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Abstract: Thermal spray processes struggle to create a fully dense coating for corrosion protection in the as-sprayed
state due to the poor inter-splat bonding. To tackle this problem, Al-15vol.%WC was utilized as the coating material
and applied by atmospheric plasma spraying (APS) to produce a dense coating with self-metallurgical inter-splat
bonding. The results show that due to the in-flight particle deoxidizing effect by C element and self-metallurgical
bonding of the overheated droplet (>1800 °C), dense coating without oxides inclusions is produced under optimized
plasma spraying conditions. The fully dense AI-WC coating exhibits excellent corrosion resistance, with corrosion current
density lower by four and two orders than that of Mg alloy substrate and bulk Al, respectively. Due to the inclusion of
hard WC particles, the AI-WC coating presents one order improvement in wear resistance compared with the bulk Al.
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1 Introduction

Magnesium alloys are considered a good
choice for applications in various fields due to the
high specific strength. However, their low corrosion
resistance and wear resistance limit their
applications [1,2]. To protect a material against
surface deteriorating factors like corrosion and wear,
commonly adopted strategies include an internal
change, like modification of the composition of the
material or modification of the surface composition
and an external change like application of a coating.
Instead of altering the composition of the entire
material, applying a protective coating is a more
cost-effective approach. Amongst various surface
protection techniques used for Mg alloys [3],
thermal plasma spray coating method has also

proven its worth in terms of flexibility of the
material selection, variable coating microstructure,
variable thickness and high deposition rate [3].
DAROONPARVAR et al [4] have given a good
review on surface modification of Mg alloys using
thermal spray processes. The reinforced aluminum
coating can help increase the wear and corrosion
resistance of Mg, which is the focus of this research
work.

Thermal spray coatings differ from their bulk
counterparts and other types of coatings due to their
unique lamellar structure, porosity, oxide inclusions,
and unmelted particles [5,6]. The limited bonding
between individual lamella interfaces not only
permits the penetration of corrosive substance
to the coating/substrate interface, but also reduces
wear performance [7,8]. Therefore, as corrosion
protective coatings, they should be sealed prior to
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service. However, pore sealing treatment by organic
sealants is not cost-effective and durable. Moreover,
the sealants could only penetrate to a limited top
layer of the coating, which can be removed by
abrasion. Pore sealing is only effective in the
absence of substantial abrasion. As a result, thermal
spray processes need improvement to prepare fully
dense bulk-like coatings [9]. The ability of the
plasma spray method to create bulk-like coatings
has recently been demonstrated through the plasma
spray of low melting point self-fluxing alloys [10]
and by the in-flight deoxidizing effect of specific
sacrificial elements included in spray powder [11],
as reported by ZENG et al [12]. It has been
mentioned [11] that plasma spray has an advantage
over the flame spray method because through
efficient use of high temperature, plasma spray
particles can be heated to highly overheated
temperatures that are essential for starting both the
in-flight deoxidizing effect and spread-fusing
self-bonding mechanism [9]. In our previous
study [13], for carbon-containing alloys such as
NiAl, it was found that the carbon element can be
used as an in-flight in-situ deoxidizer to suppress
the oxidation of aluminum.

In this work, it is attempted to deposit
corrosion- and wear-resistant coating through
alteration of feedstock powder
post-spray coating treatments by plasma spray. WC
particles were added to Al matrix to introduce
deoxidizer carbon and reinforcing phase. Al
composite powder particles were utilized for
atmospheric plasma spraying to prepare the
WC-reinforced Al coatings to aim at achieving the
composite coating with high cohesion and high
hardness besides its excellent corrosion resistance.

without any

2 Experimental

2.1 Materials preparation

The Al-15vol.%WC (Al-WC) and pure Al
powders were used for the deposition of
atmospheric plasma spray (APS) coatings. Both
powders were in a size range of 50—100 pm.
AlI-WC powder was prepared by mechanical
alloying through planetary ball milling by adding
15 vol.% of 2 um WC particles in Al particles. The
Al and WC powders were first mixed for 1 h in an
automatic mixer to obtain a uniform mixture. Then,
the powder mixture was milled in a planetary ball

mill by using hardened stainless steel vials and balls
in an inert argon atmosphere to minimize the
oxidation of powders. The ball-to-powder mass
ratio was 10:1, and the ball milling was performed
at a rotation speed of 180 r/min and the total milling
time was 120 min. Figure 1 shows the morphology
and cross-sectional microstructure of the WC—Al
composite powder. In the SEM images taken in a
back-scattered electron mode (Fig. 1(b)), it can be
seen that small-sized bright WC particles are
homogeneously distributed in a greyish Al matrix
and the milled powder presents an irregular shape.
The density of composite Al-WC particles is
4.64 g/cm?, being higher than the density of pure Al
particles, i.e. 2.7 g/em’.

Fig.1 Surface morphology (a) and cross-sectional
structure (b) of AI-WC powder

2.2 Particle velocity and temperature measurement

The in-flight particle temperature and velocity
of the APS prepared Al and Al-WC powder
particles were measured at the center line of the
flow, using a commercial thermal spray particle
diagnostic system (DPV—-2000, Tecnar Automation
Ltd., St-Bruno, Québec, Canada). During the test,
the detector was focused perpendicularly on the
sprayed stream of particles at the spray distance
specified for coating deposition to measure the
temperature and velocity of particles at this
distance.
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2.3 Preparation of coatings and single splats

APS prepared Al and AlI-WC coatings were
deposited on AZ31B Mg alloy substrate using a
commercial plasma spraying system (80 kW,
Jiyjiang, China). The substrates were grit-blasted
prior to spray to create a rough surface and thus
improve the adhesion between the substrate
and the coating. To clarify the bonding formation
mechanism between adjacent deposited particles,
isolated AI-WC splats were deposited on the
polished Al7075 alloy substrates using the same
APS system to analyze whether the impact of
Al-WC particle melts the Al substrate or not for
metallurgical bonding formation between splats.
The parameters used for coatings and splat
deposition are given in Table 1. The plasma torch
was manipulated perpendicularly over the substrate
by a robot to spray particle streams.

Table 1 Plasma spray parameters for coating and splat

deposition
Parameter Value
Plasma arc power/kW 30
Arc current/A 500
Arc power/V 60
Flow rate of pl.asma 50
gas (Ar)/(L-min™")
Flow rate of au>.(i1iary gas 25
(H2)/(L-min™")
Spray distance/mm 100
Step size/mm 3

Torch traverse
speed/(mm-s ')

450 for coating and
1000 for splat

2.4 Characterization of coatings and splats

The microstructures of both isolated splats and
coatings were examined using scanning electron
microscopy (SEM, MIRA 3 LMH, TESCAN,
Czech). Energy dispersive spectroscopy (EDS) was
used to analyze the element distribution within the
coating. X-ray diffraction (XRD) and transmission
electron microscopy (TEM) were performed to
explore the microstructure of coatings. The
image-analyzing method was used to estimate the
apparent porosity of the coatings.

2.5 Tensile adhesive strength test
ASTM C633—13 standard was followed to
measure the adhesion/cohesion of coatings and

samples were prepared accordingly. Five identical
cylinder couples were used for the test of each
coating. One of the samples in each couple was grit
blasted and covered with the coating and the other
just grit blasted and was not coated. Both were
glued to each other using a resin glue (Adbest, HUA
YT Resins Co, Ltd.) which has a maximum tensile
strength of ~70 MPa. The glued cylinders were
mounted in a tensile test machine with a self-aligning
fixture and pulled apart at a cross-head speed of
1 mm/min until the coating failed. The value of the
load at fracture was noted for each sample.

2.6 Corrosion resistance tests

The electrochemical corrosion behavior of the
coatings was tested using a CS310 electrochemical
workstation (Corrtest Instruments Co., Ltd., Wuhan,
China). Three-electrode electrochemical cell system
was employed with a saturated calomel electrode
(SCE) as the reference electrode and a platinum
electrode as the counter electrode. The coated
samples with coating thickness ranging from 300 to
350 um acted as a working electrode (with square
area exposed surface of 1.5cm?). The coating
surface was polished before testing to smooth the
surface irregularities. The electrolyte was 3.5 wt.%
NaCl aqueous solution. For each sample, the open
circuit potential (OCP) was measured firstly
followed by the potentio-dynamic polarization
(PDP) test by scanning from a cathodic potential
toward an anodic potential, at a scanning rate of
0.5 mV/s. OCP and PDP curves of bulk Al alloy
Al7075 and bulk Mg alloy AZ31B were also
obtained to compare with Al and AI-WC coatings.
Neutral salt-fog spray corrosion test was performed
on Al-coated AZ31B alloy and Al-WC-coated
AZ31B alloy. According to ASTM B117—16
standard, the samples were continuously exposed to
5 wt.% NaCl salt-fog spray at 35 °C for 1000 h in a
salt fog chamber (YWX/Q-250, Yashilin Testing
Equipment Co., Ltd., Beijing, China) with a relative
humidity of 100%. Samples of both coatings were
taken out for test after every 100 h.

2.7 Wear test

The abrasive wear behavior of the coatings
was investigated using a pin-on-disk tribometer at
room temperature under dry sliding conditions in
comparison with that of AZ31B Mg alloy substrate.
The test was conducted on CFT—1 material surface
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comprehensive performance tester (Lanzhou
Zhongke Kaihua Technology Development Co.,
Ltd., China). An alumina ball with a diameter of
6 mm was used as the friction counter body. The
surface of the coating was polished prior to the
wear test. All the tests were performed at a sliding
speed of 105 mm/s and the applied load was 5 N.
The coated samples were weighed before and after
the test to estimate material loss during wear.

3 Results and discussion

3.1 Particle temperature and velocity

Since the overheated droplet is a necessary
condition for the fully dense coating, the particle
temperature and velocity were measured firstly.
Figure 2 shows the in-flight particle temperature
and velocity of the APS prepared Al and AI-WC
powder particles having similar particle size
distribution. The spray parameters of APS were the
same for both powder particles. As shown in our
previous work [9], when Al droplets are heated to a
temperature higher than 1800 °C, their impact can
cause spread-fusing of previously deposited Al splat
surface, and subsequently lead to metallurgical
bonding across the lamellar interface. It can be
observed in Fig. 2, that most of the particles acquire
a temperature higher than 1800 °C. Another critical
observation from velocity comparison is that the
velocities of AI-WC particles are slightly lower
than those of Al particles because of the higher
density. The lower velocity gives spray particles a
longer dwelling time in plasma jet, which results in
a slightly higher mean temperature of Al-WC
particles than that of pure Al particles.
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Fig. 2 Particle temperature and velocity of AI-WC
particles vs Al particles

3.2 Interfacial microstructure of Al-WC single
splats

It is difficult to observe particle impact-
induced melting on the previously deposited surface
of Al-based coating because of uneven rough
surface morphology. Thus, a well-polished AI7075
alloy substrate with alloying elements that the
powder does not have was chosen as a substrate to
deposit isolated single splats so that, in the event
that an Al particle melts the Al alloy substrate
during spreading, the proof of melting could be
obtained by EDS mapping of the cross-section of
splat, including the splat—substrate interface. The
flat substrate was well polished before spraying for
splat deposition at a pre-heating temperature of
150 °C. To prevent surface adsorbates from causing
splashing when the molten particles spread, the
substrate temperature was elevated to 200 °C and
subsequently lowered to 150 °C [14].

The cross-sectional microstructure of the
deposited Al-WC single splat can be seen in
Figs. 3(a, b). Substrate surficial melting-induced
craters can be clearly observed at the splat—substrate

Original'surface

Mg

Zn

C
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Distance/um

Fig. 3 Cross-sectional microstructure of AI-WC

single splat at lower magnification (a) and higher

magnification (b); EDS line scanning across Al-WC

splat—substrate interface (c)



Haroon RASHID, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2275-2288 2279

interface. As mentioned earlier, the surface of the
substrate was polished before spray and therefore
presented a flat profile. The white dotted reference
line represents the pre-spray flat position of the
substrate surface. After the splat was deposited, the
splat—substrate interface presents a wavy profile, as
shown in Fig. 3, due to melting at the point of splat
impact. The distributions of alloying elements, Mg
and Zn, by EDS line scanning, shown in Fig. 3(c),
show a gradual rise in the concentration of these
elements from the top surface to the substrate. This
trend further confirms that a strong mixture of the
splat with the substrate material occurred. Therefore,
it is evident that the fusing of the substrate surface
layer occurred by the impact of molten AI-WC
droplet. As a result, splat containing certain amount
of the substrate material was welded to the 7075A1
substrate by metallurgical bonding.

These experimental results indicate that the
inter-lamellar metallurgical bonding is possible in
the aluminum-based coating when APS coating is
deposited with the parameters under which the
spray particles can be heated to a temperature
higher than 1800 °C. A close observation of the
peripheral regions of the single splat cross-sections
in Fig. 3(a), clearly indicated that the splat was not
well bonded in the peripheral region. This is
because splat cools at a very rapid rate, and with the
progress of spreading, melt temperature decreases
rapidly. Accordingly, the melt at the spreading
front near the splat periphery cools down to a
temperature lower than that causing fusion of the
underlying Al substrate. As the spreading melt
moves out of the melted crater in a direction
parallel to the substrate surface, its inertia may
cause the spreading melt to lift off the substrate.

Numerical simulation [9] informs that the
substrate surface melting and re-solidification occur
very fast. This will generate quenching stress and a
very weak physical bond will either be completely
absent or present just in those areas of the
splat—substrate interface where no metallurgical
bond is formed [15]. One thing that should be taken
into consideration is that such numerical simulation
predicts the melting of solid Al surface by the
impact of pure Al splat without the oxidized one.
However, Al particles will get oxidized during
APS, and splat impact-induced melting will be
hindered at those regions where a thin oxide scale
exists.

3.3 Microstructure of AI-WC coating

The cross-sectional SEM images of APS
prepared AlI-WC coating are shown in Figs. 4(a, b).
It can be seen that the coating is dense without
visible pores or gaps between adjacent splats. It can
be also found that the coating is composed of
three phases with different profiles and contrasts.
Figure 4(c) shows the XRD pattern of Al-WC
composite coating in comparison with AlI-WC
powder. It was recognized that the phases of W>C
and WAL, are present in the coating besides Al and
WC. This means that the decarburization of WC to
W>C occurred during spray deposition, while the
presence of WAI;» could be attributed to the
reaction of Al matrix to WC. The TEM examination
confirmed the presence of the WAI;, phase in the
coating at the interface region between the Al
matrix and WC particle, as shown in Fig. 5, by
TEM image and diffraction pattern. It is worth
noting that diffraction peaks corresponding to any
crystalline phases of alumina were absent. This fact
suggests that oxidation of Al that always occurs in
thermally sprayed Al or Al-alloy coatings could be
greatly minimized or eliminated by adding WC.
Such a phenomenon could be attributed to the
decarburization of WC during spray. As compared
to Al, the C element could react with oxygen
preferentially. Since the decarburization product CO
is gaseous, oxide-free droplets could be achieved
under optimized conditions.

Moreover, a broad peak was also present in the
XRD pattern around WA, peak at 26 of about 40°.
It could be attributed to the formation of amorphous
or nanocrystalline phases formed at a very high
cooling rate. In plasma spray, the cooling rate of the
droplet could exceed 10°K/s during splat cooling
and metastable phases can be formed in the
coating [16]. Therefore, the coating was annealed in
an inert argon atmosphere for 8 h at 400 °C to
crystallize possible metastable phases in the coating.
In Fig. 4(d), it can be seen that the broad peak
disappeared to have evolved into a sharp one
corresponding to that of WAl This fact reveals
that part of the matrix phase had Al alloyed with
tungsten. Such alloying could result from the
dissolution of WC or W>C into molten Al at high
temperatures. The capacity of Al alloy to become
amorphous is enhanced by alloying with refractory
elements. Thus, the amorphous phase was present
in the AI-WC coating as was found in thermally
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Fig. 4 Cross-sectional images of AI-WC coating on Mg at different magnifications with typical phase indications (WC
particle (1), Al phase (2) and amorphous phase region (3)) in AI-WC coating (a, b), and XRD patterns of AI-WC
powder and coating (c) and annealed AI-WC coating (d)

N
A 5 nm 5nm™

Fig. S TEM image of AI-WC coating (a) and selected area electron diffraction pattern (b)

sprayed WC—Co coatings [17]. Accordingly, the decarburization may occur
The decarburization of WC during plasma through the following four major reactions:

spray in the pr.esent work could be s1m11ar. to that in 2WC=W,C+C (1)

thermal spraying of WC—Co cermet coatings [18].

Basically, there are three mechanisms for carbide 2WCHO=W2CHCO2 )

decarburization when spraying WC-based cermet: 2W,LC+0,=2W,(CO) 3)

dissolution of carbide into the molten metal binder
matrix, thermal decomposition of WC into W-C, N
and oxidation-assisted decarburization [19]. The thermal decomposition of WC to W>C

W2(CO)=2W+CO (4)
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occurs at a temperature higher than 2620 °C. It
makes sense that the creation of W,C results
from the WC oxidation-assisted decarburization
when taking into account the measured particle
temperature, as shown in Fig. 2. The resultant W>C
may subsequently transform to metallic W when
high temperature is attained in an oxygen-rich
atmosphere [20]. The above oxidation reactions of
WC consume a certain amount of active oxygen
and thus minimize or avoid the oxidation of the Al
element in the in-flight particle. Moreover, the
dissolution of WC into molten Al leads to the
presence of free carbon in spray particle, which
benefits deoxidizing of in-flight particle.

Figure 6 shows cross-sectional microstructure
of the APS prepared Al coating at two different
magnifications which was etched to present the
oxide distribution in the coating. The estimation
yielded an apparent porosity of 0.04% for AI-WC
coating in comparison with 3.88% in Al coating.
This result is lower than previously reported
porosity in aluminum coatings deposited by high-
efficiency supersonic plasma spraying (1.02% in
porosity) and oxygen—acetylene flame spraying
(2.18% in porosity) and shot peening assisted cold

Fig. 6 Cross-sectional microstructure of pure Al coating

on Mg substrate (a), and oxides in Al coating indicated
by black arrows (b)

spray Al coatings (0.4% in porosity) [21,22]. As
shown later, such low porosity endows the AI-WC
coating with the possibility of full protection for
metal substrate from corrosion.

As shown in the previous section, since most
spray particles reached a temperature higher than
1800 °C, the condition for the spread-fusing self-
metallurgical bonding mechanism was fulfilled.
Thus, when an Al-WC particle impacts on the
previously deposited AI-WC splats, metallurgical
bonding can be formed between Al matrix at the
adjacent splat interface through spread-fusing.
Another factor that makes AI-WC coating denser
is the lowered thermal conductivity of AlI-WC
coating as compared with pure Al coating. By
taking account of the thermal conductivity of
205 W-m "K' for Al and 110 W-m "-K! for WC,
the thermal conductivity of AI-WC coating will be
lower than that of pure Al. Thus, the effusivity of
Al-WC coating is lower than that of pure Al. As
a result, the maximum substrate—splat interface
temperature becomes high when Al-WC particle
impacts on previously deposited splats as compared
with Al coating. Consequently, the formation of the
metallurgical bonding between splat interfaces can
be further promoted.

As mentioned previously, the oxidation of WC
occurs during the APS of AI-WC coating. Such a
reaction could reduce active oxygen surrounding
in-flight spray particle and thus oxidation of Al
matrix phase, resulting in reduced oxides inclusion
in the coating. As a result, more AI-WC spray
particle may spread over fresh Al matrix without
oxides. This effect could also enhance the formation
of metallurgical bonding. Inter-lamellar pores are
significantly reduced as the result of the
establishment of the metallurgical bonding.

Another typical feature of AI-WC spray
particles different from the pure Al droplet is its
solid—liquid two-phase state since the Al matrix is
in molten state while WC particles are kept at solid
state. The solid WC particles in AI-WC increase
the equivalent viscosity of Al-WC particle
significantly. This significantly reduces the splat
size due to increased viscosity and subsequently
increases interface fraction where high transient
pressure acts. Moreover, the high density of
carbides (15.63 g/cm? for WC, 17.34 g/cm? for W>C
vs 2.7 g/lem® for Al) leads to an increase in the
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apparent density of AI-WC particles, which further
results in higher transient impact pressure.
Furthermore, impact of high-density solid WC
particles within AI-WC particle could cause
peening effect, which not only densifies the
previously deposited splat layers to close possible
small pores but also breaks surface oxide scale to
promote metallurgical bonding. As a result, the
limited splat size, high impact pressure, and
potential in-situ peening effect all help to generate
the dense AI-WC coating.

3.4 Bond strength of AI-WC coatings

One of the essential characteristics of
protective coatings is adherence, which determines
the durability of the coatings. The tensile test
yielded a mean tensile (adhesion/cohesion) strength
of 32.3 MPa for AI-WC coatings in comparison
with the value of 33.7 MPa for pure Al coating. It
was observed that both the coatings fractured near
the interface. Figure 7 shows the fracture surface
morphologies of AI-WC coating observed at the
both Mg alloy substrate side and the coating side.
On the substrate side, the image taken in the BSE
mode clearly presents a very high contrast. It was
confirmed by EDS analysis that Mg was present in
the regions in a dark contrast and WC was present
in the regions in a bright contrast. This suggests that
substantial splats were attached to the fracture
surface at the substrate side. On the other hand, a
small amount of Mg was found on the coating side.
From the XRD analysis of the fractured interface at
the coating side, as shown in Fig. 7(c), it can be
clearly observed that besides the phases observed in
the Al-WC coatings the intermetallic compound
phases such as AloMg;.  AlisMgsW, and
Alo.ssMgo 42 are also present. This fact indicates that
the metallurgical reaction between the melted
substrate and molten splat occurred during the
spreading of the molten AI-WC droplet. However,
due to the brittle feature of intermetallic phases, the
test only yielded a strength value of 32.3 MPa. It is
worth noting that although the adhesive strength of
Al-WC coating is equivalent to that of the pure Al
coating, the adhesive strength values in the present
work are higher than the previously reported value
of 21 MPa for plasma-sprayed Al coating by
KUBATIK et al [23].

- s o — WC
s — W,C
v — Al
* — Al,)Mg,;
« — WAl
©— AW
o — Al;sMgzW,
£ v — Al ssMgg 4,
-
- -
L -
74 P | | Y |

20 30 40 5‘0 60 70 80
200(°)
Fig. 7 SEM images of fractured interface of AI-WC
coating in BSE mode from substrate side (a) and coating
side (b); XRD pattern of fractured AlI-WC coating
interface at coating side (c)

3.5 Corrosion behavior of APS prepared AI-WC

coatings

The electrochemical corrosion behavior of the
coatings placed on Mg alloy substrates was used to
assess the protective impact of APS AI-WC coating
for metal substrates against corrosion. Since
magnesium is anodic with respect to aluminum, the
existence of any through-thickness pore can be
detected through comparing the results for coated
sample, bulk coating and bare substrate. The open
circuit potential (OCP) and potentio-dynamic
polarization (PDP) curves of AI-WC coating are
shown in Figs. 8(a, b), in comparison with bulk Al,
bulk Mg and Al-coated Mg alloy as well. It can be
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mapping (c) at interface region of Al coating on Mg alloy after 900 h in salt fog; oxide clusters at coating—substrate

interface (d); EDS elements mapping (e) at interface region of AI-WC coating on Mg alloy after 900 h in salt fog; No

cluster of oxides at coating—substrate interface (f)

observed that the OCP and PDP curves of the
AIl-WC coated Mg alloy are comparable to those of
bulk Al, while those of the pure Al-coated alloy are
far deviated from those of bulk Al and shift towards
those of bulk Mg. EDS maps of the interface
regions of Al coating and AI-WC coating on
AZ31B Mg alloy substrate, after being exposed to
5 wt.% NaCl neutral salt-fog spray for 900 h, are
shown in Figs. 8(c, d) and Figs. 8(e, f), respectively.
Oxide clusters are clearly visible at the coating—

substrate interface of Al coating, as pointed by
white arrows in Figs. 8(c,d), while no oxide
clusters are observed at the coating—substrate
interface of AlI-WC coating. These data clearly
indicate that there are no through-thickness pores in
the APS prepared AlI-WC coating. Thus, the
electrolyte could not penetrate the coating and the
electrochemical behavior of the coated sample is
determined by the coating itself despite of the
substrate material property. On the other hand, it
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can be seen that the OCP of Al coating is lower than
that of bulk Al. This shift from the OCP of bulk Al
towards that of bulk Mg indicates the presence of
through-thickness pores in the Al coating. The
through-thickness pores permit the corrosive fluid
to penetrate the coating to the interface between
the coating and the substrate and corrode Mg.
As a result, the corrosion behavior is governed
by the electrochemical behavior of the substrate.
Accordingly, the PDP curve of Al-coated Mg alloy
shows similarity with that of bulk Mg alloy.

Table 2 presents the values of @corr and Jeorr
obtained by Tafel extrapolation from the PDP
curves. It is evident that the corrosion potential
(@corr) Of Al-coated Mg alloy is lower than that of
bulk Al and is close to that of bulk Mg. On the other
hand, the corrosion potential (@corr) of AlI-WC-
coated Mg alloy is even slightly higher than that of
bulk Al. As for the corrosion current, it can be noted
that the corrosion current (Jeorr) obtained for AZ31B
in this study, shown in Table 2, is comparable to
that reported for AZ31 alloy in literature. Moreover,
for AI-WC-coated Mg alloy, Jeorr is significantly
lower than that of Mg alloy by about four orders of
magnitude, and two orders of magnitude lower than
that of bulk Al [24,25]. The significantly low
corrosion rate could be attributed to the fine
microstructure of Al-WC coating with tungsten
alloyed amorphous matrix phases.

Table 2 Corrosion potential and corrosion current
density by Tafel extrapolation

Sample Pcon(vs SCE)YV  Jeon/(A-cm™?)
Bulk Mg -1.45 9.63x107°
Bulk Al -0.78 1.16x107°
Al coating -1.27 1.07x10°°
Al-WC coating —0.74 3.54x10°8

3.6 Wear behavior of plasma sprayed AlI-WC
coatings

The wear resistance of the resultant composite
coating was examined by a ball-on-disk wear test
with alumina as the wear counterpart. The
coefficients of friction (COFs) of both the coatings
and bulk substrate (AZ31B Mg alloy) are shown in
Fig. 9 against wear cycle number. At the early stage,
the COF of AI-WC coating is lower than that of
bulk Mg and it increases slightly up until almost
1000 cycles and then becomes close to that of bulk

Mg. This slight initial rise may be caused by the
newly formed wear debris. On the other hand, the
COF of Al coating presents significant fluctuation.
This fluctuation can be attributed to the formation
and spalling of oxide wear debris on the coating
surface. The COF of AI-WC coating is lower than
that of Al coating, which can be attributed to the
dispersion of WC particles and intermetallic phases
in the coating. The average hardness of AI-WC
coating is HVo 5 1400, while the average hardness of
Al coating is HV¢.025 39. Higher hardness leads to a
smaller contact area and lower COF. The WC
particles and intermetallic phases not only increase
the hardness of the coating but also reduce the
chemical affinity with the alumina ball wear
counterpart.
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Fig. 9 Friction coefficient vs wear distance of samples

The surface images of wear tracks on Al
coating, AI-WC coating and Mg alloy are shown
comparatively in Figs. 10(a—c), respectively. Under
the same wear load of 5 N on all three samples, the
wear track on AI-WC coating is the thinnest as
compared to Al coating and Mg substrate. Table 3
presents the mass loss, calculated volume loss and
widths of wear tracks. It is evident from the surface
images of wear tracks, volumetric loss and width of
wear tracks that AI-WC coating presents a better
wear resistance as compared to both the Al coating
and Mg alloy substrate. The wear loss of AI-WC
coating is about one order of magnitude lower than
that of both Mg alloy substrate and Al coating. In
the AI-WC cermet coating, the hard WC and W»C
particles limit the plastic deformation of soft Al
matrix, which results in constraining the metallic
matrix. Moreover, the formation of WAI;» phase
at the interface between Al matrix and WC particle
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Fig. 10 Wear tracks on dlfferent samples ((a) Al coating, (b) AI-WC coating, and (c) Mg substrate); Typical wear track
on Mg substrate ((d) SE mode image, and (e) BSE mode image); EDS mappings and of Mg (f) and O (g) on typical
wear track on Mg substrate; Typical morphology of wear track on Al coating ((h) SE mode image, and (i) BSE mode
image); EDS mappings and of Al (j) and O (k) on typical wear track on Al coating; Typical morphology of wear track
on Al-WC coating ((1) SE mode image, and (m) BSE mode image); EDS mappings and of Al (n) and O (0) on typical

wear track on AI-WC coating

Table 3 Mass loss, calculated volume loss during wear
and width of wear tracks

Material Mass Volume  Width of wear
loss/g loss/cm® track/mm
Mg substrate 0.015 8.79x1073 2.062
Al coating 0.024  8.85x10°° 3.546
Al-WC coating  0.003  7.40x10* 1.311
results in a strong bonding between WC

reinforcement phase and Al matrix. Such a
strengthening effect reduces the possibility of pull-

out or spalling of WC particles during abrasion [26].

The wear of Mg alloy occurred through a corrosive
and abrasive mechanism. As shown in Figs. 10(d, e),
the oxides indicated by the white arrows can be
clearly observed in the abrasive wear grooves on
the surface of the wear track on Mg alloy, being
confirmed by the EDS mappings in Fig. 10(f). The
increase of the surface temperature resulting from
the friction promotes the oxidation of Mg alloy. The
continuous abrasion results in removal of the oxide
film, which is followed by the formation of a new
oxide film. Oxide scale removed from the oxidized
surface of Mg and trapped between the sliding
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surfaces increases the wear rate by the three-body
abrasive wear mechanism. Therefore, the mass
loss is accelerated by the oxidation of Mg alloy.
The wear track on the Al coating is shown in
Figs. 10(g, h). Due to the extreme ductility and
softness of Al, it seems highly plastically deformed
as one may anticipate. Some furrows are visible in
the wear track, voids and cracks are also present,
wear debris are also present and edges of wear track
are irregular in shape due to the extrusion of oxides.
These surface features suggest that the wear
mechanism is a combination of oxidation, abrasive,
and delamination wear mechanisms.

The irregular shape of the sides of wear path
evidences the material removal because of lamella
spallation. Delamination seems to dominate wear in
this case. As shown in the cross-sectional image of
Al coating, pores, voids and oxides are present in Al
coating. These defects weaken the inter-lamellar
bonding. When Al coating is subjected to repeating
compressive and tensile stresses resulting from
applied normal load and friction during wear test,
small cracks initiate, accumulate and result in
delamination. From the EDS map of the wear track
of Al coating shown in Fig. 10(i), the oxidation
occurred due to heat resulting from friction. The
substrate element Mg was found in several wear
regions in the middle of the wear track, indicating
that the wear track was deep enough to almost
approach the coating—substrate interface.

The morphology of the wear track of AI-WC
coating with typical EDS element mapping is
shown in Figs. 10(j, k) and Fig. 10(1), respectively.
The local layer delamination was obviously
observed (indicated by red arrows in Fig. 10(j)),
which could be attributed to the spalling of splats
from weakly bonded interfaces. The EDS mapping
confirmed the presence of oxides on the surface.
Such oxides can result from the oxidation of the
coating surface exposed to abrasion which caused
local temperature rise by friction. Moreover, the
oxygen observed on the surface exposed after
delamination could result also from the oxides
included at the lamellar interface during coating
deposition. Under repeated loading during wear test,
the gaps at the cracks between poorly bonded splats
could have propagated parallel to the lamellar
interfaces of the coating, which might have caused
some parts of the splats to delaminate. There is less
plastic deformation than that with a pure Al coating

because there appears to be less material flow.
Moreover, the sides of the wear track are
comparatively smooth, indicating the absence of
adhesive wear as the case in Al coating. Therefore,
the wear of AI-WC coating occurs through a
combined effect of abrasion, delamination and
corrosive wear.

4 Conclusions

(1) Due to the deoxidization and self-
metallurgical bonding effect of the superhot
Al-15vol.%WC particles, the AlI-WC cermet
coating presents a dense microstructure without
evident oxide scale inclusions. The formation of
Al2W phase could enhance the bonding between Al
matrix and WC particles.

(2) The Al-15vol.%WC provides long-term
corrosion protection for the AZ31B Mg alloy and
no corrosion production is formed at the coating—
substrate interface after 900 h of salt-fog spraying
corrosion. The electrochemical corrosion test
reveals that the corrosion current density of the
present coating is two orders of magnitude lower
than that of pure Al bulk due to the formation of the
amorphous phase.

(3) Due to the much high hardness of the
plasma sprayed Al-15vol.%WC coating of
HYV 1400, it reveals one order of magnitude lower
volumetric loss as compared to the plasma sprayed
Al coating and Mg alloy substrate.
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