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Abstract: A novel multilayer Mg—Al intermetallic coating on the magnesium alloy was obtained by AlCl;—NaCl molten salt bath
treatment. The molten salt was treated at 400 °C, which is lower than the treatment temperature of solid diffusion Al powder. The
thick Al;;Mg;;, AlgsgMgy4 and Al;Mg, multilayer Mg—Al intermetallic coating forms on the magnesium alloy. The corrosion
resistance of AZ91D alloy with and without coating by multilayer of Mg—Al intermetallic compound was evaluated by
electrochemical impedance spectroscopy measurements in 3.5% (mass fraction) NaCl solution. The polarization resistance value of
the multilayer coating on the magnesium alloy by molten salt bath treatment is greater than that of the uncoated one, which is

attributed to the homogenously distributed intermetallic phases.
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1 Introduction

In recent years, magnesium alloys, owing to their
excellent combination of properties, have found
numerous applications in the electronic, automobile and
aerospace industries. However, these alloys suffer
heavily from their poor corrosion resistance in many
environments [1-3].

Surface alloying of magnesium alloy with Al has
been considered an effective approach to improve the
corrosion resistance. Al element was chosen for the
protection layer on the Mg alloy due to three main
factors as follows [4]: 1) Being a lightweight metal, Al
does not increase the overall density significantly.
Moreover, the corrosion resistance of Al and its alloys is
satisfactory. 2) A coated Mg alloy can generate a
continuous Mg—Al intermetallic compound near the
surface. It has been confirmed that this compound
possesses good corrosion resistance [5—8]. 3) Good
recycling of materials can be maintained because Al is a
primary alloy element for the AZ series Mg alloys. The

Mg—Al intermetallic compounds including Al;;Mg;, and
Al;Mg, have good corrosion resistance. Based on the
understanding of the role of Alj;Mg, phase [6—9] in
reducing the corrosion rate if the volume faction of the
phase in the “skin” of a magnesium alloy is high enough,
SONG [10] pointed out that an alloy would become very
resistant to corrosion without sacrificing its mechanical
properties if it was designed to have a skin mainly
consisting of Al;;Mg;, phase. SONG [10] further
suggested that such a skin could be formed on the
surfaces of magnesium alloys by dipping the magnesium
alloys in molten aluminium.

In order to promote the diffusion of Al into the Mg
substrate, the diffusion coating has to be carried out at
temperatures over 450 °C [11-15]. Such temperatures
are too high to be of practical use because they result in
surface
completely ionized nonaqueous solvents having original
and rich chemistry [16—18]. The molten salt surface
treatment of a protective alloyed layer on the AZ91D
alloy has been attempted in this study. Moreover, AlCl;—
NaCl molten salt has a low melting point of 154 °C. The

melting and cracking. Molten salts are
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molten salt surface treatment is able to produce
multilayer Mg—Al intermetallic compound coating on the
AZ91D magnesium substrate at lower temperatures.
Previous work from our group [19] has prepared
intermetallic coatings on the Mg alloys at a lower

temperature of 380 °C through molten salt bath treatment.

However, all the formed intermetallic compounds can
not be roundly characterized. The present work aims to a
novel effective process to produce continuous multilayer
Mg—Al intermetallic compound coating on the AZ91D
magnesium substrate at lower temperatures and improve
the corrosion resistance of AZ91D alloy.

2 Experimental

A die-cast AZ91D Mg alloy with a composition
(mass fraction) of 9.1% Al, 0.64% Zn, 0.17% Mn, and
balance Mg was used as the substrate. Before the molten
salt treatment, the samples with size of 20 mmx5 mm
were ground successively by SiC emery paper with grits
of 320, 500, 800, 1000, respectively, and then rinsed with
acetone. A mixture salt with molar ratio of AICI; to NaCl
of 1:1 was prepared. Anhydrous NaCl and anhydrous
AICl; were melted at 400 °C under argon gas (99.999%)
followed by HCI gas purification to remove oxide ions;
argon was flushed again to remove dissolved HCI gas.
The moisture and oxygen content were maintained in
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low level. Then the samples were dipped into the molten
mixed salts bath for 6 h. The samples were cooled down
until 100 °C in the furnace, then were taken out to the
air.

After molten salt surface treatment, the samples
were thoroughly cleaned using distilled water and then
dried in air. The morphology of the sample was
examined by scanning electron and back scattered
electron microscopy (SEM/BSE, FEI SIRION—200) and
X-ray diffractometry (XRD, D/max—2550). Deaerated
3.5% (mass fraction) NaCl testing solution was
employed for corrosion resistance measurements. A high
density graphite electrode and a saturated calomel
electrode (SCE) were used as the counter electrode and
the reference electrode, respectively. Electrochemical
impedance spectroscopy (EIS) was carried out at the
open circuit potential (OCP). The detected frequency
was in the range of 1 MHz to 100 mHz, with a sinusoidal
signal perturbation of 5 mV.

3 Results and discussion

Reaction and diffusion between AZ91D alloy and
AlCl;—NaCl molten salt bath with the formation of a
multilayer structure was observed at 400 °C for 6 h.
Representative microstructure of intermetallic layer is
presented in Fig. 1(a). The intermetallic layers run parallel
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Fig. 1 SEM/BSE images of cross-section on molten salt surface treated sample: (a) Multilayer structure; (b) AZ91D substrate;

(c) Al;;Mg,; phase layer; (d) Al;Mg, phase layer
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to the AZ91D substrate. As seen, the alloyed coating is
multilayer and adherent to the surface. Figure 2 shows
the XRD pattern of molten salt surface treated sample. It
was confirmed that the alloyed coating consisted of
Al,Mg;;, AlsMg, and AlyssMgps. FUNAMIZU and
WATANABE [20] found that the growth rate of the
Al;,Mg;; and Al;Mg, phases follows a parabolic
relationship typical of pseudo steady-state diffusion
processes, increasing the heat treatment temperature
from 340 to 425 °C for 20 h, and increasing the thickness
of the Al;Mg, layer by a factor of about 13, and the
Al;Mg,, layer by a factor of about 1.7. The molten salt
surface treatment can obtain fast layer growth at lower
temperature. Figure 1(b) shows optical SEM (secondary
electron image) photograph of cross-section of AZ91D
substrate. The Al;;Mg,; phase layer of alloyed coating
presents network feature (Fig. 1(c)), while the Al;Mg,
phase layer of alloyed coating is composed of cubical
shape particles (Fig. 1(d)).
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Fig. 2 XRD pattern of surface of molten salt surface treated

sample.

ROLLAND and MAMANTOV [21] proposed that
AICl; species formed a complex ion, AICl, , in AlCI;—
NaCl molten salt system:

AICI;+NaCl—>NaAlCl, (1)

Substitution reaction-related Al deposition which is
shown in Fig. 3(a) occurs during dipping the substrates
in molten NaAICl, at the beginning contact moment.

3Mg+2NaAlCl,—>2A1+3MgCl,+2NaCl )

The Gibbs free energy of reaction (2) will follow
with the formula of AG=—461997+5.071T which was
calculated using thermodynamic data. When the value of
AG is negative, reaction (2) might occur. The
temperature range is determined by the above limiting
condition:
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Fig. 3 Sketch diagram of substitution reaction related Al
deposition at interface between molten salt and AZ91D
substrate at different moments: (a) At beginning contact
moment; (b) At Mg—Al intermetallic compound exposed to

molten salt moment

AG=—-461997+5.071T <0,
Then,
7<91105.7 K (viz. <90832.7 °C)

The Gibbs free energy of reaction (2) at the
temperature of 400°C is negative, which indicates that
the reaction (2) might occur at the temperature of 400 °C.
Merge the reactions (1) and (2), the equivalent reaction
can be obtained.

3Mg+H2 Al —2A1+3Mg* (3)

The formation of the alloying coating may contain
the following steps. At the beginning, the diffusion
occurs in the contact interface between the magnesium
surface and aluminum particles. Once the aluminum
atoms cross the interfacial barriers, it initially exists in
the form of Mg—Al solid solution and Al continuously
diffuses inward into the substrate due to the existence of
a concentration gradient. With increasing concentration
of aluminum elements, aluminum would react with
magnesium on the surface to form Mg—Al intermetallic
compounds at high temperature for long time. When the
Mg—Al intermetallic compound coating is exposed to the
molten salt, the substitution reaction related Al
deposition and new Mg—Al intermetallic compound
formation would occur. The reaction occurs between the
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Mg—Al intermetallic compound and molten salt, which is
shown in Fig. 3(b).

Al,Mg,+(x—1)AI’*—>Al+Al,, Mg, ,+yMg*" 4)

The processes of reaction, diffusion, and solid
to form Mg-Al
compound continue during the treatment process.

The EIS data of the samples were collected at the
OCPs to evaluate the corrosion resistance. Figure 4
demonstrates the Nyquist plot of the AZ91D and molten
salt treated samples. The single semicircle of each

solution reaction intermetallics

spectrum characterized a one time constant equivalent
circuit. The simulation values obtained by ZSimpWin
software revealed that the polarization resistances (R) of
the AZ91D Mg alloy and molten salt surface treated
samples were 329 and 1870 Q/cm’, respectively. As
compared to that of AZ91D Mg alloy, the R, value of the
coated sample is six times greater; this clearly indicates
that the alloyed coating leads to an improvement in
corrosion resistance.
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Fig. 4 EIS plots of uncoated AZ91D alloy and molten salt
surface treatment sample after being immersed in 3.5% NaCl
solution

4 Conclusions

1) The multilayer structure was observed in the
alloyed coating. The molten salt was treated at 400 °C,
which is lower than the treatment temperature of the
solid diffusion Al powder. This results in the formation
of thick Al Mgy, AlgssMgos and Al;Mg, multilayer
Mg—Al intermetallic coating.

2) The corrosion behavior of AZ91D alloy without
and with coating by multilayer Mg—Al intermetallic
compound was examined in 3.5% NaCl solutions. As
compared to that of AZ91D Mg alloy, the polarization
resistance (R,) value of the coated sample is six times
greater. Continuous Mg—Al intermetallic compounds act
as corrosion barrier.
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