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Microstructure and properties of alloying coating on AZ31B magnesium alloy
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Abstract: Vacuum thermal diffusion technique was applied to preparing alloying coating on AZ31B magnesium alloy. The
microstructure and phase composition of the coatings prepared at different holding time were investigated in detail using optical
microscopy (OM), scanning electron microscopy (SEM), energy dispersive spectrometer (EDS) and X-ray diffraction (XRD), and so
on. The microhardness tester and electrochemical workstation (PS—168a) were used to measure the microhardness and corrosion
resistance of the alloying coating. The results showed that the alloying coatings gradually generated with the extension of holding
time under constant temperature. And the obvious bonding interface between the coating and substrate was observed, and the
bonding interface was changed from smooth to zigzag. EDS and XRD analyses showed that the microstructure of alloying coating
mainly consisted of eutectic a-Mg phase and continuous network f-Al;;Mg;; phase. The average microhardness of the coatings
increased by 113% in comparison to the substrate, and the self-corrosion potential increased from —1.389 to —1.268 V at the same

time.

Key words: AZ31B magnesium alloy; vacuum diffusion; surface alloying; microhardness; corrosion resistance

1 Introduction

Magnesium, which is one of the lightest engineering
metals, exhibits special properties when it is alloyed with
aluminium, zinc, manganese, rare earths, etc [1,2].
Magnesium alloys, therefore, are widely applied in
transportation and aerospace industries. Especially, for
the automobile industry, the average use of magnesium
alloys per car has significantly increased [1,3]. However,
the relatively poor corrosion resistance of magnesium
alloys has been a serious impediment against its wider
application. According to the previous research, it is
considered to be two main reasons for the poor corrosion
resistance of magnesium alloys [4]. One is the internal
galvanic corrosion caused by second phases or
impurities. The other is that the stability of quasi-passive
hydroxide film on the surface of magnesium is much
lower than that on aluminium and stainless steels, which
makes the pitting resistance for magnesium and its alloys
poor [5]. Therefore, the improvement of the corrosion
resistance has become a key issue to expand the
applications of magnesium alloys.

In order to improve the corrosion resistance, surface
treatments, such as surface hardening process, anodizing,
plating, spraying and physical vapor deposition (PVD),
are usually used to form the passivation layer films on
the surface of magnesium alloys. However, thin films
prepared using these methods are normally insufficient in
machine parts used under harsh conditions. For example,
vapor coatings by PVD are too thin to endure under large
stress. The adherence strength of the coatings prepared
by plating method has a high probability to peel off
during the service. Laser surface melting is employed to
prepare a modified layer with the thickness of 283 pum
for improving the surface properties of magnesium
alloy [6]. However, the high expense of the instrument as
well as the harmful substances generated during the
fabrication process limited the development of this
technology. Diffusion coating process, which is one of
the most promising surface treatment methods, has been
developed to modify the surface of magnesium alloys
due to its high adherence strength and low equipment
costs [7—13].

The diffusion coating process has been widely used
in various alloy systems. Pure magnesium [7,13] and
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AZ91D magnesium alloy [14,15] were embedded into
aluminium powder by diffusion treatment in vacuum.
Aluminized coating with free defects was prepared on
magnesium alloy. And the coated specimen was much
more corrosion resistant and harder than the uncoated
one. The same researches were performed on the surface
of pure magnesium [12], ZM5 [8] and AZ91E [9]
magnesium alloy, treated in Al-Zn mixed powder to
improve corrosion and wear resistance. It is shown that
the Mg—Al-Zn intermetallic compound layer was found
to be an effective corrosion barrier to decrease the
corrosion rate [8]. Thus, vacuum thermal diffusion
employed to prepare modified coating on magnesium
alloy is effective and feasible.

In the present work, the aluminium powder was
coated on the surface of AZ31B magnesium alloy by
using liquid phase vacuum thermal diffusion technique.
The microstructure and phase composition of the
interface between the surface-alloyed coating and
substrate were investigated, respectively. In addition, the
microhardness of cross-section and corrosion resistance
of alloyed coating were also examined. The corrosion
resistance mechanism of alloyed coating was discussed
in detail.

2 Experimental

The substrate selected for this work is AZ31B
extruded plate with the thickness of 10 mm. Aluminium
powder with the purity of 99.5% and particle size of
75—80 um was used to prepare coating. Before vacuum
thermal diffusion, the specimens (20 mm X 20 mm X
10 mm) were ground with 800, 1500 and 2000 grit SiC
waterproof abrasive papers and cleaned by acetone,
alcohol and deionized water in turn. Meanwhile, the Al
powder was mixed with ethylene glycol to starchiness.
Then, the AZ31B specimen with Al powder starchiness
coated on the polished surface was embedded into
crucible and put into vacuum resistance furnace, as
shown in Fig. 1. The vacuum and heating temperature
were fixed at (2.2-2.4)x10 % Pa and 480 °C, respectively.
The holding time was set to be 45, 50, 60, 90, 180 and
360 min, respectively.

The microstructure of the coating was investigated
immediately by using JVC optical metallurgical
microscope. The bonding interface and element
distribution of the specimens were analyzed by using the
LEO—438VP scanning electron microscope equipped
with  energy-dispersive  spectrometer. Meanwhile,
Y—-2000 type X-ray diffractometer was also employed to
investigate the phase composition of the coatings at a
potential of 40 kV and current of 60 mA. The
microhardness was evaluated by using a HXD—1000TM
microhardness tester with the load and dwell time of

0.98 N and 15 s, respectively. The corrosion resistances
of the specimens were assessed from potentiodynamic
polarization test which were performed using PS—168a
electrochemical corrosion test system in 5% NaCl
solution at room temperature. The samples with an
exposed area of 1 cm® were immersed into the solution.
Each electrochemical measurement was implemented
using a typical three-electrode cell system with the
sample as the working electrode, the platinum plate as
the auxiliary electrode and the Ag/AgCl (saturated with
KCl) electrode as the reference electrode. All the
electrochemical tests were carried out at a scanning rate
of 1 mVJ/s.
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Fig. 1 Schematic diagram of surface alloying process:
1—Cavity; 2—Crucible; 3—Aluminium coating; 4—Thermo-
couple; 5 — Aluminium powder; 6 — Molybdenum wire;
7—Lifting platform; 8—Vacuum system; 9—AZ31B substrate;
10—Sealing cover

3 Results and discussion

3.1 Microstructure of alloying coating

Figure 2 illustrates the microstructure of the
alloying coating and bonding interface between the
coating and substrate after thermal diffusion treated at

Fig. 2 Microstructure of surface alloying coating at holding
time of 180 min
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480 °C for 180 min. As can be seen from the figure, the
region consists of AZ31B substrate, transition layer and
alloying coatings. The transition layer which plays a very
important role in the bonding strength between coating
and substrate exhibits zigzag columnar or cell structure.
For the alloying coating, it reveals a continuous
chrysanthemum structure located at the outmost of the
magnesium alloy surface.

As can be seen from Figs. 3(a) and (b), the alloying
coating is not generated with the holding time increasing
from 45 to 50 min. When the holding time reaches
60 min, the coating has already formed on the surface of
magnesium alloy. The thickness and morphology of the
coating change obviously with the increment of holding
time. After holding for 60 min, the transition layer with
the thickness of 10—15 pm exhibits a micro cellular
protrusions status in Fig. 3(c). When the holding time

reaches 90 min, the growth of cellular dendrite along the
interface plane causes the formation of a flat belt with
the thickness of 16—20 pum. After holding for 180 min,
the thickness of the transition layer reaches 25—30 pm,
exhibiting a cellular or columnar shape. The thickness of
the transition layer increases sharply to 500 um when
holding for 360 min. Besides, the microstructure of
transition layer close to the substrate is the same as that
of the substrate. Based on the EDS analysis for the
coating and the interface, it is found that the transition
layer is composed of a-Mg phase. It can be speculated
that the inter-diffusion process happens between Mg and
Al atoms with the driving force of concentration gradient.
TAN et al [16] have already confirmed that the
inter-diffusion and crystalline between Mg and Al atoms
will lead to the formation of diffusion dissolution layer
on the surface of AZ31 magnesium alloy. As Al atoms

Fig. 3 Microstructures of transition layer at different holding time: (a) 45 min; (b) 50 min; (c¢) 60 min; (d) 90 min; (e) 180 min;

(f) 360 min
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diffuse into AZ31B substrate continuously, the transition
layer emerges at the initial contact interface. The EDS
results of positions 2 and 3 (Fig. 2) indicate that the mole
fraction of Al element in the corresponding area is 7.4%
from Fig. 4. According to the Mg—Al equilibrium phase
diagram [17], it is known that the transition layer is
determined to be a-Mg phase.

As the transition layer connects the substrate and
coating, the bonding interface structure is quite important
for the bonding strength. The SEM image in Fig. 5(a)
suggests a zigzag status between transition layer and the
substrate in the interface region for the sample with the
holding time of 360 min. This is beneficial to the
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bonding strength between transition layer and the
substrate. However, the interface between transition layer
and the coating exhibits a much smoother state. The
reason for the two types of interfaces is considered to be
different growth speeds of the formed new phase during
the preparation of the coating. Under full thermal
insulation conditions, the supersaturated solid solution
will form at the interface. As the temperature of
preparing the coating exceeds the Mg—Al -eutectic
temperature of 437 °C, the liquid phase appears at the
interface, leading to the formation of zigzag status. The
growth speed of the cellular or columnar structure
towards the coating is much lower at the interface
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Fig. 4 Mole fractions of Mg and Al near interface surface alloying coating and matrix by EDS
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between the transition layer and the alloying coating than
that along the perpendicular direction. This will finally
lead to the formation of smooth interface, as indicated in
Fig. 5(b).

The microstructures of the alloying coating, which
present network structure in the shape of chrysanthemum,
are shown in Fig. 6. In addition, the contents (mole
fraction) of Al at Points 4 and 5 in Fig. 2 are gotten to be
about 29.8% and 31.6% by EDS, as shown in Fig. 4,
respectively. According to the Mg—Al equilibrium phase
diagram, the maximum solubility of Al in Mg—Al alloy is
12.4%. The Al contents for these two points are
significantly higher than 12.4%. The over-saturated solid
solution region is located in the coexistent area of solid
and liquid phases. It can lead to the melting of some
regions on the surface of magnesium alloy. Under the
effect of liquid phase surface tension, the Mg atoms

dissolve into the melted zone, while Al atoms also spread
into the magnesium substrate at the same time. With the
exceeding of holding time, the liquid phase region
increases significantly. When the temperature decreases
to 437 °C, the eutectic reaction (L—Al;;Mg;; + a-Mg)
happens, leading to the formation of eutectic structure in
the shape of chrysanthemum. This is fully consistent
with the XRD results, as shown in Fig. 7. a-Mg and
Al|;Mg;; are phases existing in alloying coating and
as-received AZ31B magnesium alloy. The amount of
Al,Mg;; existing in the alloying coating is larger than
that of a-Mg. The Al contents for these specimens are all
higher than 12.4%. In this situation, it is beneficial for Al
combining with Mg to form Al;;Mg,;. The diffraction
peaks from a-Mg and Al;;Mg;; phases were used to
estimate the volume fraction x; of Al;;Mg;; by following
equation [18]:

‘W Surface alloyed layer

20 um

Fig. 5 Bonding interface microstructures: (a) Between transition layer and matrix alloy; (b) Between surface alloyed layer and

transition layer

Fig. 6 Microstructures of surface alloying coating at different holding time: (a) 60 min; (b) 90 min; (c) 180 min; (d) 360 min
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Fig. 7 XRD patterns of surface alloying coating at different
holding time
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where K; and /; are the percentages of reference intensity
and diffracted intensity, respectively. The volume
fraction of Al;;Mg;; for the specimens at different
holding time was calculated. With increasing the Al
content, more Al;;Mg;; appears. This is because Al-Mg
liquid with higher Al content is closer to Al;;Mg;; phase
region in AI-Mg equilibrium phase diagram and favors
to form more Al;,Mg;.

3.2 Microhardness

Figure 8 presents the microhardness profiles of the
vacuum thermal diffusion AZ31B magnesium alloys
under different holding time, as a function of distance
from the surface measured on the cross-sectional plane in
the surface alloying coating. It is obvious that the
microhardness of the alloying coating has significantly
increased by 1.6-2.5 times (HV 85—130), as compared
to that of the as-received AZ31B magnesium alloy
(HV 53). The maximum microhardness of the alloying
coating is close to that of the surface and decreases
quickly between the interface of alloying coating and
substrate. This improvement in microhardness may be
attributed to the formation of intermetallic compound
(B-Al;;Mg;7). In addition, the maximum microhardness
in the surface alloying coating seems to vary with the
holding time. The maximum microhardness is achieved
following vacuum thermal diffusion with long holding
time. As holding time extends, the number of f-Al;;,Mg;;
phase in the alloying coating increases. The presence of
massive f-Al;;Mg;; compounds inside the coating can
significantly improve the microhardness [8,14]. Hence,
it may be concluded that the significant enhancement in
microhardness improved by the formation of massive

f-Al;Mg,; phase may be effective in imparting a better
resistance to corrosion in AZ31B magnesium alloy.
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Fig. 8 Microhardness distribution of surface alloyed coating at
different holding time

3.3 Corrosion resistance

The corrosion resistance of magnesium alloys
depends on the properties of the film developed by
vacuum thermal diffusion to which they are exposed. In
general, it is shown that the existence of aluminium in
signal-phase Mg—Al alloys has a positive influence on
the corrosion behaviour in chloride media. And this
behaviour has been clearly revealed for AZ31B
magnesium alloy, which performed higher corrosion
resistance than commercially pure Mg [19]. In the
present work, the coatings prepared on the surface of
AZ31B magnesium alloy by vacuum thermal diffusion
technique under different conditions were soaked in the
5% NaCl solution at room temperature to ascertain the
corrosion resistance. Polarization curves and corrosion
potentials of the coatings are shown in Fig. 9 and Table 1,
respectively. From Table 1, it is noticed that the
corrosion potential of the diffusion-treated specimen is
0.121 V higher than that of the bare AZ31B specimen.
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Fig. 9 Potentiodynamic polarization curves of surface alloyed
coating at different holding time and matrix AZ31B
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Table 1 Corrosion potential (¢..) of surface alloyed coating at
different holding times in 5% NaCl solution

@corr (Vs SCE)/V

Holding time/min

0 —-1.389
90 -1.314
180 —1.290
360 —1.268

And it is also found that the self-corrosion potential
increases with the increment of the holding time. In
addition, all the corrosion potentials are greater than
those of the magnesium alloy substrate. This indicates
that the p-Al;Mg;; alloying coating formed with
continuous network distribution, by which the corrosion
to the substrate will be blocked. With the increment of
the holding time, the quantity of p-Al;;Mg;; phase
increases significantly, leading to the increase of
self-corrosion potential of the alloying coating surface.

When the as-received magnesium alloy is exposed
to the atmosphere or aqueous solutions, magnesium
hydroxide and hydrogen gas are produced by an
electrochemical reaction with water. The corrosion attack
in aqueous environment often involves micro- galvanic
coupling between anodic and cathodic areas.

Mg—Mg*+2e (Anodic reaction) )
2H,0+2e—H,+20H" (Cathodic reaction) 3)
Thus, the overall reaction may be expressed as

Mg?*+20H —Mg(OH), (Corrosion product) 4)

Magnesium hydroxide formed on the bare surface,
which is stable for the basic range of pH values [20].
Nevertheless, in presence of chloride anions, this surface
film breaks down and magnesium appears unprotected.
And a soluble magnesium salt is generated at the
magnesium/solution interface by the following reaction:

Mg**+2CI"—MgCl, (Corrosion product) %)

This  soluble destroys the
magnesium hydroxide protective film, and the exposed
magnesium alloy reacts with the electrolyte (self-

magnesium  salt

dissolution) at sites where the protective film is breached.

This local corrosion brings about formation of pits on the
surface. Once the pit formation initiates, it propagates at
a very rapid rate. SONG et al [21] found that the S-phase
(Al1;Mg;7) had higher cathodic reaction activity than the
o-phase (a-Mg), but its anodic dissolution rate was much
lower (below its pitting potential) than that of a-phase.
At their corrosion potentials, the corrosion current
density of f-phase was much lower than that of a-phase.
This means that S-phase was very stable in NaCl solution
and was inert to corrosion. Previous investigations
reported that the distribution of the f-phase (Al;;Mg;7)

determined the corrosion resistance of the Mg—Al
alloys [21-25]. According to the research results, for a
low volume fraction, the f-phase plays a cathode role
and accelerates the corrosion rate of the a-Mg; however,
a large volume fraction serves as an anodic barrier and
the general corrosion rate decreases. Moreover, it has
also been found that the ratio of the f-phase to the
surrounding Al-rich a-Mg or eutectic a-Mg plays an
important role in the formation of the galvanic cells.
Besides the microstructure, the composition of the
corrosion layer may improve the corrosion resistance.
For example, NORDLIEN et al [25] indicated that
alumina components form a continuous skeletal structure
in the oxide layer of the magnesium alloy, and its
passivating properties are much better than those of
Mg(OH), and MgO layers. In the present work, the
amount of Al;;Mg,; in the alloying coating prepared at
different holding time is larger than that of the
as-received AZ31B magnesium alloy. The relatively
large volume fraction f-Al;;Mg;; phase network acts as
an effective barrier against process of corrosion attack.

4 Conclusions

1) The surface alloying coating prepared on AZ31B
magnesium alloy was confirmed to be the mixture of
eutectic reaction structure a-Mg and S-Al;,Mgy;. The
interface between the coating and substrate exhibits
zigzag status.

2) The width of the coating increased with the
increase of holding time. In addition, the microstructure
of the transition layer located between coating and the
substrate changed significantly with the variation of
holding time.

3) The microhardness of the alloying coating is
about 2.5 times than that of the substrate. Through the
electrochemical corrosion test, it is found that the
self-corrosion potential increased from —1.389 to
—1.268 V. This can be attributed to the blocking effect of
network shaped p-Al;Mg;; compounds distributed
inside the coating.
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