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Abstract: A continuous intermetallic compound coating was fabricated on AZ91D magnesium alloy
via heat treatment at 400 ◦C in AlCl3-NaCl molten salts for 10 h. The microstructure and composition
of the coating were characterized by scanning electron microscope and energy dispersive X-ray
spectrometry. The results showed that the coating has a two-layer structure (the outer Mg2Al3 phase
layer and the inner Mg17Al12 phase layer) up to 37 µm thick with compact and planar interfaces
between the layers and the substrate. The corrosion property of the coating was investigated
using electrochemical impedance spectroscopy (EIS) and two localized electrochemical techniques,
i.e., localized electrochemical impedance spectroscopy (LEIS) and scanning vibrating electrode
technique (SVET). The charge transfer resistance (Rct) of the Al-alloyed coating was 2119 Ω cm2.
The localized impedance and current density maps obtained through LEIS and SVET indicate not
only significantly improved corrosion resistance (the impedance modulus increased by one order of
magnitude and the current density decreased to approximately 3.8%, compared with the substrate)
but also defect-free surface condition.

Keywords: magnesium alloy; intermetallic coating; molten salt; localized electrochemical analysis; corrosion

1. Introduction

Magnesium (Mg) and its alloys are of excellent mechanical and physical properties including
high specific strength and stiffness, good castability and good electromagnetic shielding properties.
Therefore, they are expected to have widespread applications such as automobile, aerospace,
biomedicine and electronics industries [1–4]. However, the limited corrosion resistance has hampered
their further applications [5–10]. Aluminizing of Mg alloys is a promising approach to enhance the
corrosion resistance, owing to the formation of diffusion coatings comprised of intermetallic phases
such as γ-Mg17Al12 and β-Mg2Al3 [11–13]. Such diffusion coatings exhibit high adhesion strength due
to the presence of the metallurgical diffusion bond [14,15], whilst most of the advantages of Mg alloys
such as electromagnetic shielding properties will not be sacrificed.

Large numbers of strategies have been developed to prepare Mg–Al alloyed diffusion coatings,
which can be divided into two categories: one-step processes and multi-step processes. One-step
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processes include packed powder cementation [14,16–23], chemical vapor deposition (CVD) [24,25],
vacuum aluminizing [26–29], laser cladding [30–32], etc. Among them, packed powder cementation
has been widely used due to its simplicity, low equipment requirement and good applicability for
complex-shaped components. For the first time, Shigematsu et al. [20] obtained a 750 µm thick coating
mainly consists of γ-Mg17Al12 on AZ91D Mg alloys by the heat treatment at 450 ◦C for one hour in
aluminum (Al) powder. Liu et al. [26] achieved similar results while replacing the protective argon gas
with a vacuum condition. Mola [19] prepared Al- and Al/Zn-enriched alloyed coating on Mg with
a thickness up to 900 µm. The diffusion process was carried out at 445 ◦C for one hour via embedding in
Al + Zn powder mixture under certain pressure. Christoglou et al. [24] fabricated aluminized coatings
on Mg via a technique known as pack bed chemical vapor deposition (PBCVD). Chen et al. [25]
improved this process by applying mechanical vibration simultaneously. As a result, the coatings are
denser and of more homogenously distributed intermetallic phases. However, previously reported
one-step processes have failed to produce continuous intermetallic compound coatings to cover the
substrate, where eutectic intermetallic phases (e.g., γ-Mg17Al12) are randomly distributed in α-Mg
phase. As a result, the improvement of the corrosion resistance was limited.

Multi-step processes, which overcome the aforementioned limitation by separating the diffusion
step from the coating step, have been demonstrated to successfully fabricate continuous intermetallic
compound coatings on Mg alloys [33–39]. Most of the previous works have been carried out by
prefabricating a continuous Al layer on the Mg substrate. Subsequently, the heat treatment was
conducted at relatively lower temperature than the eutectic point. During this step, Al diffuses
into the substrate, forming continuous intermetallic phases. For example, Spencer and Zhang [34]
applied a layer of Al on AZ91 Mg alloys through cold spray. After annealing at 400 ◦C for 20 h,
150–200 µm thick continuous intermetallic coatings were generated with a double-layered structure of
outer Mg2Al3 and inner Mg17Al12, increasing corrosion resistance to the level of Al. Yang et al. [35]
achieved similar results on AZ91D Mg alloys via electrodeposition of Al and subsequent solution
treatment at 420 ◦C for two hours and aging at 200 ◦C for 12 h. Recently, Ishibashi et al. [37] obtained
continuous Mg–Al coatings on AZ91 Mg alloys by heat treatment at 280 ◦C for three hours in
argon (Ar) atmosphere after magnetron sputtering of Al. Compared to one-step processes, however,
aforementioned multi-step processes are more complicated in that a further grinding process is
required to remove the top Al(Mg) solid solution layer and thus obtain continuous intermetallic
compound surface. Moreover, the prefabrication of the Al layer requires additional equipment and
also complicates the preparation process.

In the present work, a novel one-step process was proposed to prepare continuous Mg–Al
intermetallic compound coatings on Mg alloys, which is achieved by the heat treatment of Mg
alloy in AlCl3-NaCl molten salts. It is interesting to note that this process is compatible to the
conventional powder cementation process. Due to the low melting temperature of AlCl3-NaCl mixture,
the aluminizing process can be carried out at relatively low temperature. Combined with scanning
electron microscope (SEM) and energy dispersive X-ray spectrometry (EDS), the microstructure and
phase structure of the diffusion coating were characterized. In particular, localized electrochemical
techniques including localized electrochemical impedance spectroscopy (LEIS) and scanning vibrating
electrode technique (SVET) were used to characterize the corrosion resistance of the aluminized Mg
alloys. Compared to conventional electrochemical analysis techniques, LEIS and SVET provide specific
information (e.g., defects, homogeneity and integrity) about corrosion properties within selected
area on the surface. As a result, the defect in the heterogeneous electrode can be easily detected,
while conventional electrochemical analysis techniques give macroscopic information and provide
little indication of its presence [40].

2. Materials and Methods

A die-cast AZ91D Mg alloy (8.71 wt.% Al, 0.73 wt.% Zn, 0.17 wt.% Mn, other elements less than
0.01 wt.%, and balanced Mg) was employed as the substrate. The as-received alloy sheet was cut into
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specific size through wire cutting. These specimens were then ground and polished using SiC paper
with grits of 180, 600 and 1200, successively. Afterwards, their surfaces were carefully cleaned with
acetone in an ultrasonic cleaner and then rinsed with dry alcohol. The desiccated AZ91D specimens
were imbedded in the salt mixture of anhydrous AlCl3 and anhydrous NaCl (1:1 molar ratio) in
a ceramic container, which is then heated in an electronic furnace that can automatically control the
temperature. The heat treatment was carried out at 400 ◦C for 2 h, 6 h and 10 h respectively in the
atmosphere of protective Ar gas. After the treatment, specimens were cleaned using de-ionized water
and dried for further investigation.

The surface morphology of the cross-section of treated specimens was characterized by scanning
electron microscope (SEM, FEI QuantaTM 250 FEG, Hillsboro, OR, USA). Meanwhile, the composition
of each phase in the surface layer was investigated by energy dispersive X-ray spectroscopy (EDS)
attached to the SEM.

To investigate the corrosion resistance of the coatings, LEIS and SVET mapping measurements
were carried out in a deaerated 3.5 wt.% NaCl solution at room temperature, with a five-electrode cell
(see Figure 1) [41]:

Figure 1. Schematic of the five-electrode configuration for localized electrochemical analysis. The data
is collected via the potentiostat and frequency response analyzer (FRA), while experiment control is
manipulated through computer and the positioner.

The measurements were performed on the working electrode (i.e., bare Mg alloy or coated
Mg alloy) through a PAR Model 370 Scanning Electrochemical Workstation, which was comprised
of a 370 scanning control unit, a M236A potentiostat, a M5210 lock-in amplifier and a video camera
system. A saturated calomel electrode (SCE) as reference electrode and a platinum wire as auxiliary
electrode (counter electrode). During the LEIS mapping measurements, the platinum microprobe
with a 10 µm tip was set directly above the scanning area to measure the impedance response at
a certain frequency. The distance between the probe-tip and the surface of the working electrode was
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50 µm, which was adjusted and monitored through a video camera TV supplied with the Workstation.
The microprobe was stepped over a designated area of the electrode surface. The scanning took
the form of a raster in x–y plane. The ac disturbance signal was 10 mV at open-circuit potential,
and the frequency for impedance measurements was fixed at 10 Hz. Localized current mapping
measurements were performed through SVET by the same PAR 370 Scanning Electrochemical
Workstation, with a 10 µm platinum tip microelectrode vibrating 100 µm above the specimen surface.
The vibrating amplitude (d) of the micro-electrode was 30 µm and the vibrating frequencies were
300 Hz in the direction perpendicular to the working electrode surface. A video camera system was
used to monitor the distance between microprobe and the electrode surface. The designed scanning
area was 1600 µm × 2000 µm. The potential of the microprobe was proportional to its position in the
vibrating plane. The potential difference (∆Vprobe) of the microprobe at the vibrating peak and valley
was measured by an electrometer in M370. The solution resistance between the vibrating peak and
valley (Rs) can be determined by Rs = d/k, where k is the conductivity of the solution. The localized
current (I) is finally obtained following Ohm’s law:

I =
∆Vprobe

Rs
=

∆Vprobe

d
× κ (1)

For LEIS, the impedance Z is equal to the ratio of cathode potential ∆Vapplied, the potential difference
between the working electrode and the reference electrode, to the induced ac current density [42]:

Z =
∆Vapplied

I
=

∆Vapplied

∆Vprobe
× d
κ

(2)

Both LEIS and SVET are able to give the corrosion distribution and identify surface
heterogeneities [43]. Compared with ac impedance measurements such as LEIS, the application of SVET
is limited to systems where dc currents are able to flow through the electrolyte, i.e., electrochemical
active systems.

In the present work, at least five repeated tests were performed in either LEIS or SVET
measurements for both the bare and as-coated AZ91D specimens. The tests began once the specimens
were immersed in the solution after 1000 s. The data were collected constantly using incorporated
frequency response analyzer (FRA), and were transferred to the computer along with the probe position.
A map showing local electrochemical quantity distribution over the surface plane was generated based
on the discrete data from one independent measurement. Hence all the resulting maps are independent
and only represent the actual details of particular specimens at specific conditions. The standard
deviations of the LEIS and SVET results are about 8.3% and 9.5%, respectively.

3. Results and Discussion

3.1. Structrual and Compositional Characterizations

The optical image of the coated specimen is given as Figure 2a, showing the macroscopic
morphology of the light-white coated surface, which is dense and plain without visible pits or cracks.
A further characterization into this as-prepared coating was carried out by taking SEM photograph
(Figure 2b) of its cross-section perpendicular to the surface shown in Figure 2a. The magnification is
5000 times the original size. It is obvious that a continuous layer of uniform thickness about 37 µm
exists between the substrate Mg alloy and the epoxy, indicating the formation of continuous diffusion
alloyed coatings. Moreover, the coating is evenly divided into two separate layers with different
contrast across the cross-section, suggesting the formation of two different phases. The EDS line
scanning results, as shown in Figure 2c, provide the element concentration (i.e., Mg and Al) along
the white line across the coating. Three distinct zones can be observed: (a) the outer zone with little
fluctuation (corresponding to the brightest layer, marked as A in the SEM micrograph), (b) the inner
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zone with great variation of Mg/Al ratio (the dark grey layer, marked as B in the SEM micrograph)
and (c) the Mg substrate. The discontinuities between each zone correspond to the phase interfaces.

Figure 2. (a) Optical image and (b) corresponding cross-sectional scanning electron microscope (SEM)
micrograph with (c) Mg–Al energy dispersive X-ray spectrometry (EDS) line scanning spectra of coated
AZ91D specimen with molten-salt treatment at 400 ◦C for 10 h.

Table 1 shows the results of quantitative EDS analysis at particular points marked in Figure 2b,
providing representative detailed composition in each distinct area. The outer layer displays Al-rich
feature and narrower range of Al concentration than the Mg-rich inner layer where Mg concentration
varies significantly. This suggests the difference of composing phases between the two layers of
the coating. The substrate—the area adjacent to the inner layer of the coating (see location 5 in
Table 1)—which contains Al concentration relatively close to the employed AZ91D alloy, is the solid
solution of Al in Mg.

Table 1. Atomic ratios (at.%) of Mg and Al at marked positions in Figure 2b.

Location Mg (at.%) Al (at.%) Corresponding Phase

1 39.7 60.3 β-Mg2Al3
2 41.2 58.8 β-Mg2Al3
3 53.7 46.3 γ-Mg17Al12
4 57.4 42.6 γ-Mg17Al12
5 91.4 8.6 Mg alloy substrate

According to the Al–Mg phase diagram (Figure 3), with increasing Al concentration, transition
to Al-rich intermetallic phases at the treatment temperature of 400 ◦C follows: α-Mg→ γ-Mg17Al12

→ ε-MgxAly → β-Mg2Al3 → α-Al. Apparently, γ phase endures much more significant variation in
composition than β or ε phase does. Therefore, the inner layer of the formed coating is most likely to be
composed of γ-Mg17Al12 phase, whilst the outer layer consists of either ε or β phase. The quantitative
EDS analysis at marked positions (Table 1) provides detailed evidence: Mg atomic percentage of the
inner layer ranges from 53.7% to 57.4%, overlapping the γ phase region; the outer layer contains Mg
around 40 at.%, which is consistent with that of β-Mg2Al3 rather than ε phase. Moreover, the ε phase
is believed to be stable only at high temperature; as is shown in the phase diagram, the equilibrium
region of ε terminates at eutectoid transformation temperature around 200 ◦C.
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Figure 3. Mg–Al phase diagram [44]. Reproduced from [44] with permission. Copyright 2015
Springer Nature.

The resulting spectrum of X-ray diffraction (XRD) with Cu-Kα radiation for the as-synthesized
coatings on the AZ91D specimen after 10 h immersion in AlCl3-NaCl molten salts, which is given in
Figure 4, further reveals that the coatings consist of both Mg17Al12 (bcc structure, a = b = c = 10.56 Å)
and Mg2Al3 (fcc structure, a = b = c = 28.239 Å) phases [45]. Hence, based on both compositional (EDS)
and structural (XRD) data, we confirm that the inner and outer layers are composed the Mg-enriched
Mg17Al12 and the Al-enriched Mg2Al3 phases, distinctively. This result, which has not been reported
in other one-step processes before by other research groups, is coincident with that of multi-step
processes, where Al coatings are prefabricated via, e.g., electroplating [35] and cold spray [34,46].
In this case, the molten salt process achieves the same phase structure as aforementioned multi-step
processes did, yet through a single step other than heat treatment of prefabricated Al.

Figure 4. XRD results for the Al-alloyed coatings on the AZ91D Mg alloy after 10 h treatment in
AlCl3-NaCl molten salts.

In order to figure out the formation process of the Al-alloyed coating, the molten salt treatment of
AZ91D Mg alloy was carried out separately for two hours and six hours, where other condition parameters
remained unchanged. Figure 5 shows the cross-sectional SEM images at the same magnification of Figure 2b
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and corresponding EDS line scanning spectra for the specimens of the two treatment periods. Both the
conditions produce continuous coatings on the surface of the Mg alloy substrate. However, the coatings
formed after 2 h immersion in the molten salts (the light line at the boundary between the substrate and the
epoxy as shown in Figure 5a) is relatively thin (about four micrometers) compared to the coatings formed
after prolonged periods. There is no multi-layered structure and only one layer could be observed. The EDS
result (Figure 5b) exhibits an Al concentration about 17.4 at.% at the coatings, which is clearly higher than
the Al concentration of the substrate. Compared to Figure 2, it is seen that 2 h treatment is insufficient for the
formation of the Al-alloyed coatings with complete structure. The coatings formed at six hours (Figure 5c),
on the contrary, exhibits a two-layer structure which is similar to the coating structure at 10 h. The EDS line
scanning spectrum (Figure 5d) also displays three distinctive zones corresponding to the outer bright layer
with mild fluctuation, the inner dark layer with wide compositional distribution, and the Mg substrate.
Detailed atomic concentration data at specific points are provided in Table 2. The Mg concentration of the
outer layer fluctuates at about 40 at.%, whereas it ranges from about 53 at.% to 57 at.% for the inner layer,
indicating the outer layer to be β-Mg2Al3 and the inner layer to be γ-Mg17Al12. These strong evidences
convey the information that the coatings formed at six hours consist of completely the same composition
and structure as the coatings formed at 10 h. As the immersion time increased, the thickness of the coatings
increased as well. When comparing Figures 2b and 5c, it could be found that the ratio of the thicknesses
of the two layers changed during the prolonged duration. The total thickness of the Al-alloyed coatings
at six hours is about 20 µm, where the inner layer (about 12 µm) is slightly thicker than the outer layer
(about eight micrometers). At 10 h, however, the thickness of the outer layer greatly increased, reaching up
to 25 µm, whilst the inner layer grew only about one to two micrometers. The order of their thicknesses
reversed as a result of prolonging immersion, indicating that the two layers have different growth rates.

Figure 5. Cross-sectional SEM micrographs and corresponding EDS line scanning results for the Al-alloyed
coatings on the AZ91D Mg alloy treated in AlCl3-NaCl molten salts at 400 ◦C: (a) SEM and (b) EDS
results for the specimen after two hour treatment; (c) SEM and (d) EDS results for another specimen after
six hour treatment.
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Table 2. Atomic ratios (at.%) of Mg and Al at marked positions in Figure 5c.

Location Mg (at.%) Al (at.%) Corresponding Phase

1 40.4 59.6 β-Mg2Al3
2 41.6 58.4 β-Mg2Al3
3 52.9 47.1 γ-Mg17Al12
4 56.8 43.2 γ-Mg17Al12
5 91.3 8.7 Mg alloy substrate

3.2. Formation Mechanism of the Al-Alloyed Coatings

Rolland et al. [47] proposed that AlCl3 forms AlCl−4 , a complex ion, in AlCl3-NaCl molten salt:

AlCl3 + NaCl→ NaAlCl4 (3)

Displacement reaction-related active Al atoms deposit on the Mg substrate during the molten
salt treatment:

3Mg + 2NaAlCl4 → 2Al + 3MgCl2 + 2NaCl (4)

where the Gibbs free energy of reaction ∆G = −461977 + 5.071T (J mol−1), which is far below zero at
the treatment temperature. Thus the overall reaction is:

3Mg + 2Al3+ → 2Al + 3Mg2+ (5)

which is thermodynamically spontaneous under aforementioned conditions.
Since the treatment was carried out below Mg–Al eutectic temperature (437 ◦C), the aluminizing

process was dominated by solid diffusion mechanism. The diffusion process is divided into three
consecutive stages, which is schematically illustrated in Figure 6:

i. At the first stage, active Al atoms are formed on the surface of Mg alloy substrate through the
chemical reaction between the substrate and Al-containing molten salt, and subsequently these
Al atoms diffuse into the substrate under the motivation of chemical potential gradient, forming
solid solution of Al in Mg.

ii. Once the concentration of Al exceeds solid solubility, the α-Mg phase is transformed into
γ-Mg17Al12 phase, leading to a sudden discontinuous concentration at the interface between
γ-Mg17Al12 and Mg(Al) solid solution. Thereafter, γ-Mg17Al12 phase keeps growing and
consequently form continuous intermetallic layer, whilst at the same time Mg atoms diffuse
toward the molten salts and Al atoms toward the substrate, both driven by concentration gradient.
When these Mg atoms reach the surface, they react with AlCl−4 anions, bringing new active
Al atoms. When the Al atoms reach the Mg substrate, they supersaturate the Mg(Al) solid
solution at the interface, forming new γ-Mg17Al12 phase. Consequently, the Mg17Al12 layer
thickens as the diffusion process continuous.

iii. The ratio of Mg/Al in γ-Mg17Al12 phase gradually shifts toward the Al-rich side, following the
g to f line in Al–Mg phase diagram (Figure 3) until it reaches the border of ε–γ equilibrium region.
As a result, the formation of ε phase is expected to occur on the surface. However, no ε phase was
detected in coated specimens, probably owing to the eutectoid reaction [48] (ε→ β + γ) during cooling
or too scare the amount to be detectable. Similarly, a second β-Mg2Al3 phase layer forms on the top
surface when the composition reaches β phase region. Both the two layers (i.e., the outer β and the
inner γ) thicken during subsequent annealing. As shown in Figure 2, however, the growth rate of
β-Mg2Al3 phase layer is obviously higher for the reason that Al has a greater diffusion coefficient
than Mg.
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Figure 6. Schematic diagram of the formation of diffusion coatings on the Mg substrate with molten
salt treatment: (a) cross-sectional view; (b) interfacial atomic view.

It is worth noticing that the interfaces between each layer are plane rather than dendritic or lamellar
such as obtained by conventional packed powder cementation processes [14,20,26,33]. Note that the
cementation processes were usually carried out at high temperatures, i.e., above the eutectic point of γ
and α-Mg phases. In such cases, the coatings are formed through local melting and recrystallization of
a hypereutectic structure characterized by the blending of primary γ-Mg17Al12 phase and α-Mg phase [28].
On the contrary, the molten salt treatment, which is carried out at relatively low temperature, produces
continuous protective coatings of uniform thickness without melting of solid phases. The coatings consist of
two distinct layers whose growth are controlled by reaction diffusion process, where the absence of gaps at
the planar interfaces (Figure 2b) suggests strong adherence to the substrate Mg alloy.

3.3. Electrochemical Corrosion Characterization

3.3.1. Electrochemical Impedance Spectroscopy (EIS)

The corrosion kinetics of the bare and coated Mg alloy were investigated at first via EIS in
a 3.5 wt.% NaCl solution. The test was started after 1000 s when the specimen was immersed into the
solution. Figure 7a displays the typical electrochemical impedance spectra in Nyquist plots of the treated
and untreated specimens. There exist two capacitive loops in the untreated specimen, whereas only one
capacitive loop occurs in the treated specimen. During the test, the potential dependent electrochemical
reactions at the interface between the solution and electrode is related to the charge transfer resistance (Rt) of
an electrode, which is represented by the diameter of the first capacitive loop in the high frequency region.
Typically, a larger distance or diameter indicates lower corrosion rate of the electrode and vice versa [49].
Compared to the untreated AZ91D specimen, the treated one is characterized by a spectrum with almost
ten times large diameter, which indicates the much improved corrosion resistance by molten salt treatment.
The EIS data were also processed into Bode plots (Figure 7b,c). The peak of phase angle for the coated alloy
occurs at medium frequency from 102 to 103 Hz, while for the bare substrate, not only a peak at the same
frequency range occurs but another “half” peak also occurs at high frequency. It is reasonable to believe
that the double-peak pattern corresponds to the two capacitive loops in Nyquist plots, so that there are
at least two reactions in the case of the bare metal [50]. In addition, impedance modulus of the AZ91D
alloy at low frequency range raise up to about five times high of the original value after the molten salt



Coatings 2018, 8, 148 10 of 16

treatment, which indicates enhanced corrosion resistance under static corrosion conditions. According to
the above amplitude–frequency response (AFR) characteristics of impedance for the bare and coated AZ91D
specimens, their electrical equivalent circuits (EEC) were introduced as Figure 7d,e, respectively [51,52].
The EECs in circuit description code (CDC) are Rs(CPEdl(Rct(CmRm))(RLL)) for the bare substrate and
Rs(CPEfRf)(CPEdlRct(RLL)) for the coated specimen, where Rs as mentioned above refers to the solution
resistance, CPEdl refers to the constant phase element of electrical double layer at the interface between
the working electrode and the electrolyte, Rct refers to the charge transfer resistance, Cm (mass transfer
capacitance) and Rm (mass transfer resistance) are correlated to the mass transfer of the transition product
Mg+, RL (inductance resistance) and L (inductance) are correlated to corrosion nucleation and thus pitting
resistance, CPEf refers to the constant phase element for the coated film, and Rf refers to the surface film
resistance. The EECs can be applied to explain the electrochemical mechanism and how the Nyquist and
Bode plots are generated. When the bare Mg alloy is immersed in the solution, the Faradaic process at
low frequency includes both charge transfer and mass transfer reactions. In this case, the electrochemical
system can be characterized by the EEC shown in Figure 7d. Compared to the Bode plots (Figure 7b)
of bare Mg alloy, the phase angle (Figure 7c) and peak width of coated Mg alloy at medium frequency
increased commensurate with the (CPEfRf) in its EEC. Values of equivalent elements in the EECs were
calculated using ZsimpWin software, and they are listed in Table 3. As shown in Figure 7, the EEC fitting
curves are well consonant with the experimental data. Therefore, the EECs can accurately present the
electrochemical characteristics of the molten-salts treated and untreated AZ91D Mg alloy in 3.5 wt.% NaCl
solution. According to the EECs, Rf + Rct, which is the intrinsic property of the electrode, is equal to the
diameter of the first capacitive loop in Nyquist plots, and Rs, which alters with the solution, is equal to the
left intercept on Zre axis, while in Bode plots it is Rs + Rf + Rct that the impedance modulus at low frequency
represents. Since the anticorrosion performance is positively correlated to the diameter of capacitive loop or
the impedance modulus at low frequency, we expected to obtain large Rf and Rct [49,53]. The Rct for the
coated Mg alloy specimen was 2119 Ω cm2, while the Rct for the uncoated was 557 Ω cm2. The Rct increased
by 3.8 times. In comparison, in the same 3.5 wt.% NaCl solution the Rct increased by about 2.2 times for
the Mg–Al couple diffusion coatings (Yang et al., 2011 [36]) of the same continuous double-layer structure
(i.e., the outer Mg2Al3 and the inner Mg17Al12) on AZ91D Mg alloy. Hence we confirm that the molten salt
treatment as a protective process is very satisfying.

Figure 7. Electrochemical impedance spectroscopy (EIS) results in (a) Nyquist plots and Bode plots for
(b) the bare and (c) the coated AZ91D Mg alloys after 10 h treatment in AlCl3-NaCl molten salts measured at
their open-circuit potentials in 3.5 wt.% NaCl solution, coupled with the electrical equivalent circuits (EECs)
of (d) the bare and (e) the coated specimens based on the EIS data. The fitting curves in the Nyquist and
Bode plots were calculated using the equivalent circuits.
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Table 3. The values of the elements in the EECs in Figure 7.

Specimen CPEdl (µF cm−2) Rct (Ω cm2)

Bare AZ91D Mg alloy 0.013 557
Coated AZ91D Mg alloy 2.6 2119

3.3.2. Localized Electrochemical Impedance Spectroscopy (LEIS)

LEIS as a localized electrochemical analysis technique is an especially useful tool for monitoring
localized corrosion behaviors and detecting surface defects. Figure 8 shows the results of LEIS mapping
of impedance over treated and untreated AZ91D specimens. It relates the impedance modulus |Z|
to the position of scanning probe: X and Y axes are scales for the surface of the electrode specimens,
and Z axis the impedance modulus. The ac perturbation frequency was set at 10 Hz, constantly.
When the untreated AZ91D specimen was employed as working electrode (Figure 8a), the impedance
value was relatively low with an average impedance value of 56.5 Ω. After the specimen was treated
in Al-containing molten salt (Figure 8b), i.e., the continuous intermetallic compound coating served as
the working electrode, there was a significant increase in the impedance value (average |Z| value was
about 624.3 Ω), indicating that the corrosion resistance of the specimen was greatly enhanced by the
continuous diffusion coating. Both the |Z| values of the coated and uncoated specimens fluctuate
randomly all over the surface areas. According to their corresponding EECs in Figure 7, the |Z| values
at such low frequency as 10 Hz are correlated to the Rct, Rf and Rs. Since the solution is relatively
stable during the short immersion time, the contribution of Rs to the distribution of |Z| values can be
omitted. Hence the |Z| values are predominately commensurate with Rct and Rf, which alter with
the composition or thickness of the coatings. The specimen can be divided into a matrix with many
separate subareas each of its own EEC, in the assumption that the |Z| value in LEIS map reflects only
the impedance of local area around the particular position where the platinum tip locates. Then the
fluctuations reflect the local surface composition or coating thickness. As Figure 8a shows, the |Z|
value of the bare Mg alloy ranges from 46 Ω to 64 Ω. In comparison, the |Z| value of the Al-alloyed
specimen (Figure 8b) increased by one order of magnitude, whereas the fluctuation amplitude is
relatively narrow (about 150 Ω). Therefore, the coating is even and homogenous. More importantly,
on the bare metal the |Z| value at X = 0–600 µm and Y = 0–200 µm is exceptionally high, coupled
with the exceptionally low value at X = 400–800 µm and Y = 1200–1600 µm. It is highly possible that
there forms a galvanic cell, where the high |Z| zone serves as the cathodic (less corrosion reactive)
and the low |Z| zone as the anodic (more corrosion reactive) [54]. This feature was not detected in the
coated Mg alloy, so that the coating is defect-free and effective in inhibition of localized corrosion.

Figure 8. Localized electrochemical impedance spectroscopy (LEIS) maps of impedance over the AZ91D
specimen (a) without and (b) with 400 ◦C, 10 h molten salt treatment, measured in 3.5 wt.% NaCl solution.
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Since the oxidation potential for typical Mg-based alloys is around −1.5 V (vs. SCE) [54], the main
cathodic reaction of AZ91D in NaCl solution is reduction of water (E◦ = −1.1077 V, vs. SCE) rather
than dissolved oxygen (E◦ = 0.121 V, vs. SCE) [55].

Overall reaction: Mg + 2H2O→Mg(OH)2 + H2 ↑ (6)

Cathode: 2H2O + 2e− → 2OH− + H2 ↑ (7)

Anode: Mg→Mg2+ + 2e− (8)

The corrosion is accompanied with local alkalization and hydrogen evolution. During the LEIS
test, no hydrogen evolution was detected by naked eyes for the coated Mg alloy, whilst hydrogen
bubbles were found on the uncoated. Therefore, the coating is compact, continuous and inactive in
NaCl solution, well agreeing with the LEIS map.

3.3.3. Scanning Vibrating Electrode Technique (SVET)

Further investigation into the localized corrosion resistance properties of the coating fabricated via
molten salt treatment was carried out by SVET analysis. SVET is frequently applied as a method for fast
screening of local corrosion behaviors. The scanning probe was positioned at 100 µm and the vibration
amplitude was 30 µm. Localized ionic current densities of coated/uncoated specimens to the positions
on the surface are shown in Figure 9, which consists of a color map with projection for each specimen.
Significant differences between the corrosion behaviors of bare and coated Mg alloy can be observed.
The current density of the coated Mg alloy (Figure 9a) significantly decreased to 0.07–0.11 mA cm−2,
with an average approximately 3.8% of the value of the bare metal (2.6–2.7 mA cm−2). The corrosion
potential of the Mg alloy to the platinum probe is around −2.4 V, while the oxidation potential of water
is 0.049 V (vs. Pt) and of OH− is −0.779 V (vs. Pt) [54,55]. Thus the current density which is induced
by ionic fluxes predominately reflects the dissolution of surface Mg, namely the corrosion reactivity.
The lower current density indicates that the Al-alloyed specimen has improved ability to withstand
severe corrosion. On the other hand, it is believed that the high corrosion reactivity of bare AZ91D
Mg alloy could be attributed to the instability of the protective oxide layer formed on the exposed
Mg surface in the early stages of immersion in chloride-containing electrolyte [56]. The SVET could
provide unique information that was not included in the LEIS results. According to the EECs, in the
case of SVET where the input is dc voltage, the output current density is proportional to the Rct value,
which characterizes corrosion at static condition. In other words, the output does not change with the
frequency. In the case of LEIS, however, the output responds to the input ac frequency, so that the
|Z| value is different at low and high frequencies. Even though LEIS can approximately reflect static
corrosion at low frequency, the SVET results should be more accurate. In addition, while in the case of
LEIS the |Z| value at particular zone is also effected by the block properties of the specimen electrode,
the SVET results only concern the instant reactions happening on the electrode surface. Therefore,
the SVET has higher resolution for characterization of local corrosion reactions at areas with defects.
The generally even current density distribution of the coated Mg alloy suggests that the Al-alloyed
coating is defect-free, continuous and of good homogeneity, which well agrees with the EIS and LEIS
results. However, local current fluctuations occur for both the coated and uncoated Mg alloys. As for
the absolute value of fluctuation amplitude, the current density of the coated specimen fluctuates
more mildly (amplitude = 0.02 mA) than the current density of the uncoated (amplitude = 0.05 mA),
indicating that the coating inhibits pitting corrosion. However, the coated specimen exhibits a ratio
of fluctuation about 20% to the average current density, while the ratio is about two percent for the
uncoated substrate. The substrate was carefully polished before the test. Hence, the relatively large
fluctuation might be attributed to micro unevenness on the coatings formed in the AlCl3-NaCl molten
salts. Nevertheless, the real unevenness might not be so obvious with regard to the existence of
systematic errors.
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Figure 9. Scanning vibrating electrode technique (SVET) maps of current density over the AZ91D specimen
(a) without and (b) with 400 ◦C, 10 h molten salt treatment, measured in 3.5 wt.% NaCl solution.

4. Conclusions

A continuous layer consisted of homogeneously distributed intermetallic phases was fabricated on
the surface of AZ91D magnesium alloy via diffusion coating treatment in Al-containing molten salt at
400 ◦C. The coatings are comprised of a multilayer structure with the outer Mg2Al3 and inner Mg17Al12

phase layer, which are formed by the displacement reaction and subsequent reaction–diffusion process.
Localized electrochemical characterization techniques show that the formed intermetallic compounds
coating is continuous without defects, leading to a significant suppression of the corrosion processes
of underlying Mg alloy substrate. It is demonstrated that diffusion coating treatment of Mg alloys
in Al-containing molten salts is an effective and promising one-step approach to prepare protective
intermetallic surface layer and thus to improve the corrosion resistance of substrate Mg alloys.
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