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Abstract: To improve the wear and corrosion properties of AZ91D magnesium alloys, Cu-based amorphous composite coatings were
fabricated on AZ91D magnesium alloy by laser cladding using mixed powders of Cuy;Ti34Zr;Nig and SiC. The wear and corrosion
behaviours of the coatings were investigated. The wear resistance of the coatings was evaluated under dry sliding wear condition at
room temperature. The corrosion resistance of the coatings was tested in 3.5% (mass fraction) NaCl solution. The coatings exhibit
excellent wear resistance due to the recombined action of amorphous phase and different intermetallic compounds. The main wear
mechanisms of the coatings and the AZ91D sample are different. The former is abrasive wear and the latter is adhesive wear. The
coatings compared with AZ91D magnesium alloy also exhibit good corrosion resistance because of the presence of the amorphous

phase in the coatings.
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1 Introduction

Magnesium alloys have many advantages, such as
light weight, high specific strength, high specific
stiffness, excellent damping characteristics, large thermal
conductivity, good electromagnetic shielding
characteristics, and good machinability, and are widely
used in many fields such as automotive, communication,
electron and aerospace. However, low surface hardness
and poor corrosion resistance hinder their widespread use
in many applications. To improve their wear resistance
and corrosion resistance, many surface modification
techniques such as electrochemical plating, conversion
coating, anodizing, gas-phase deposition process and

organic coating have been used. However, all of them
have their disadvantages. For example, electrochemical
plating concerns waste disposal; chromate conversion
coatings represent a serious environmental risk due to the
presence of leachable hexavalent chromium in the
coatings; the coatings produced by anodizing are porous
ceramic-like and need further sealing; gas-phase coating
processes are difficult to uniformly coat complex shapes
and the coatings contain holes or deep recesses; and
organic coatings are inadequate without pretreatment and
there are some environmental concerns with the use of
solvent borne organic coatings. So, further research is
still required to develop better, simpler, and cheaper
coating technologies.

With the development of laser technology, non-
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traditional surface engineering techniques, such as laser
surface modification technique, including laser surface
re-melting[1-2], laser surface alloying[3—4], and laser
cladding[5—15] have attracted growing interest in
recent years for improving the wear and corrosion
properties of magnesium alloys. For example, Zr-based
amorphous composite coatings on pure magnesium
substrate fabricated by laser cladding showed the
possibility of potential application, because of the
combination of good corrosion resistance of amorphous
phase and high wear resistance of nanocrystalline and/or
microcrystalline[7-8].  However, the  monolithic
amorphous alloys themselves face the problem of low
ductility. The typical plastic strain to failure for
monolithic amorphous alloy is normally less than 2% in
compression and virtually zero in tension[16—17]. This is
mainly due to the ease with which highly localized shear
bands are formed. The fact is that, although the local
plastic strain in a single shear band can be quite large,
only a few shear bands are active before failure. In order
to improve the mechanical properties of the monolithic
amorphous alloys, ceramic reinforcements are introduced
into the glassy matrix to synthesize particle reinforced
amorphous matrix composite. These composites show
enhanced plastic strain compared with the monolithic
amorphous alloys[18—19]. As to the laser cladding of
particle reinforced amorphous matrix composite coatings
on magnesium substrates, few publications can be found
except for YUE and SU[10]and HUANG et al[13].

The Cu-based amorphous composite coatings have
successfully been fabricated on AZ91D magnesium alloy
by laser cladding wusing mixed powders of
Cuy;TizeZr | Nig (Coating A) or Cuy;TizeZr;Nigt+ 20%SiC
(Coating B)[13]. In the present work, the wear and
corrosion behaviours of the coatings are given in details.

2 Experimental

The detailed experimental procedure was given in
Ref.[13].

The dry sliding wear resistance of the laser-cladded
coatings was evaluated using a block-on-ring dry sliding
wear tester at room temperature. The cladded specimens
for the wear test were cube blocks with dimensions of 10
mmx10 mmx10 mm, which were slid against a rotating
ring of hardened bearing steel AISI52100
(Fe-1.0C-1.5Cr-0.25Si-3.0Mn, mass fraction, %) with a
hardness of HRC 60 (HV,; 700). The test load used was
98 N. The relative sliding speed was 0.418 7 m/s. The
wear test cycle lasted for 75 min and the corresponding
total wear sliding distance was 1 884 m. The as-received
AZ91D magnesium alloy was selected as the reference
material for all wear tests. Each test was repeated three
times. The wear mass loss was measured using an

electronic balance (Bartorius BS110) with an accuracy of
0.1 mg.

The potentiodynamic polarization test was
employed to evaluate the corrosion behaviour of the
coating. The test was conducted in 3.5% (mass fraction)
NaCl solution using saturated calomel electrode (SCE) as
reference electrode and platinum as counter electrode.
Polarization was carried out from —1.8 to 2 V at a
scanning rate of 1 mV/s. Before the polarization test, the
specimens were kept in the solution for 200 s.

The surface morphologies of the worn specimens
and the corrosive specimens were examined by a Quanta
200 scanning electron microscope (SEM) with an energy
dispersive X-ray spectroscopy (EDS). A micro-hardness
tester (MICROMET 3) using a test load of 0.98 N and a
load-dwelling time of 15 s was employed to measure the
microhardness of the coating.

3 Results and discussion

3.1 Wear behaviours

Fig.1 shows the mass loss of the different coatings
and the untreated AZ91D sample under dry testing
condition. The mass loss decreases according to the
sequence of the untreated AZ91D specimen, the laser
cladded specimen of coating A and the laser cladded
specimen of coating B. In other words, the
wear-resistance of the coatings A and B is obviously
better than that of AZ91D substrate because the mass
loss of AZ91D substrate is about 2.9 times and 4.2 times
larger than that of the coating A and the coating B,
respectively. The wear-resistance results of different
samples are corresponding
microhardnesses of different specimens (Fig.2), and
the higher the microhardness, the better the wear
resistance.

The Cu-based coatings mainly consist of amorphous
phase and different intermetallic compounds[13]. The
microstructure provides the coating with excellent wear
resistance under dry wear condition, as indicated in

consistent with the
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Fig.2 Microhardness of different coatings

Fig.3. As shown in Fig.3, both the worn surfaces of the
untreated and laser-cladded specimens exhibit plastic

deformation zones and have a plough-shaped appearance.

In other words, the worn surfaces are characterized by
fairly long continuous grooves and plastic deformation.
However, the untreated specimen AZ91D suffers from
severe adhesive wear. This is evident by the feature of
heavy plastic deformation (Fig.3(a)) and the large mass
wear rate (Table 1). On the contrary, the laser-cladded
specimens only suffer relatively mild adhesive wear, but
experience severe abrasive wear. This is evident by the
relatively mild plastic deformation but with many small
particles of wear debris found at the surface (Figs.3(b)
and (c)) and small mass wear rate (Table 1). The results
of the EDS analysis show that these particles are mainly
composed of iron oxides (Table 2). Apparently, the above
characteristics of the worn surface are related to the
surface microhardness of different specimens.

It is indicated that under the condition of room-
temperature dry sliding wear test, the surface of the
untreated specimen AZ91D would first adhere to the
surface of the hardened AISI52100 steel ring and then
smear off because of its low hardness of the untreated
specimen (Fig.3(a)). On the other hand, the worn
surfaces of the laser-cladded coatings are covered with
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untreated samples. It should be pointed out that the
morphologies of the worn surfaces of the two kinds of
laser-cladded coatings are similar (Figs.3(b) and (c)).

In normal sliding tests, there is a material-to-
material contact, followed by welding or fusing of the
contacting asperities. When sliding continues, the

Fig.3 SEM morphologies of worn surface (Wear time 75 min,
test load 98 N): (a) Untreated AZ91D; (b) Coating A; (c)
Coating B

Table 1 Mass wear rate of different specimens (ug/s)

. . . L . . Coating A Coating B AZ91D
wear debris particles including iron oxide (Figs.3(b), (c) oallgnsg 07a21r21§ 30,38
and Table 2). Such results are not observed on the - . -
Table 2 EDS results of worn surface in Fig.3 (mass fraction, %)
Sample  Position C (¢} Mg Al Zn Fe Ni Cu Zr Ti Si Mn
1 2.86 8.64 82.18 5.68 0.64 - - - - - - -
AZ91D
2 2.08 1486 7752 436 0.72 0.46 - - - - - -
. 1 1.15 8.21 2.65 1.36 - 13.70 132 3258 8.62 3041 - -
Coating A
2 1.12 3490 0.60 0.30 - 5739  0.96 2.04 1.57 1.12 - -
. 1 4.90 7.72 - 0.10 - 14.56 1.82 3829 5.10 1478  12.73 -
Coating B
2 1.62 29.76  0.29 0.16 - 57.51 0.37 421 2.19 1.57 2.32 -
AZ91D Raw - - 90.16  8.95 0.63 - - - - - - 0.26
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asperities of the weaker material may shear off and
transfer to the opposite surface[20]. In the present work,
in the case of the untreated specimen AZ91D, the
hardened AISI52100 steel ring, whose main constituent
is Fe, shears the soft magnesium phase off, as a result,
small content of iron is deposited on the worn surface
(Table 2). On the contrary, the microhardness of the
coatings (Fig.2) is higher than that of the hardened
AISI52100 steel ring (HV(; 700), and the material from
the ring is sheared off, as a result, large content of iron is
deposited on the worn surface (Table 2). At the same
time, the amorphous phase and different intermetallic
compounds[13] would be broken up by the dry sliding
action and smeared along the surface.

In conclusion, according to the morphology of the
worn surfaces (Fig.3) and the results of EDS (Table 2),
the dominant type of wear mechanism of the relatively
soft untreated AZ91D, whose microhardness is lower
than that of the hardened AISI52100 steel (Fig.2), is
considered to be adhesive wear process. On the other
hand, the type of wear mechanism of the laser-cladded
specimens, whose microhardness is higher than that of
the hardened AISI52100 steel (Fig.2), is dominated by
abrasive wear process. Nevertheless, oxidation and
friction wear might also be involved in the cases of the
untreated AZ91D sample and the laser-claded specimens.

3.2 Corrosion behaviours

The potentiodynamic polarization plots of the
different coatings are shown in Fig.4. Table 3 lists the
corrosion parameters of different specimens in 3.5%
NaCl solution. The results show that the different
coatings are superior to the untreated AZ91D substrate in
corrosion properties. For example, the corresponding
corrosion potentials (¢.,;) of coatings A and B are
—1.294 1V and —1.370 7 V, which are 171.6 mV and 95
mV more positive than the corrosion potential of the
untreated AZ91D  substrate, respectively. The
open-circuit corrosion current density (Jo,) of the
untreated AZ91D substrate is about 1.12 times and 1.82
times that of coating A and coating B, respectively. The
corresponding polarized resistances (R,) of coatings A
and B are about 1.12 times and 1.82 times that of the
untreated AZ91D substrate, respectively. The corrosion
rate (Rc) of the untreated AZ91D substrate is about 2.07
times and 3.35 times that of coating A and coating B,
respectively. Fig.5 shows the SEM morphologies of
corrosive surfaces of different specimens.

For AZ91D magnesium alloy, the mass fraction of
Mg is about 90% (Table 2). Mg is a very active metal,
the equilibrium potential of Mg is —2.37 V, and the
equilibrium potential in conventional media is also very
low. Moreover, the oxide film of magnesium is generally
loose and porous; therefore, AZ91D magnesium alloy
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Fig.4 Potentiodynamic polarization curves of different

specimens in 3.5% NaCl solution

Table 3 Corrosion parameters of different specimens in 3.5%
NacCl solution

. Jcorr/ Rp/ RC/
Specimen  @eon/V 2 2 1
(LA-cm 7)) (Qcm ©)  (mmea )
AZ91D  —1.4657 395.46 65.967 8.590 6
Coating A —1.2941 351.64 74.186 4.1427
CoatingB  —1.3707 217.47 119.96 2.562

normally has fairly poor corrosion resistance. The
electrochemical corrosion of AZ91D magnesium alloy is
mainly the process of releasing hydrogen with its quick
dissolution. So, the corrosion of AZ91D magnesium
alloy is severe (Table 3 and Fig.5(a)).

The relatively better corrosion properties of
coatings A and B compared with the untreated AZ91D
substrate are related to the presence of excellent
corrosion-resistance of amorphous phase in the
coatings[13]. Of course, microgalvanic corrosion also
exists in the coating due to different intermetallic
compounds, and a small quantity of corrosion products
are kept on the corrosive surface (Figs.5(b) and (¢)).

In addition, the reason of the relatively weak
corrosion properties of coating A compared with coating
B (Fig.4 and Table 2) is considered to be due to the
different volume fractions of the amorphous phases in
the coatings[13]. Apparently, the higher the volume
fraction of amorphous phase in the coating B, the smaller
the corrosion rate because of the excellent
corrosion-resistance of amorphous phase.

4 Conclusions

1) Under the dry sliding wear condition, the wear
resistance of Cu-based amorphous composite coating is
considerably higher than that of the untreated AZ91D
magnesium alloy.
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Fig.5 SEM morphologies of corrosive surfaces: (a) Untreated
AZ91D; (b) Coating A; (c) Coating B

2) The main wear mechanism for the untreated
AZ91D specimens is dominant by adhesive wear, while
for the Cu-based amorphous composite coating
specimens, it is the abrasive wear.

3) The corrosion resistance of Cu-based amorphous
composite coating in 3.5% NaCl solution is considerably
better than that of the untreated AZ91D magnesium alloy,
due to the presence of amorphous phase in the coatings
with excellent corrosion-resistance.
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