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a b s t r a c t

Magnesium has unique electrochemical performance, which can be utilized in its coating or surface treat-
ment. In this study, a new self-deposited coating process is explored for magnesium alloys. It is found
that a thin film can be rapidly formed on a Mg alloy AZ91D through simply dipping the alloy coupon in
an E-coating bath solution without applying a current or potential that is essentially required in a normal
E-coating process. The “electroless” deposition mechanism and the film growth kinetics are investigated
eywords:
agnesium

orrosion
rotection
oating
urface treatment

and the formed pre-film of E-coating is evaluated for its stability and corrosion protection performance
in a phosphating acidic electrolyte and a NaCl corrosive solution. It is believed that the surface alkaliza-
tion effect of magnesium is responsible for the “electroless” deposition of the pre-film. The diffusion of
hydroxyls in the porous film is controlling the growth of the pre-film. The rapidly formed pre-film can
offer sufficient corrosion protection for the magnesium alloy in a chloride-containing environment and
it is also stable enough to enable a magnesium alloy part to go through a phosphating bath in a paint line.
. Introduction

Mg and its alloys have many outstanding properties, such
s: low density, high strength, great damping capability, excel-
ent casting fluidity, good electric shielding effect, no magnetism,
atisfactory heat-conductivity, low heat capacity, acceptable recy-
lability and no toxicity. In the automotive industry where mass
eduction has become a critical issue, the high strength/weight
atio has made Mg alloys a particularly promising alternative to
luminum alloys [1–5].

However, Mg alloys do not have high corrosion resistance and
hus many ambitious applications of the existing Mg alloys are
urrently unrealistic [5]. Various surface treatments and coating
echniques have been proposed and developed for magnesium
lloys [6,7], such as surface conversion (e.g., chromating and phos-
hating), anodizing (DOW 17, HAE, Anomag, Keronite, Tagnite,
agoxid); galvanizing/plating (Zn, Cu, Ni, Cr), CVD, PVD, flame or

lasma spraying, laser/electron/ion beam treatment, hot-diffusion
lloying, and sol–gel coating. Generally speaking, conversion coat-

ng and electroless plating are the simplest surface treatments,
ut they do not offer sufficient corrosion protection for Mg alloys.
ther surface treatments and coatings, although more corrosion

esistant, are complicated and expensive. Therefore, it would
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be of great significance from a practical point of view to have
a corrosion resistant coating formed on Mg alloy parts simply
through a dipping process like conversion coating or electroless
plating.

E-coating (also known as Electrocoating or electrophoresis coat-
ing) is a process of using an anodic or cathodic current to apply paint
on metallic part surfaces. Cathodic E-coating is a popular process
in the automotive industry due to its excellent corrosion resistance
and great covering ability on complex metallic components. As E-
coat is a great oxygen and moisture barrier [8], it is used as one
of the most important layers in coating systems for many applica-
tions. However, an E-coating process is relatively complicated in
terms of its electrical control and bath solution maintenance. The
required current or voltage applied during the deposition step can
incur extra operating cost and lead to a “throwing power” (the abil-
ity of depositing an E-coat in a recessed area) issue in some deep
recessed areas.

To overcome these drawbacks, an innovative “electroless” E-
coating technique was recently proposed for Mg alloys [9,10]. The
“electroless” E-coating film in nature is a cured E-coating layer that
is rapidly (in a few seconds) deposited on a Mg alloy surface from
an E-coating bath without applying a current or potential. There-

fore, this new coating technique has great advantages over other
coatings or surface treatments in terms of the corrosion protection
performance, application, operation and maintenance.

The previous publications [9,10] have proposed a simple model
to explain the “electroless” deposition process and experimentally

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:Guangling.song@gm.com
dx.doi.org/10.1016/j.electacta.2009.11.078
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emonstrated the corrosion protectiveness of the “electroless” E-
oat in a NaCl solution. However, as a coating converted from a
re-film of an “electroless” deposited E-coat after curing, the corro-
ion performance of the “electroless” E-coat is critically determined
y its pre-film, which has not been carefully investigated previ-
usly. A study on this pre-film can lead to a more comprehensive
nderstanding of the new “electroless” E-coating technique and
erformance. This paper will present some preliminary results of
study on “electroless” deposition kinetics and corrosion perfor-
ance of a pre-film.

. Experimental

.1. “Electroless” deposition of pre-film of E-coating

Die-cast AZ91D magnesium alloy plates were used in the
tudy. The specimens were manually polished with sand paper
p to 1200 grit without using water. Some of the polished bare
Z91D specimens were used as control samples in the follow-

ng tests. The others were immersed in a cathodic E-coat bath
olution containing 16–26 wt% epoxy resin (the main composi-
ion of the E-coating bath) and 1.3 wt% titanium dioxide (the
igment that will be deposited together with the resin) at room
emperature for a certain period of time. Each of the specimens
aving been dipped in the E-coating bath solution was then pulled
ut of the solution slowly so that the solution from its surface
radually flowed back to the bath in order to obtain a stain-
ree surface. The dipping process resulted in a thin film rapidly
ormed on the specimen surface. The pre-film covered specimens,
fter rinsed with de-ionized water, were measured and tested
irectly.

.2. In situ AC impedance characterization

To better understand the “electroless” deposition mechanism
f the pre-film of E-coating, after freshly polished AZ91D coupons
ere dipped into the E-coating bath, their AC electrochemical

mpedance spectra (EIS) were immediately and directly measured
n the E-coating bath (in a beaker). The specimen served as a work-
ng electrode in the bath with a saturated Ag/AgCl electrode as a
eference and a Pt foil as a counter electrode. A Solartron electro-
hemical system, Mode SI1280, was used. EIS measurements of the
pecimen were repeatedly carried out at their open-circuit poten-
ials at different immersion times in the E-coating bath solution.
he amplitude of AC potential signals used in the measurement
as 5 mV and the set frequency range was 0.033–17,777 Hz.

As the measurement of a normal AC impedance spectrum
akes quite a few minutes to complete, the electrode surface
tate may change during the measurement or between two suc-
essive measurements. To better monitor the impedance during
he “electroless” disposition, a quick continuous measurement of
mpedance Z10 Hz at a fixed frequency (f = 10 Hz) was also carried
ut on the specimens in the E-coating bath solution. A 5 mV AC
otential signal was used in this test.

.3. Detection of pre-film

The outer surface of the pre-film of “electroless” E-coating was
xamined under a microscope. To reveal the interior microstruc-

ure, a coated coupon was cut with a diamond saw to obtain
ts cross-section for SEM examination. The thickness of the pre-
lms formed after immersion in the E-coating bath for different
eriods of time was measured using a Multi-measurement
ystem (Fischerscope, an eddy-current coating thickness
eter).
a 55 (2010) 2258–2268 2259

2.4. Immersion tests

To evaluate the protectiveness of the pre-film of “electroless” E-
coating, specimens coated with a pre-film of “electroless” E-coating
that was formed by dipping in the E-coating bath for about ∼10 s
were immersed in a 5 wt% NaCl solution for 24 h. At the same time,
bare AZ91D coupons were also immersed as a control for compar-
ison purpose. Corroded specimens were cleaned with de-ionized
water and dried in air. The final corrosion morphologies of the
samples were recorded.

It is also important to evaluate the stability of this pre-film of
“electroless” E-coating in a phosphating solution. This is because
in practical applications a coated Mg alloy part may experience
a phosphating surface treatment together with other metal parts.
For example, in the automotive industry, the whole vehicle body
made of steel, galvanized steel, aluminum and magnesium alloys
has to be immersed in a phosphate bath for phosphating treatment
before painting. Therefore, in this study, bare AZ91D specimens
and the coupons coated with a pre-film that was formed by dip-
ping in the E-coating solution for about ∼10 s were immersed in a
phosphating bath solution (phosphoric acid 10–30 wt%, zinc oxide
3–7 wt%, nitric acid 1–5 wt%, manganese oxide 1–5 wt%, nickel
nitrate 1–5 wt%, potassium fluoride 1–5 wt%, pH 1.5) at room tem-
perature for 4 h. Each of the coupons was covered under a funnel.
A burette that was pre-filled with the phosphating bath solu-
tion was vertically mounted over the funnel. This set-up allowed
the specimen to dissolve under the funnel, and the hydrogen
bubbles generated from the coupon surfaces as a result of the
dissolution of Mg were led by the funnel into the burette, dis-
placing the solution inside the burette. The decreasing solution
level in the burette reflected the amount of hydrogen gener-
ated. Detailed description of this set-up was given elsewhere
[11]. As the hydrogen evolution rate is proportional to the cor-
rosion rate of the coupon, the overall corrosion amount and rate
of the coupon corrosion can be monitored by simply measur-
ing the evolved hydrogen volume [1]. After the immersion in the
phosphating solution, specimens were washed with de-ionized
water and dried. Their surface morphologies were photographed.
Approximately 10 ml of the phosphating solution after the immer-
sion was sampled, which was mixed with 5 ml of hydrochloric
acid in a beaker. This solution was then filtered to remove any
precipitate and analyzed by ICP-OES (Inductively Coupled Plasma-
Optical Emission Spectrometer) for the amount of dissolved Mg
ions.

2.5. Electrochemical measurement in 5 wt% NaCl solution

AZ91D coupons coated with pre-films that were formed by dip-
ping the coupons in the E-coating bath for different periods of time
were placed in an electrolytic cell containing a 5 wt% NaCl solution
for AC impedance and polarization curve (PC) measurements. In
this cell, each of the specimens served as a working electrode with
a saturated Ag/AgCl electrode as a reference and a Pt foil as a counter
electrode. The specimen was exposed to the NaCl solution for 5 min
to attain a relatively steady condition before AC impedance mea-
surement. During the AC impedance test, the specimen was held
at the open-circuit potential and 5 mV AC potential signals were
applied with frequency ranging from 0.033 Hz to 17,777 Hz. After
the AC impedance measurement, the specimen was kept in the
solution at its open-circuit potential for 2 min for further stabiliza-
tion, and then potentiodynamic polarization curve measurement

was carried out with a potential scanning rate 10 mV/min from
catholic to anodic. The same Solatron electrochemical measure-
ment system for the AC impedance measurement in the E-coating
bath was used in the AC impedance and polarization curve mea-
surements. A bare AZ91D coupon was also measured for its AC
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mpedance and polarization curve under the same testing condi-
ions for comparison.

. Results

.1. The pre-film of “electroless” E-coating

After a polished AZ91D specimen was pulled slowly out from
he E-coating bath solution, its surface dried quickly in a few sec-
nds. Obviously, the quick drying phenomenon cannot be a physical
ater evaporation process. It could be a kind of chemical reaction

etween Mg and the E-coating bath solution on the surface. This
uick drying process did not occur on a steel, Al or an Zn speci-
en under the same conditions after dipping in the same E-coating

ath. Their surfaces remained wet for a long time (at least 10 min)
fter being pulled out from the bath. After washing their surfaces
eturned to their original states. It should also be noted that the
uick drying phenomenon did not occur either if a Mg alloy surface
as polished with an aqueous liquid or it had been washed with
ater after polishing.

After the surface dried, subsequent water rinsing cannot wet the
urface any more and water could not stay on the specimen surface
t all. This suggests that the surface became highly hydrophobic.
he surface morphologies of an AZ91D specimen before and after
ipping in the E-coating bath solution are compared in Fig. 1. It is
learly shown that a very thin, uniform and nearly transparent film
s formed on the immersed section of the AZ91D surface, which
annot even conceal the original scratches on the substrate.

Fig. 2 reveals the micro-morphology and microstructure of
he pre-film of “electroless” E-coating formed on AZ91D being
ipped in the E-coating bath solution for ∼10 s. Again, the pre-film
nder the optical microscope is uniform and clearly transparent
Fig. 2(a)), which further confirms the transparency of the film
bserved by naked eye (Fig. 1). The pre-film is so transparent that
he scratches underneath the film on the substrate can be clearly
hown (Fig. 2(a)). The topographic view of the pre-film under SEM
Fig. 2(b)) shows that the surface of the film is relatively uniform.

owever, from the cross-section of the film (Fig. 2(c)), a few tiny
ores or defects can be detected in the film. The thickness of the
re-film is about 1.8–2 �m according to the SEM photo (Fig. 2(c)).

The thickness of the pre-films of “electroless” E-coating formed
y dipping AZ91D in the E-coating bath solution for various periods

ig. 2. Surface micro-morphologies of the pre-film of “electroless” E-coating formed on
bservation, (b) topographic SEM observation, (c) cross-section SEM observation.
Fig. 1. Comparison of an AZ91D surface with and without a pre-film of “electroless”
E-coating (The pre-film was formed by dipping in an E-coating bath solution for 10
seconds).

of time is presented in Fig. 3. It is shown that the pre-film grows
with dipping time, and its thickness appears to be a power func-
tion of dipping time. When the dipping time is 10 s, the measured
thickness of the pre-film is around 1.9 �m, in good agreement with
that measured from the SEM cross-section (Fig. 2(c)).

3.2. Impedance characteristics in E-coating bath solution

The “electroless” deposition process of a pre-film of E-coating
on AZ91D in the E-coating bath solution was monitored by AC
impedance. The measured AC impedance spectra (EISs) of AZ91D
after being dipped in the E-coating bath for 1 min, 5 min and 30 min
are presented in Fig. 4 (the dot points are experimentally measured
data), which shows that there are at least two-capacitive loops in

the EISs and the overall impedance increases with dipping time.

A simple equivalent circuit as shown in Fig. 5(a) is used to fit the
EIS spectra. For a better fitting result, a constant-phase element Q
is used in the equivalent instead of a pure capacitance C. Q can be
defined by a capacitance value Qt and a phase angle index Qp. The

AZ91D by dipping in an E-coating bath solution for 10 s (a) topographic optical
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Fig. 3. Dependence of the thickness of a pre-film of “electroless” E-coating on dip-
ping time in an E-coating bath solution.
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Table 1
Estimated elements of the equivalent circuit by fitting the EISs (referring to Fig. 4)
of AZ91D being dipped in the E-coating bath for various periods of time.

Circuit elements Dipping time

1 min 5 min 30 min

R1 (� cm2) 612 767 1610
Qt1 (�F cm−2) 33 11 15
Qp1 0.69 0.88 0.76
R2 (� cm2) 128 568 566
Qt2 (�F cm−2) 708 336 681
Qp2 1.27 0.75 0.92
Rs (� cm2) 897 1110 1080
R1 + R2 (� cm2) 1510 1880 2690.76
ig. 4. AC impedance spectra of AZ91D being dipped in an E-coating bath solution
or 1 min, 5 min and 30 min, respectively.

tted EIS spectra (those dash curves) are also plotted in Fig. 4. An
xplanation of the physic–chemical model of this equivalent circuit
ill be given after the pre-film formation mechanism and growth

inetics are analyzed in the discussion section. The estimated ele-
ents of the equivalent circuit through fitting the measured EISs

re listed in Table 1. It is clearly shown that the high frequency
mpedance R1 and the total impedance (R1 + R2) of the system both
ncrease with dipping time.

The increasing high frequency impedance with dipping time can
e indirectly verified through monitoring the impedance (Z10 Hz)
f the pre-film deposition process at a fixed frequency 10 Hz in
he E-coating bath (see Fig. 6). The impedance (Z10 Hz) measured

t this frequency is the impedance as indicated by a solid point
n Fig. 4, which is close to (Rs + R1). Fig. 6 shows that the fixed fre-
uency impedance Z10 Hz increasing with dipping time also appears
o follow a power function.

Fig. 5. Equivalent circuits for fitting the EISs in (a) Fig. 4 and (b) Fig. 7.
Fig. 6. Variation of the AC impedance measured at a fix frequency 10 Hz for AZ91D
being dipped in an E-coating bath solution.

3.3. Electrochemical behavior in NaCl solution

The enhancement of the corrosion resistance of AZ91D in a NaCl
solution by a pre-film of “electroless” E-coating can be indicated by
its EIS result. The typical AC impedance spectrum of bare AZ91D in
5 wt% NaCl is presented in Fig. 7(a). There is a clear capacitive loop
in the high frequency region. In the low frequency region a kind of
inductive characteristic is displayed, which can be associated with
the breakdown of the surface film of AZ91D in NaCl [13]. Overall,
the impedance of the uncoated AZ91D is relatively small. For a pre-
film covered AZ91D specimen in 5 wt% NaCl, the EIS measurements
had bad reproducibility in this study. The repeatedly measured

results are scattered. Nevertheless, they have some common fea-
tures. Some typical impedance spectra of pre-film covered AZ91D
are shown in Fig. 7(b). They appear to have only one-capacitive
loop. The data points in the low frequency range are too scattered

Fig. 7. AC Impedance Spectra measured in 5 wt% NaCl solution for (a) bare AZ91D
and (b) AZ91D dipped in the E-coating bath for 10 s, 1 min and 5 min.
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Table 2
Estimated elements of the equivalent circuit through fitting the EISs (referring to
Fig. 7) of bare and pre-film coated AZ91D.

Circuit elements Substrate Dipping time

10 s 1 min 5 min 30 min

R1 (� cm2) 30 103,000 66,300 80,700 23,700
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Qt1 (�F cm−2) 20 7.7 5.7 6.0 8.5
Qp1 0.90 0.64 0.75 0.70 0.78
Rs (� cm2) 7.7 27 130 150 39

o indicate anything meaningful. The diameters of these capacitive
oops vary widely in repeated EIS measurements. Therefore, the
ependence of the impedance of a pre-film covered specimen on
ipping time cannot be successfully illustrated in this study.

Based on the EIS characteristics as shown in Fig. 7, a simple one-
ime-constant equivalent circuit (see Fig. 5(b)) is used to estimate
he equivalent parameters. The physico–chemical explanation of
his circuit will be presented later in the discussion section. Again,
constant-phase element Q is used instead of a pure capacitance

n the equivalent circuit. This equivalent circuit might be too sim-
le for simulating the EIS processes, as the bare AZ91D does show
ome inductive EIS characteristics and it has been theoretically and
xperimentally illustrated that a Mg alloy is an electrochemical
ystem containing more than one-time-constant [12,13]. However,
or a simple comparison of impedance between pre-film covered
pecimens, the simplification is acceptable.

Table 2 summarizes the estimated elements of the equivalent
ircuit, showing that the pre-film covered specimen has signifi-
antly larger resistance R and smaller capacitance Qt than the bare
Z91D. As mentioned earlier, due to the scattered diameters of

hese EIS results, the dependence of the impedance on dipping time
s unclear.

The observation that the impedance of the pre-film coated spec-
men is markedly larger than that of the bare specimen is further
upported by the significantly different polarization curves of the
are and pre-film covered AZ91D in 5 wt% NaCl solution (see Fig. 8).
articularly, the cathodic polarization current densities of the pre-
lm covered AZ91D are more than two orders of magnitude lower
han those of the bare one. The open-circuit potentials or corro-
ion potentials (Ecorr) of the bare and pre-film coved AZ91D in the

aCl solution through extrapolation of their cathodicTafel regions
re listed in Fig. 8. The corrosion current density Icorr of the pre-
lm covered AZ91D is much smaller than that of the bare AZ91D.
nother important finding from the polarization curves is that coat-

ig. 8. Polarization curves of bare and pre-film covered AZ91D in 5 wt% NaCl solu-
ion.
a 55 (2010) 2258–2268

ing does not cause a significant change in the Ecorr and the catholic
Tafel slope in the NaCl solution.

3.4. Corrosion damage in NaCl solution

Significant corrosion damage on bare AZ91D was observed after
3 h of immersion in the 5 wt% NaCl, while the AZ91D specimens
with pre-films of “electroless” E-coating were intact under the same
immersion conditions. The corrosion damage of the bare and pre-
film coated AZ91D after 5 h and 24 h of immersion in the 5 wt% NaCl
solution is presented in Fig. 9. Many corrosion pits can already be
seen on the bare AZ91D after 5 h of immersion (Fig. 9(a)). After 24 h,
severe corrosion occurred over the entire surface of the uncoated
AZ91 (Fig. 9(c)). However, under the same immersion corrosion
conditions, the corrosion damage of the pre-film covered AZ91D is
insignificant in the first 5 h of immersion in the 5 wt% NaCl solution.
No significant corrosion or coating damage is detected on its surface
(Fig. 9(b)). After 24 h, only along edges is there some slight corrosion
damage (Fig. 9(d)). This indicates that the pre-film of “electroless”
E-coating on AZ91D offers significant corrosion protection and the
pre-film covered AZ91D has much higher corrosion resistance than
bare AZ91D, which is consistent with the electrochemical measure-
ment in 5 wt% NaCl earlier.

3.5. Stability in phosphating bath

After immersion in the phosphating bath, copious amounts of
gas bubbles resulting from the dissolution of bare AZ91D were gen-
erated and accumulated along the waterline region surrounding the
specimen. After 4 h, in addition to the large amounts of bubbles,
the phosphating solution became turbid, and the surface of AZ91D
became black in color and quite rough (see Fig. 10(a)), implying
that precipitation of magnesium phosphates had taken place and a
phosphated layer formed there.

The pre-film of “electroless” E-coating on AZ91D significantly
prevents the reaction of AZ91D with the phosphating bath solu-
tion. The solution was clear after 4 h immersion in the phosphating
bath solution, and there were no significant bubbles accumulated
along the waterline region. Fig. 10(b) presents its surface morphol-
ogy after 4 h of immersion in the phosphating bath, which is much
lighter in color than the bare AZ91D after phosphating, meaning
that the pre-film covered AZ91D is much more stable than the bare
AZ91D in the phosphating bath.

A quantitative characterization of the protectiveness or stability
of the pre-film of “electroless” E-coating in the phosphating solu-
tion was carried out by measuring the volumes of the hydrogen
evolution and the amount of dissolved magnesium ions in the phos-
phating bath. The results listed in Table 3 show that the amount of
dissolved magnesium ions is significantly reduced by the pre-film.

No hydrogen evolution could be measured for the pre-film cov-
ered AZ91D in the first hour of immersion (Table 3). This means
that there is no film damage in the first hour and the pre-film
can protect the Mg alloy substrate from dissolution for a short
period of time in the phosphating bath. After 4 h, hydrogen evo-
lution can be detected from the pre-film covered specimen, but
the amount of hydrogen generated from the bare specimen was
about 10 times larger (Table 3). This signifies that the damage of
the pre-film becomes noticeable after extended immersion in the
phosphating bath solution and its protection effect decreases with
immersion time.

4. Discussion
4.1. “Electroless” deposition mechanism

It is important to understand how a thin hydrophobic film can
be rapidly formed on a Mg alloy surface simply by dipping the
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Fig. 9. surface morphologies of (a) bare AZ91D and (c) pre-film covered AZ91D after immersion in 5 wt% NaCl for (b) 5 h and (d) 24 h.

Fig. 10. Surfaces of the (a) bare and (b) pre-film covered AZ91D after immersion in a phosphating bath solution for 4 h.
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Table 3
The volume of hydrogen evolution and the amount of dissolved Mg ion (Mg2+) from bare and the pre-film covered AZ91D in a phosphating bath.
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tion. The growth kinetics is schematically illustrated in Fig. 11. It is
assumed that a pre-film of thickness L uniformly covers a Mg alloy
AZ91D. Just like many other organic coatings, the pre-film of “elec-
troless” E-coating on AZ91D surface is also porous. The pores can be
Immersion time (h) Bare surface H2 (ml cm−2) Pre-film covered surface

1 0.02 0.00
4 0.57 0.05

lloy in an E-coating bath solution without a current or potential
pplied.

It has been well known that in a normal cathodic E-coating pro-
ess, apart from migration of micelles and elimination of water, the
ritical reactions are [14–18]:

H2O + 2e → 2OH− + H2↑ (1)

-NH3
+ + OH- → R-NH2↓ + H2O (2)

here R-NH3
+ is an aminoepoxy resin dissolved in the E-coating

ath. Cathodic reaction (1) generates hydroxyls, resulting in an
ncrease in pH value at the cathode surface. Reaction (2) is a pre-film
f E-coating deposition or coagulation step, in which the ammonia
earing organic R-NH3

+ reacts with the OH- from reaction (1) and
ecomes an insoluble organic species R-NH2 deposited on the cath-
de surface, forming an E-coat pre-film. During curing, the pre-film
urther polymerizes and turns into a stable insoluble hydrophobic
-coating, which is a normal E-coating widely used in industry. It
hould be noted that the critical species in the process is OH−. As
ong as a sufficient amount of OH− is provided, reaction (2) will
ontinue.

Magnesium surface always has high alkalinity in an aqueous
olution because of its reaction with water [1,4]:

g + 2H2O → Mg2+ + 2OH− + H2↑ (3)

This is a rapid alkalization reaction. It can generate sufficient
H- for reaction (2) on the surface of magnesium to generate a pre-
lm of E-coating. In this case, no reaction (1) is required, and thus
o cathodic current is needed. This is the “electroless” deposition
echanism for a pre-film of E-coating on a Mg alloy [9,10], which

s a result of the high surface alkalinity, a unique property of Mg
1].

According to this mechanism, this “electroless” E-coating pro-
ess can only occur on Mg surfaces. Steel, galvanic steel or Al cannot
enerate sufficient OH−. Thus, in this study the surfaces of steel, gal-
anic steel and Al coupons were found to be wet for a long time or
ould not be dried rapidly like an AZ91D coupon after being pulled
ut of the E-coating bath, and after washing their surfaces simply
eturned to their original states. No noticeable film was formed on
heir surfaces.

The involvement of reaction (3) in the “electroless” deposition
f the pre-film of E-coating is also supported by the observation
hat a water “contaminated” AZ91D surface does not have a rapid
lm formation process after it is pulled out of the E-coating bath.
he “contaminating” water can react with Mg (reaction (3)) first
efore the specimen is dipped into an E-coating bath solution. The
enerated OH− and Mg2+ can form a Mg(OH)2 film on the surface:

g2+ + 2OH− → Mg(OH)2 (4)

This Mg(OH)2 surface film can significantly retard reaction (3)
hen this water “contaminated” surface is exposed to the E-coating

ath solution. Mg(OH)2 may be dissolved to generate OH- in the E-
oating bath through the reverse process of reaction (4). However,
ue to the extremely low solubility of Mg(OH)2, about 0.9–4 mg/l
n water [19], the OH− generated in this way is not sufficient, and
ence the deposition of the pre-film of E-coating (reaction (2) can-
ot be initiated.

Apart from the selective “electroless” deposition and the water
contamination”, the rapid drying process for an AZ91D coupon
l cm−2) Bare surface Mg2+ (ppm) Pre-film covered surface Mg2+ (ppm)
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after removal from the E-coating bath can also be explained by
the “electroless” deposition mechanism. Since the “electroless”
deposited layer on AZ91D is a pre-film of E-coating, it should have
a highly hydrophobic surface. The hydrophobic pre-film can expel
the aqueous solution from its surface. Thus, the remaining solu-
tion on the specimen surface quickly flowed off the surface back
to the solution bath, which is a process much faster than the evap-
oration of water from a surface. This process looks like that the
surface is dried rapidly when it is gradually pulled out of an E-coat
solution. Because of the hydrophobic property of the pre-film, the
rinsing water could not stay on the surface either. Since no pre-film
is formed on steel, galvanic steel, Al or a water “contaminated” Mg
surface, their surface can keep wet for a relatively long time under
the same conditions.

The above mechanism predicts that a pre-film should have a uni-
form coverage over the surface, because reaction (2) can suppress
reaction (3), and hence the “electroless” deposition preferentially
occurs in areas uncovered or covered with a thinner pre-film. The
predicted uniform coverage has been experimentally observed in
the study (see Figs. 1 and 2). Reaction (3) also implies that hydrogen
bubbles generated during the “electroless” deposition process may
be trapped in the deposited film, leaving visible pores there. This
should be responsible for the tiny pores in the pre-film as shown
in Fig. 2(c).

4.2. Pre-film growth kinetics

According to the “electroless” deposition mechanism, a pre-film
should gradually grow with dipping time in an E-coating bath solu-
Fig. 11. Growth model for the pre-film of “electroless” E-coating on a magnesium
alloy in an E-coating bath solution.



ca Act

t
t
n
i
s
t
i
fi
b
t
t

�

w

(
b
fi
i
t
t
m
c

t
r
p
a
m
o
t
e
r

w

s
c
c
fi
i
u
b
p
�
s
t

D

w

L

G.-L. Song / Electrochimi

he intervals between R-NH2 molecule trains and even those rela-
ively large hydrogen bubble cavities mentioned earlier. They are
ot straight holes through the pre-film from the substrate/pre-film

nterface (m/f) directly to the pre-film/solution interface (f/s), but
inuous with an average sinuosity � in the film. It should be noted
hat the pore sinuosity � is dependent on the film thickness L. This
s because that the probability for a pore to penetrate through a
lm directly before it bends over and twists decreases as the film
ecomes thicker. In a thicker film, a pore can have more bends and
wists and thus a higher sinuosity. In this study, it is simply assumed
hat:

= B L (5)

here B is a constant.
During an “electroless” deposition process, alkalization reaction

3) should mainly occur at the substrate/pre-film interface m/f,
ecause this reaction only occurs at a Mg alloy surface. The suf-
cient water contained in the pores in the pre-film next to this

nterface is also an essential condition for this alkalization reaction
o proceed. The alkalization reaction can readily make the concen-
ration (COH) of OH− reach the saturated level of Mg(OH)2 at the
/f interface. In other words, COH should be high and stable there

ompared with anywhere else in the pre-film.
For pre-film deposition reaction (2), the f/s interface should be

he main site. This assumption is based on the fact that R-NH2 is a
elatively large organic molecule which is much more difficult to
enetrate or transfer than a hydroxide ion in a pre-film. In addition,
t the f/s interface, the supply of R-NH2 is much easier than at the
/f interface. Therefore, the growth of the pre-film should mainly

ccur at the f/s interface and be controlled by the diffusion of OH−

hrough the film from m/f interface to the f/s interface. If the appar-
nt diffusion coefficient of OH− in the film is D, then the growth
ate of the pre-film can be expressed as:

dl

dt
= kDCOHL (6)

here k is a film formation constant.
It is well known that an apparent diffusion coefficient of a

pecies in a film can be largely different from its real diffusion
oefficient due to the sinuosity of its paths [20]. For a porous film
ontaining only straight pores (� = 1), the apparent diffusion coef-
cient D should be proportional to the porosity � of the film and

nversely proportional to the film thickness: D ∼ �/L. If the pore sin-
osity � increases while � keeps unchanged, then each pore path
ecomes longer by a factor of � whereas the cross-section of the
ath becomes smaller by the same factor, i.e., species needs to travel
times longer in a � times smaller pore. Therefore, the increase of

inuosity � actually slows down the diffusion rate by �2 times, so
he apparent diffusion coefficient can be expressed as follows

= �DOH

�2
(7)

here DOH is the real diffusion coefficient of OH− in the film.
Substitution of Eq. (7) into Eq. (6) yields:

dl

dt
= ��COHDOH

L�2
(8)

Substituting Eq. (5) into it, we have:

dl = ��COHDOH
dt B2L3

It is equivalent to:

3dL = ��COHDOH

B2
dt
a 55 (2010) 2258–2268 2265

Its solution is:

L =
(

4��COHDOH

B2

)1/4

t1/4 (9)

which can be rewritten into:

ln L = 1
4

ln t + 1
4

ln

(
4��COHDOH

B2

)
(10)

Eq. (9) predicts that the pre-film grows mainly at the begin-
ning of dipping and the growth rate decreases with dipping time.
The growing kinetics of the pre-film following a power function
as described by Eq. (9) or (10) is supported by the film thickness
measurements (Fig. 3).

According to Eq. (10), the intercept of straight line ln L–ln t is
4kDOHCOH/B2, and its slope is 1/4. As parameters k and B involved in
Eqs. (9) and (10) are unknown, it is difficult to verify the reasonabil-
ity of the experimentally obtained intercept. However, the power
(the slope of the straight line in Fig. 3) that governs the growth
kinetics of the pre-film is estimated to be 0.27 through curve-fitting
of the experimental points. This value is very close to the theoretical
value 1/4, suggesting that theoretically deduced kinetic Eq. (9) or
(10) reasonably describes the growth of the pre-film of “electroless”
E-coating.

Compared with a normal cathodic E-coat which can grow up to
about 20–40 �m in few minutes, the “electroless” deposited pre-
film is very thin. This is because the generation of OH− by reaction
(3) and its diffusion in the pre-film during “electroless” deposition
are much slower than those driven by a high voltage or current
in a typical E-coating process. Because of the small thickness, the
pre-film is nearly transparent (Figs. 1 and 2).

4.3. In-situ impedance characterization

The growth of a pre-film with dipping time as demonstrated
above is based on an ex-situ thickness measurement. It is unclear
what subsequent reactions may take place in the pre-film after it
is removed from the E-coating bath and exposed in air for a certain
period of time. Ideally, the growth kinetics can be revealed by an
in-situ technique in the E-coating bath solution directly. The Elec-
trochemical Impedance spectroscopy (EIS) is such an in situ tool. It
is believed that the evolution of the EIS spectrum of AZ91D in the
E-coating bath solution with dipping time (Fig. 4) can be associated
with the “electroless” deposition process of a pre-film on AZ91D.

According to the above kinetic model for a pre-film of “electro-
less” E-coating (Fig. 11), the pores in the pre-film should be electric
current paths. Such a porous film has a typical equivalent circuit
with two-time-constants as shown in (Fig. 5(a)). The elements in
the equivalent circuit have the following meanings:

R1 – The resistance of the pores in the pre-film, which can also be
regarded as the overall resistance Rf of the pre-film.
Q1 – The overall capacitance Cf of the pre-film between the sub-
strate and the E-coating bath solution, which is determined by the
composition and porosity of the pre-film and the contents in the
pores.
R2 – The reaction resistance Rt at the m/f interface in the pores in
the pre-film, which is associated with reaction (3) on the substrate
metal exposed to the water in the pores.
Q2 – The capacitance of the m/f interface in the pores of the
pre-film, which represents the capability of the interface for non-

Faradic charging and discharging processes there. In some cases,
it is simply understood as the double layer capacitance Cdl of the
m/f interface in the pores.
Rs – The solution resistance between the specimen and the refer-
ence electrode in EIS measurement.
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This equivalent circuit (Fig. 5(a)) predicts that the EIS spectrum
as two-capacitive loops in the Nyquist plot, which has been veri-
ed in Fig. 4. The estimated values of the equivalent elements listed

n Table 1 also support that the pre-film becomes thicker with dip-
ing time. First, the film resistance R1 (or Rf) increases with dipping
ime. This can obviously be associated with an increase in film thick-
ess. Second, the values of the film capacitance Q1 (or Cf) after
min and 30 min dipping in the E-coating bath are significantly

maller than that at the first minute, also suggesting a thicker film
ormed after a longer dipping time. It is unclear why the capaci-
ance at 5 min is slightly smaller than that at 30 min. Whether it
s something to do with too much dissolved Mg2+ accumulated in
he film after extended dipping still needs further investigation in
he future. The relatively random dependence of R2 and Q2 (or Rt

nd Cdl) on the dipping might be ascribed to the non-uniformly
istributed corrosion resistance over the substrate surface, which
an be evidenced by the non-uniformly distributed corrosion dam-
ge pattern on the surface (Fig. 9(a)). Fortunately, Q2 and R2 are
ot directly related to the pre-film and thus not the main research

nterest of this study.
Since R1 (or Rf) represents the resistance of a pre-film and

ts change can reflect the growth of the pre-film, it would be
nteresting to monitor its value during an “electroless” deposition
rocess. The monitoring is realized through rapidly measuring the

mpedance Z10 Hz at a fixed frequency 10 Hz, as Z10 Hz ≈ R1. It appears
hat the measured scattered Z10 Hz points fall in a band which has
rough tendency following a power function with a power value

round 1/4:

= Rs + 378.4 t0.244 (11)

In fact, the resistance Rf of a pre-film is film thickness L depen-
ent:

f = � L/S (12)

In this equation, � is film resistivity and S is surface area of a
tudied film. According to Eq. (9) there is:

f = �L

S
= �

S

(
4��COHDOH

B2

)1/4

t1/4 (13)

In other words, Rf in theory is a power function of dipping time
nd the power value should be 1/4. This agrees with the experimen-
al results (Fig. 6). It further supports the proposed growth kinetics
f the pre-film in a “electroless” deposition process.

.4. Corrosion resistance

From Eqs. (9) and (13), the resistivity of the pre-film can
e obtained � = RfS/L = 378.4 � cm2 /0.948 �m = 3.99 × 106 � cm.
ompared with a cured E-coating (far over 109 � cm), this resis-
ivity is very low. The low resistivity is understandable, because
he film is an un-cured pre-film in-situ in the E-coating bath not
ffected by air. Its conductivity is determined by the high con-
uctivity E-coating bath solution in the pores. In this in-situ Z10 Hz
easurement, the pre-film is deposited directly from the E-coating

ath solution, so the solution in the pores of the film is a continuous
iquid phase from the pores into the bulk bath. There is no interface
etween the solution in the pores and in the bulk bath to resist cur-
ent from flowing. Fig. 12(a) schematically shows the continuity of
he liquid from a pore into the bulk bath.

However, after specimen is pulled out of the E-coating bath and

ried in air, at least a certain amount of water evaporates from
he pore. At the same time, the pre-film surface may become pas-
ive in the air with time. When the specimen is immersed into
he 5 wt% NaCl solution, due to the trapped air in the pores, the
ontinuity between the liquid remaining in the pores and the bulk
a 55 (2010) 2258–2268

NaCl solution will be interrupted to a great degree. This can result
in a hydrophobic interface formed between the pre-film and the
bulk solution. In this case, the current path is interrupted by the
discontinuity of the pore liquid. The discontinuity of a pore in a pre-
film caused by trapped air is schematically illustrated in Fig. 12(b).
Therefore, it is expected that the film resistance R1 (or Rf) will
strikingly increase.

If the above speculation regarding the change in continuity of
the pores in the pre-film is true, then the increase in R1 will signif-
icantly enlarge the first time-constant �1 which may become even
larger than the second time-constant of the EIS system. For exam-
ple, according to the equivalent element values listed in Table 1,
the first time-constant �1 for the EIS of AZ91D being immersed
in the E-coating bath for 1 min is �1 = 612 × 33 × 10−6 ≈ 0.02 s, and
the second time-constant �2 = 128 × 709 × 10−6 ≈ 0.09 s. �2 is more
than 4 times larger than �1. Hence, the capacitive loops in the
high and low frequency regions respectively corresponding to �1
and �2 can be clearly separated on the Nyquist plot. However,
if R1 increases to a large value, for instance, R1 = 66,300 � cm2,
a value for the pre-film in the NaCl solution (Table 2), then
�1 = 66,300 × 33 × 10−6 ≈ 2.2 s, much larger than �2. In this case, the
capacitive loop in the low frequency region corresponding to �2
will be completely overwhelmed by the first capacitive loop on the
Nyquist plot. A simulated evolution of EIS with an enlarged R1 is
displayed in Fig. 13. It convincingly shows that the EIS from a two-
capacitive loop spectrum (Fig. 13(a)) degenerates into an apparent
one-capacitive loop (Fig. 13(b)) by simply increasing the value of
R1.

The exactly same degeneration behavior of EIS as demonstrated
by the computer simulation (Fig. 13) is observed in experiments
in this study for the pre-film covered AZ91D in the 5 wt% NaCl
solution (Fig. 7). This means that the above speculation about the
change in pore continuity in the pre-film is true, and the signif-
icantly increased resistance of the pre-film in the NaCl solution
compared with that in the E-coating bath can be attributed to the
formation of discontinuous pores in the pre-film and a hydrophobic
pre-film surface.

Apart from the increased R1, the decrease in Q1 (or Cf) is also
a piece of evidence for the hydrophobic effect of the interface and
the discontinuity of the liquid phase between the pre-film and the
NaCl solution. It is shown in Tables 1 and 2 that the film capaci-
tance Q1 (or Cf) in the NaCl solution is significantly smaller than
that in the E-coating solution. This leads to two inferences: (1)
The hydrophobic interface between the pre-film and NaCl solution
makes the pre-film have a smaller contact area with the solution.
(2) The partial replacement of the liquid by air in the pores of the
pre-film decreases the dielectric constant of the film (water has a
much larger dielectric constant than air).

Since the EIS of the pre-film covered AZ91D in the NaCl solu-
tion actually contains two-capacitive loops, but the second one is
completely overwhelmed by the first one and thus it is EIS appears
to be a one-capacitive loop, there is a concern that an error may
be introduced in estimating the values of Rf and Qf by using a
one-time-constant equivalent circuit (Fig. 5(b)). In Fig. 13(b), the
EIS spectrum generated by a two-time-constant equivalent circuit
with reasonable element values (Fig. 5(a)) is curve-fitted using a
one-time-constant equivalent circuit (Fig. 5(b)). The curve-fitted
pre-film resistance R and capacitance Q are very close to their actual
ones. Therefore, in this study, the error caused by using a one-
time-constant equivalent circuit to curve-fit the EISs of the pre-film
covered AZ91D in the NaCl solution is insignificant, and the values

of R and Q listed in Table 2 can truly represent the R1 and Cf of the
pre-film.

The significantly larger resistance R1 (or Rf) of the pre-film cov-
ered AZ91D than that of the bare AZ91D (Fig. 7) in the NaCl solution
implies that the pre-film of “electroless” E-coating can effectively
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ig. 12. Schematic illustration of a typical pore structure in a pre-film of “electrole
mmersion in 5 wt% NaCl solution.

solate the substrate from a corrosive solution and provide suffi-
ient corrosion protection for the substrate Mg alloy. According to
he above discussion, the discontinuity of the liquid in the pores
n the pre-film is one of the important reasons for the corrosion
rotection performance of the pre-film.

In addition, the high corrosion resistance of the pre-film covered
Z91D may also be attributed to the blocking effect of the pre-film.
his blocking effect is evidenced by comparison of the polariza-

ion curves of the bare and pre-film covered specimen in the NaCl
olution (Fig. 8). The open-circuit potential Ecorr is not significantly
hifted by the pre-film, indicating that the film is neither anodic nor
athodic to the substrate. It is simply a barrier blocking the speci-

ig. 13. (a) The simulated EIS from 0.001 Hz to 1,000,000 Hz with a two-time-
onstant equivalent circuit and (b) the evolution of the EIS with a dramatically
ncreased equivalent element R1 as well as the curve-fitting of the evolved EIS with
one-time-constant equivalent circuit.
oating (a) in-situ in an E-coating bath solution and (b) after drying in air and then

men surface. The significant reduction in cathodic current densities
by the pre-film as shown in Fig. 8 also supports the blocking effect.
Since a blocking effect cannot alter the cathodic hydrogen evolu-
tion mechanism, the bare and pre-film coated AZ91D specimens
have similar cathodic Tafel slopes (see Fig. 8).

Moreover, according to the “electroless” deposition mecha-
nism discussed earlier, R-NH2 should be preferentially deposited
at active or defect sites on the specimen surface. At a defect or
active site, the higher corrosion rate of Mg than in the other areas
can lead to a greater OH− ion generation rate (reaction (3)), and
thus lead to preferential deposition of the pre-film (R-NH2) there,
which can very effectively retard the corrosion or dissolution of
the substrate. This preferential deposition of a pre-film at active or
defect sites may also account for the significantly improved corro-
sion resistance of the pre-film covered AZ91D.

The increased corrosion resistance by a pre-film as indicated by
EIS and polarization curve measurements (Figs. 7 and 8) is con-
firmed by an immersion test in the NaCl solution. Fig. 9 clearly
demonstrates the significant improvement of corrosion resistance
by the pre-film.

4.5. Stability

Although the pre-film of “electroless” E-coating can significantly
inhibit the corrosion attack in the 5 wt% NaCl solution, it is unsure
if this pre-film can survive in a phosphating solution. According
to the “electroless” deposition mechanism, reaction (2) proceeds
forward in an alkaline environment. However, in case that the envi-
ronment becomes acidic, the backward reaction (2) should occur,
which can result in dissolution of a deposited pre-film. Therefore,
it is important learn how soon the pre-film will be dissolved and

lose its protection in the phosphating solution. After the substrate
Mg alloy is exposed to the phosphating solution and a significantly
large area of the pre-film is dissolved, dissolution of Mg and hydro-
gen evolution will become evident. It is a critical concern that
dissolution of a magnesium alloy part may occur in a phosphating
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ath during a vehicle paint process, because the dissolved
g2+ ions can contaminate the phosphating bath and deterio-

ate the quality of phosphated layer as well as the subsequent
oatings.

The results of the immersion test in the phosphating solution
Fig. 10 and Table 3) suggest that the pre-film of “electroless” E-
oating offers a certain level of protection for the Mg alloy substrate
n the phosphating solution. The pre-film dramatically reduces
he dissolution of Mg and hydrogen evolution from AZ91D sur-
ace. After 4 h of immersion in the phoshphating solution, only

small amount of Mg2+ and hydrogen evolution were detected
rom the pre-film covered AZ91D (Table 3). The damaged surface
Fig. 10(b)) after immersion indicates that the pre-film of “electro-
ess” E-coating is only slightly damaged after 4 h of immersion in
he acidic phosphating solution.

The hydrogen evolution results (Table 3) further indicate that
he dissolution of AZ91D in the phosphating solution is actually
oo slow to cause significant damage to the pre-film in the first
our. There is no hydrogen evolution detected from the specimen
urface, implying that the surface of AZ91 is still fully covered by
he pre-film. In practice, a phosphating process normally only takes
few minutes. Therefore, the pre-film of “electroless” E-coating is

table enough to offer good protection for a magnesium alloy in the
hosphating bath in the automotive painting line.

. Conclusions

. A pre-film of E-coating can be rapidly and easily self-deposited
on a magnesium alloy without applying a current or voltage as
a result of the surface alkalization effect of Mg in an E-coating
bath solution.

. The pre-film of E-coating can grow with dipping time and its
growth kinetics is controlled by diffusion of hydroxyls in the
porous pre-film.

. The presence of the pre-film can significantly improve the cor-

rosion resistance of the Mg alloy. It is believed that the high
corrosion resistance of a pre-film in a NaCl solution is attributed
to the discontinuity of pores in the pre-film.

. The pre-film is stable enough to prevent a Mg alloy for a short
period of time from dissolving in an acidic solution and to enable

[

[

a 55 (2010) 2258–2268

a pre-film covered Mg alloy part to go through a typical phos-
phating process.
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