pretreatment methods, different

surface films can form on Mg alloys, and these films

can affect the deposition and adhesion of E-paint.

Thus, the purpose of this study is to investigate the

effects of surface pretreatments on deposition and

adhesion of E-paint on AZ31 Mg alloy. E-paints were

electrophoretically deposited on AZ31 Mg alloy after

four different surface pretreatments: knife-abrasion,

SiC-abrasion, DI water-immersion and NaOH-

immersion. The effects of the surface pretreatments

on deposition process and adhesion of E-paints were

studied by the analyses of voltage-time and current-

time curves of the E-painting processes, by

comparing the amount of deposited paint, the

current efficiency, surface oxide film resistances, and

by tape test before and after immersion in DI water

for 500 h at 40oC.

2. Experimental

AZ31 Mg alloy (Posco, Korea) with composition

(in wt.%) of Al, 2.9; Zn, 0.8; Mn, 0.3; Si < 0.1; Fe,

< 0.005; Cu, < 0.05; Ni, < 0.005; and Mg balance,

was used in this study. The samples with a size of

100 × 50 × 1 mm were cut from a rolled AZ31 Mg

alloy sheet. The samples were ground in ethanol

using a succession of up to 2000 grit SiC abrasive

papers and then rinsed with ethanol. The samples

were then given one of four different surface

pretreatments: knife-abrasion (using a blade abraded

to remove the surface oxide film of AZ31 Mg

alloy), SiC-abrasion (as-received after grinding by

SiC), immersion for 24 h in DI water (25 ± 1oC) or

immersion for 24 h in 1 M NaOH solution (25 ± 1
o
C).

The samples were then covered with tape to leave
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an exposure area of 60 cm2 (6 × 5 cm × 2 sides).

The samples were stored in a desiccator, and their

initial weights (m0) were measured before the E-

painting deposition.

The E-paint was performed using a commercial

KED#2000P BLACK electrocoat paint solution

(Noroo, Korea). The E-painting process was carried

out in a 2 L E-painting solution using samples as a

cathode and stainless steel as an anode. The E-

painting bath was moderately stirred by mechanical

means, and temperature was controlled at 28 ± 1oC.

The E-painting process was performed in triplicate

experiments on AZ31 Mg alloy after different

pretreatments using DC power-supply model

N5771A (Agilent, United States) for 5 min. The

deposition of paint was carried out at a constant

current density of 1.67 mA/cm2 initially until reaching

180 V, and then at a constant voltage up to the end of

the E-painting process. After finishing the E-painting

process, the samples were rinsed with DI water to

wash out the loosely bonded E-paint particles from

the surface. The samples were kept in a desiccator for

2 days, and then their weights were measured to

provide the uncured weight (mbc, the weight of

samples before the curing process). Next, the samples

were cured in an oven for 20 min at 150oC. The

weight of the cured samples was measured again to

provide the cured weight (mac). Surface and cross-

sectional optical micrographs of E-paints before and

after the curing process were observed using an

optical microscopy (OM) (Hirox, Japan). 

The adhesion of the samples was tested by tape

test method according to ASTM D3359 [23] before

and after immersion in DI water for 500 h at 40oC.

The surface of each E-painted sample was scratched

with a tool holding 11 cutting blades, separated from

each other at 1 mm distance, both vertically and

horizontally, and thus creating 100 small squares of

1 mm2. A strip of adhesive tape was applied to the

E-painted surface with constant pressure and then

was pulled at 90° to the plaque surface.

The resistance of the oxide/hydroxide films (oxide

films) formed on AZ31 Mg alloy by the different

pretreatments was measured by electrochemical

impedance spectroscopy (EIS) in a solid state,

without electrolyte, using a two-pole scheme. The

measurement of EIS in the solid state can avoid the

effect of hydroxide films, which formed rapidly on

Mg alloys during measurements in a solution

containing water. Two AZ31 electrodes were

mounted with epoxy to provide an exposed area of

10 mm2. After different pretreatments, the samples

were sputter-coated with gold using a sputter coater

(Cressington, United Kingdom) at a current of

40 mA and a sputtering time of 120 s. EIS

measurements were performed using a computer-

controller potentiostat (Zahner, Germany) in the

frequency range of 100 kHz to 1 Hz with 5 points/

decade and amplitude of the sinusoidal potential of

5 mV. The resistance of surface oxide films was

calculated by fitting the recorded impedance data

using the Thales Z2.12 software.

3. Results and discussion

Fig. 1 shows triplicate measurements of voltage-

time and current-time relationships of E-painting

process on AZ31 Mg alloy using different surface

pretreatments. The E-painting process was carried

out by current-voltage-controlled mode operations.

For the first mode, the current was controlled at

1.67 mA/cm2. The voltage increased to about 5.2 V

and remained stable for 0.3-0.5 min; after that, the

voltage quickly increased to 180 V. For the second

mode, the voltage was controlled at 180 V, and the

current rapidly decreased with increasing deposition

time. During the controlled current mode (Mode 1),

the increase in the voltage to about 5.2 V at the

initial stage suggests that the electrochemical

decomposition of water was occurring on the

cathode surface and generated OH– ions (Reaction

1). Moreover, there was an electrophoretic migration

of the cationic resin micelles and associated

pigment, towards the cathode under the influence of

the electric field, to form a cathodic diffusion layer

[10-15]. In the second stage, the rapid increase of

voltage indicates the process of electrocoagulation of

the cationic resin micelles in the cathodic diffusion

layer, so-called a deposition stage. The time for the

deposition process to start is the induction time (ti),

which is the time needed for the quantity of

electricity passed to increase the pH locally (near the

metal surface) to pH ≈ 12, which is a critical pH

value for electrocoagulation to start [12-15]. As seen

in Fig. 1, induction times differ for different surface

pretreatments, being about 0.57 min for knife-

abraded, 0.50 min for SiC-abraded, 0.26 min for DI

water-immersed and 0.43 min for NaOH-immersed.

These times multiplied by the current at the plateau

give induction charge (Q0), the meaning of which

will be discussed later. This result reveals that the

induction time of cathodic E-painting process
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depends not only on the diffusion coefficient and

properties of the resin used [11,12], but also on the

properties of the substrate. During the interval of the

controlled voltage at 180 V, the decreased current

with increased deposition time indicates the

increasing electrical resistance of the E-paint layer;

that is, the thickness of the E-paint layer was

increasing. Although the current of deposition for

the E-painting process decreased with increasing

deposition time but tends to reach a constant

residual value. The residual current could be due to

the electro-osmosis of water in the E-paint film and

to the leak current through the E-paint film at a high

voltage [11,12].

The resistance of E-paint deposited on AZ31 Mg

alloy with deposition time is calculated from the

voltage-current-time relationships (Fig. 1) according

to Ohm’s law:

Rt = Et/It (3)

where, Rt, Et and It are respective resistance, voltage,

and current at time t.

Fig. 2 presents the changes in the resistance of

samples with time during the E-painting process for

different surface pretreatments, plotted on linear and

semi-logarithmic scales. The resistance of the E-

painting samples was about 50 Ω for all samples

during the induction period. However, the resistance

rapidly increased after induction time, indicating that

the deposition process of E-paint on the AZ31 Mg

alloy surface had started. During the first 2.5 min of

the deposition process, DI water-immersed samples

showed the highest resistance, which can be

explained by their shortest induction time; therefore,

a larger amount of E-paint was deposited on the

surface for the same deposition time compared to

other pretreatment methods. The semi-logarithmic

scale reveals more clearly the slope of increased

resistance curves during the deposition of E-paint.

Interestingly, the NaOH-immersed samples showed a

lesser slope for the resistance curve. This difference

can be explained by a slower accumulation rate of

E-paint on AZ31 Mg alloy immersed in NaOH

Fig. 1. Triplicate voltage-time and current-time curves of E-painting processes on AZ31 Mg alloy with four different
surface pretreatments: (a) knife-abraded, (b) SiC-abraded, (c) DI water-immersed and (d) NaOH-immersed.



76 Nguyen Van Phuong 외/한국표면공학회 50 (2017) 72-84

solution. With deposition time longer than 2.5 min,

the resistance became almost similar and slight

increase for all samples, indicating that the

deposition rate decreased with increasing deposition

time and the limitation in thickness of E-paint layer

had been reached.

Fig. 3 shows the weights of E-paint deposited on

AZ31 Mg alloy with four different surface

pretreatments measured before curing (uncured

weight, m1) and after curing (cured weight, m2). The

weights m1 and m2 are calculated by Equations (4)

and (5):

m1 = mbc – m0 (4)

m2 = mac – m0 (5)

where, m0 is the weight of the sample before the E-

painting process, and mbc and mac are the weights of

E-painted samples before and after the curing

processes, respectively. As seen in Fig. 3a, the

uncured weight (m1) differed for different

pretreatments, being about 0.40 g for knife-abraded,

0.38 g for SiC-abraded, 0.33 g min for DI water-

immersed and 0.37 g for NaOH-immersed. Thus, the

amount of E-paint deposited on knife-abraded

samples is about 20% larger than that deposited on

DI water-immersed samples. The different amount of

E-paint deposited on AZ31 Mg alloy arises from the

different surface oxide film resistances, which will be

discussed later. The magnitude of the cured weight

(m2) was found to be the same trend that of uncured

Fig. 2. Changes in the total resistance of AZ31 Mg alloy with time during the E-painting process for four different
surface pretreatments, calculated according to Ohm’s law using the data obtained from in Fig. 1, plotted in (a) linear
and (b) semi- logarithmic scales.

Fig. 3. Weights of E-paint deposited on AZ31 Mg alloy with four different surface pretreatments measured before

curing (open symbols, m1) and after curing (closed symbols, m2), and (b) the weight ratio of E-paint between after

and before curing (m2/m1).
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weight (m1), and to follow the order of pretreatments:

knife-abraded > SiC-abraded > NaOH-immersed >

DI water-immersed. Fig. 3b displays the directly

proportional relationship between cured weight and

uncured weight for E-paint deposited on surfaces

with different pretreatments (m2/m1 = 0.90). The

decrease of E-paint weight during the curing process

is explained by the evaporation of water and solvent

remaining in the wet paint. Thus, this result suggests

that the weight of E-paint can be estimated using

either uncured weight or cured weight by the

equation: cured weight = 0.90 × uncured weight.

The electrical charge passed for the deposition of

E-paint can be divided into two parts: an induction

charge is a charge used during the induction stage,

and a deposition charge is a charge used during the

deposition stage. These charges can be calculated by

multiplying the current by the time interval during

their respective stages. The calculation of these

charges during E-painting process is a very

important parameter from the energetic point of

view, as well as from the point of view of the power

deposition rate. The total charge, induction charge,

and deposition charge during E-painting process on

AZ31 Mg alloy samples subjected to different

pretreatments, which were measured by current-time

curves (Fig. 1), are shown in Fig. 4a. The induction

charges are proportional to the induction times

because the deposition performed at a constant

current of 0.1 A. The induction charges were 0.057

A min for knife-abraded, 0.050 A min for SiC-

abraded and 0.043 A min for NaOH-immersed and

0.026 A min for DI-water immersed samples. Thus,

knife-abraded and SiC-abraded samples required

higher quantity of electricity during the induction

stage than that of NaOH-immersed samples, and

much higher than DI water-immersed sample. The

magnitudes of total charge tracked the following

order of pretreatments: DI-water immersed (0.175 A

min) < SiC-abraded (0.194 A min) < knife-abraded

(0.203 A min) < NaOH-immersed (0.204 A min).

Fig. 4b presents the ratios between E-paint cured

weight with total charge (m2/Q) and deposit charge

(m2/Q1). The ratio of m2/Q reflects a current

efficiency of the whole E-painting process. Indeed,

the current efficiency of the E-painting process

shows a proportional relationship to the ratio of m2/

Q. As seen in Fig. 4b, knife-abraded and SiC-

abraded samples showed higher value of m2/Q than

that of NaOH-immersed and DI water-immersed

samples. The ratio of m2/Q was found to decrease in

the order of pre-treatments: knife-abraded (1.763 g A–

1 min–1) > SiC-abraded (1.760 g A–1 min–1) > DI water-

immersed (1.713 g A–1 min–1) > NaOH-immersed (1.660

g A–1 min–1). Together with the calculation of the

ratio of m2/Q, the ratios of m2/Q1 were also

considered to indicate the current efficiency during

the deposition stage of the E-painting process. In

Fig. 4b, knife-abraded and SiC-abraded samples

showed much higher ratio of m2/Q1 than that of

NaOH-immersed and DI water-immersed samples.

The ratio of m2/Q1 was found to decrease in the

order of pre-treatments: knife-abraded (2.447 g A–

1 min–1) > SiC-abraded (2.372 g A–1 min–1) > NaOH-

immersed (2.100 g A
–1 

min
–1

) > DI water-immersed

(2.016 g A–1 min–1).

Fig. 4. (a) Electrical charges passed during E-painting processes on AZ31 Mg alloy surface with four different
surface pretreatments and (b) the ratios between cured weight and charges. Q, Q0, Q1, and m2 represent total
charge, induction charge, deposition charge during E-painting and weight of E-paint after curing, respectively. 
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Fig. 5 shows optical microscope imags of E-paint

observed before the curing process on AZ31 Mg

alloy with different surface pretreatments. The

surface morphology of E-paint on AZ31 Mg alloy

reveals many pores. The pore sizes were about 150-

200 μm for knife-abraded and SiC-abraded samples,

but much smaller (20-30 μm) for DI water- and

NaOH-immersed samples. The formation of pores is

possibly due to the presence of hydrogen gas

bubbles on the surface during the E-painting process

[14]. Cross-sectional OM images reveal that the

pores have open structure (Fig. 6), which means that

the substrate is not exposed to the E-paint solution

during the E-painting process due to the hydrogen

gas bubbles. Within 5 min of the E-paint deposition

process, the total resistance of E-painting AZ31 Mg

alloy was very high (about 12,000 Ω at a voltage of

180 V (Fig. 2)), indicating that access to the surface

through the pores during E-painting process was

probably hindered by the hydrogen bubbles.

Fig. 7 exhibits optical microscope images

observed after curing process of AZ31 Mg alloys

with different surface pretreatments. All the surfaces

were covered by a continuous paint layer without

any pores or cracks. The surface of the E-paint

deposited on the knife-abraded and SiC-abraded

samples exhibited some small nodules, but the

surface was very smooth on DI water- and NaOH-

immersed samples. The large pores observed on the

uncured E-paintings disappeared after curing. During

the curing process, together with the evaporation of

any remaining water and solvent, binding particles

were softened and fused together into irreversibly

bound networked structures by polymerization. Fig.

8 shows cross-sectional optical microscope images

of E-paint observed after curing process on AZ31

with different pretreatments, and thicknesses of E-

paint measured at six different positions. This figure

reveals clearly that the E-paint deposited on all

surfaces was compact, even for the knife-abraded

and SiC-abraded samples, which previously were

Fig. 5. Optical microscopes observed before curing process of E-paint on AZ31 Mg alloy with four different surface
pretreatments.

Fig. 6. Cross-sectional optical microscope images of
E-paints deposited on AZ31 Mg alloy with four
different surface pretreatments (a) knife-abraded, (b)
SiC-abraded, (c) DI water-immersed and (d) NaOH-
immersed.
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interrupted by large open pores, as shown in Fig. 5

and 6. The thickness of the E-paint also differed for

different surface treatments, and followed in the

order of knife-abraded (54.6 ± 2.1 μm) > SiC-

abraded (50.2 ± 1.8 μm) > NaOH immersed (46.1 ±

1.9 μm) > DI water immersed (34.5 ± 0.38 μm).

This order is similar to that of the deposition weight.

This figure indicates that the E-paint layers on AZ31

Mg alloy after different pretreatments were of

uniform thickness, with less than ± 3.8% difference

between the thickest and thinnest areas.

The adhesion of E-paint on AZ31 samples

subjected to different surface treatments was

assessed by measuring adhesion using a tape test,

with and without immersion in DI water for 500 h

at 40oC, according to ASTM D3359 standard [19].

The optical microscopies of E-paint after tape test

on AZ31 Mg alloy are shown in Fig. 9. Before

water immersion (Fig. 9a), none of the squares of

the coating were detached, indicating that the E-

paint deposited on AZ31 Mg alloy had an excellent

adhesion, irrespective of the surface pretreatments.

However, after water immersion, small flakes were

detached along the edges and at the intersections of

cuts of the E-paint deposited on DI water-immersed

and NaOH-immersed samples, while still none of

the E-paint squares were detached on the knife- and

SiC-abraded samples (Fig. 9b and 9c). Table 1

Fig. 7. Optical microscope images observed after curing of E-paint on AZ31 Mg alloy with four different surface
pretreatments.

Fig. 8. Cross-sectional optical microscope images observed after curing of E-paint on AZ31 with four different
pretreatments (a) knife-abraded, (b) SiC-abraded, (c) DI water-immersed and (d) NaOH-immersed, and (e)
thicknesses of E-paint.
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shows the classification of the adhesion according to

ASTM D3359 of E-paint on four AZ31 Mg alloy

using different surface pretreatments. Before water

immersion, the rating 5B for all samples indicates

that the edges of the cuts are completely smooth,

none of the squares of the lattice was detached.

After water immersion test, the rating was also 5B

for E-paint on knife-abraded and SiC-abraded

samples. The rating was 4B for E-paint on DI water-

immersed sample with the detached of paint at the

intersections less than 5% and the rating was 3B for

NaOH-immersed sample with the area affected is 5

to 15% of lattice. Thus, the result indicates that E-

paintings on knife-abraded and SiC-abraded samples

provide better water resistance compared to those

deposited on DI water-immersed and NaOH-

immersed samples.

Fig. 10 shows the surface and cross-sectional

microscope images of E-paint on AZ31 pretreated

by SiC-abraded and NaOH-immersed, observed after

immersion in DI water for 500 h at 40oC. A smooth

and compact E-paint layer was observed on the SiC-

abraded sample but big domed blisters were seen on

NaOH-immersed sample. The energy dispersive

spectroscopy analyzed at the blister (point A in Fig.

10 (d)) showed that the compound contains Mg

(37.98 at.%) and O (62.08 at.%), indicating that they

could be Mg(OH)2. Thus, the blistering can be

explained by the formation of corrosion products of

Mg(OH)2 resulting from the penetration of water

through E-paint layer and reaction with AZ31 Mg

alloy substrate. The blistering should be the cause of

decreased adhesion of E-paint after water immersion

test.

The natural surfaces of the knife-abraded and SiC-

abraded AZ31 samples were normally covered by a

Fig. 9. Tape test results obtained (a) before and (b,c) after water immersion for 500 h at 40oC of E-paint on AZ31 Mg
alloy with four different surface pretreatments.

Table 1. Adhesion test results according to ASTM D3359 of E-paint on AZ31 Mg samples with four different surface

pretreatments before and after water immersion test for 500 h at 40oC. 

Sample
Adhesion test results

Before water immersion test After water immersion test

Knife-abraded 5B 5B

SiC-abraded 5B 5B

DI water-immersed 5B 4B

NaOH-immersed 5B 3B
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thin air-formed oxide film (about 40 nm) after 24 h

exposure under ambient conditions [3-5,24-26]. The

oxide films formed on AZ31 Mg alloy after

immersion in DI water and NaOH solution were

much thicker (about 3 μm for DI-water immersed

and about 0.6 μm for NaOH immersed), and

normally consisted of two layers: a dense inner layer

and a porous outer layer [24-26]. Although the oxide

films formed by immersion in DI water and NaOH

solution have been reported to have very high

resistance, it is not stable. The different surface

properties of the AZ31 substrate, such as resistance

and porosity, induced by different surface

pretreatments in this study, could be effective for

explaining the deposition process of E-painting, and

also the adhesion properties of E-paint.

The resistance of oxide films formed on AZ31 Mg

alloy by different pretreatments was examined by a.c.

Fig. 10. (a, b) Surface and (c, d) cross-sectional microscope images of E-paint on AZ31 Mg alloy with different
pretreatments: (a, c) SiC-abraded and (b, d) NaOH-immersed, observed after immersion in DI water for 500 h at
40oC. The chemical composition of point (A): Mg: 37.98 (at.%) and O: 62.08 (at.%). 

Fig. 11. (a) Schematic of experimental design for the measurement of a.c. impedance of surface films formed

spontaneously on AZ31 Mg alloy and (b) simplified sketch of the structure of surface films formed in DI water and

NaOH solution and an equivalent circuit used for impedance data fitting.
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impedance method. Schematic of the experimental

design and a simplified sketch of the structure of

surface films are shown in Fig. 11, together with an

equivalent circuit used for impedance data fitting.

Actually, the oxide films formed on Mg alloys by

immersion in DI water sometimes have been reported

to show a three-layer structure [26]; however, it could

be simplified into two layers (dense inner and porous

outer) [25]. The EIS Bode plot for the different

pretreatments of AZ31 Mg alloy is shown in Fig. 12.

Two kinds of samples, the knife-abraded and SiC-

abraded, show pure resistance with values of 0.061

and 0.098 Ω cm–2, respectively. In fact, there was a

small positive phase-shift and a small deviation from

a constant impedance value at high frequencies, due

to a parasitic inductance (Fig. 12b). This contribution

is in accord with proper “two-pole” behavior [27].

EIS of the other samples, DI water-immersed and

NaOH-immersed, were fitted using the equivalent

circuit shown in Fig. 11 (b). In the equivalent circuit,

Rs is the system resistance, the Rp/CPEp and Rox/

CPEox pairs are suggested to represent the resistances

of the porous outer layer and a dense inner layer of

the oxide/hydroxide film formed on AZ31 Mg alloy

during the immersion process. The impedance plots

were fitted with this equivalent circuit, and the fitted

curves are also shown in Fig. 12 as continuous lines.

The circuit elements calculated from the fitting results

are summarized in Table 2.

In contrast to knife-abraded and SiC-abraded

samples, the immersed samples in DI water and

NaOH solution showed very high resistances of

24.31 MΩ cm–2 and 0.32 MΩ cm–2, respectively.

The magnitude of oxide resistance was found to

track the following order of pretreatments: knife-

abraded < SiC-abraded << NaOH-immersed < DI

water-immersed. This order is inversely proportional

to the magnitudes of deposition weight, induction

time and current efficiency of E-painting process.

Thus, it can be concluded that the E-painting

processes on AZ31 Mg alloy are heavily dependent

on the surface resistance provided by different

pretreatment methods.

Conclusions

In this work, electrophoretic deposition behavior

of paint (E-paint) was studied on AZ31 Mg alloy

with four different surface pretreatments of knife

abrading in air, SiC paper abrading in ethanol,

deionized (DI) water immersion and NaOH

immersion, by analyses of voltage-time/current-time

curves, amount of deposited paint, current efficiency

and surface oxide film resistance. Adhesion of the

Table 2. EIS results of different oxide films formed on bare AZ31 Mg alloy by four different surface pretreatments.

Rs (Ω) Rox (Ω) CPEox (pF) Rp (Ω) CPEp (pF)

Knife-abraded 0.061

SiC-abraded 0.098

DI water-immersed 0.4 × 10–4 24.31 × 106 9.28 54.67 × 103 7964

NaOH-immersed 1.7 × 10–4 0.32 × 106 3402 24.39 × 103 8712

Fig. 12. Bode plots of AZ31 Mg alloy with four different surface pretreatments and fitted curves (continuous lines) of

the samples immersed for 24 h in DI water and NaOH solution using an equivalent circuit presented in Fig. 10.
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E-paint was also evaluated by tape test with and

without immersion in DI water for 500 h at 40oC. A

rapid increase of voltage was observed after an

induction time of about 0.57 min for knife-abraded,

0.50 min for SiC-abraded, 0.26 min for DI water-

immersed and 0.43 min for NaOH-immersed. The

amount of deposited paint and current efficiency were

found to increase in the order: knife-abraded > SiC-

abraded > NaOH-immersed > DI water-immersed.

The surface film resistances measured by a.c.

impedance method appeared to decrease in the order:

knife-abraded < SiC-abraded < NaOH-immersed < DI

water-immersed. It was found that the induction time

for the deposition, the amount of deposited paint and

the current efficiency are inversely proportional to the

resistances of surface films prepared by different

surface pretreatment methods. Cured weight of E-

paint was found to be about 90% of uncured weight.

The E-paintings deposited onto knife-abraded and

SiC-abraded AZ31 Mg alloy showed excellent

adhesion even after the water immersion test in DI

water for 500 h at 40
o
C. However, the E-paint

deposited on DI water- and NaOH-immersed samples

showed detachment of small flakes at intersections of

cuts after water immersion test at 40
o
C for 500 h. The

poor adhesion on the DI water- and NaOH-immersed

samples seems to be due to the presence of surface

oxide films with high resistances. It is concluded that

on the high electrically conducting surfaces, such as

knife-abraded and SiC-abraded samples, the

electrophoretic painting process shows longer

inductance time, larger amount of deposited paint and

higher current efficiency than those on the low

electrically conducting surfaces, such as DI water-

immersed and NaOH-immersed samples.
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