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Abstract Magnesium (Mg) alloys have a high strength/
weight ratio, high dimensional stability, good machinabil-
ity, and the ability to be recycled. However, their poor
corrosion resistance in humid environments limits their
usage for exterior aerospace components. This study aims
to improve the corrosion resistance of two Mg alloys
(AZ31B and AZ91) by using aluminum coatings. The latter
have been deposited by a low pressure and temperature
cold spray process. An aluminum powder (60 wt%) with a
particle size ranging between 1 and 8 pm and nickel
powder (40 wt%) with a particle size of about 70 pum were
blended and used as feedstock powder. The coating
thickness was about 240 pm. Its densification was achieved
by the in-situ hammering effect of the nickel particles. The
shot-peening effect also resulted in an enhanced coating
hardness. The microstructure, mechanical properties, and
corrosion resistance of the coatings have been investigated.
They showed that the aluminum had a face centered cubic
structure. Potentiodynamic polarization tests were per-
formed along with a combination of materials characteri-
zation techniques to assess the corrosion resistance of the
coatings when immersed in a 3.5 wt% NaCl solution for
long durations. The results revealed that the corrosion
resistance increased with the immersion time because of
the formation of a protective oxide layer on the surface.
These results were supported by elemental and structural
analyses. This study shows that cold-sprayed aluminum
coatings are a promising candidate for enhancing the
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corrosion resistance of AZ31B and AZ91Mg alloys com-
pared to other thermal spray processes.
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Introduction

In the accelerating expansion of the light metal industry,
magnesium (Mg) alloys play an important role in a wide
range of engineering applications. The importance of Mg
alloys has increased significantly over the years in various
industries due to their high strength/weight ratio, high
dimensional stability, good machinability, and the ability to
be recycled (Ref 1-14). Among the Mg alloys, AZ31B and
AZ91 are mostly used for various structural applications in
aircraft as well as for the automotive sectors (Ref 2).

Currently, the wrought AZ31B Mg alloy sheet in par-
ticular is experiencing increasing attention due to its
potential use for thin-walled large-scale components and
body structures (Ref 15). Two major drawbacks, however,
are poor formability at ambient temperatures and low
corrosion resistance in humid saline environments, result-
ing in galvanic corrosion. Importantly, the corrosion
problem currently limits the use of Mg-based aerospace
components to about ~ 1 wt% (Ref 16). Mg alloys are
predominantly being used in aircraft engine mounts, con-
trol hinges, fuel tanks, wings, etc. (Ref 17). Therefore, a
thorough understanding of the corrosion behavior of
AZ31B and AZ91 Mg alloys could help to increase the
corrosion resistance and facilitate expanding their appli-
cations in the aerospace sector even to exterior components
in order to further reduce the weight.
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When Mg is exposed to air, it corrodes very quickly. In
the past few years, many anti-corrosion techniques have
been developed to solve corrosion damage of Mg and its
alloys. The common corrosion protection methods con-
sidered are microstructure control (Ref 18, 19), composi-
tion modification (Ref 20, 21), surface treatments and
coatings (Ref 22, 23). In the use of the various wet
chemical coatings, the waste water produced during the
surface treatment may cause very serious environmental
pollution. In practice, cold spraying is a facile and eco—
friendly technique used for the corrosion protection of Mg
alloys (Ref 24, 25).

Therefore, the main objective of the present work is to
develop a corrosion-resistant Al coating for Mg alloys
(AZ31B and AZ91) by the low pressure cold spray tech-
nique and to study their structural, morphological, and
electrochemical properties. Spraying pure Al is challenging
as it results in a nozzle clogging phenomenon in which the
particles easily stick on the inner surface of the nozzle
during the deposition. To overcome the issue of nozzle
clogging by the pure Al powder, the first solution consists
of reducing the temperature of the nozzle inner wall from
the outside by means of cold fluid cooling. Water cooling is
an easily affordable solution, and recycled refrigerated CO,
enables significant efficiency (Ref 26-28). However, the
cooling solution cannot prevent another detrimental
mechanical interaction between the particles and the nozzle
wall which also impacts the longevity of the nozzle (Ref
26). The second solution is to increase the input air pres-
sure in the equipment (DYMET — 423, a low pressure cold
spray system). This causes a drop in the nozzle injection
pressure thereby decreasing the powder flow in the powder
line, hence affecting the quality of the coating. The third
solution is to add large-sized metal particles (= 70 pum)
with a fine Al powder (< 10 pm) to the feedstock, thereby
resulting in the free flow of the large-sized particles with
pure Al powder from the nozzle to the substrate. This
results in a dense coating due to the hammering effect. The
use of the hammering effect to obtain dense coatings has
been reported by other investigators (Ref 29, 30).

Cold-sprayed Al is expected to greatly reduce corrosion
issues in Mg, but more research needs to be carried out to
determine the best Al coating. As a corrosion protection
coating, Al could serve in two ways, either as a noble
barrier coating which shields the substrate from the cor-
rosive environment or as a sacrificial anode which provides
cathodic protection for the substrate. However, as a sacri-
ficial anode, there is not much literature available. Further,
the significant advantage of using cold-sprayed Al on a Mg
alloy component is that the low density of the Mg is
retained and the corrosion resistance of the Al is gained.
This synergy could be extremely successful in eliminating
the galvanic corrosion issues, thereby making Al-coated
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Mg alloys most suitable for the aerospace and automobile
sectors.

Experimental

The starting materials used in the present study are Al
powder (99.5% purity; Alfa Aesar) of particle size 1-8 pm
and Ni powder (99.9% purity; Metalizing Equipment) of
particle size 70 um. Al powder of 60 wt% was mixed into
40 wt% Ni powder to introduce an enhanced shot-peening
effect during the coating process. The mixed powder was
mechanically blended for 30 min and then used as the
feedstock for the Al coating deposition. The specimens of
the AZ31B and AZ91 Mg alloys were cut into dimensions
of 40 x 40 x 2 mm® and utilized as the substrates for the
cold spray. The chemical composition of the base materials
in wt% were AZ31B (Al-3.5; Zn-1.3; Mn-1; Si-0.05; Cu-
0.05; Fe-0.005; Ca-0.04; Ni-0.005; Mg-balance) and for
AZ91 (Al-8.83; Zn-0.62; Mn-0.2; Si-0.01; Cu-0.002; Mg-
balance), respectively (Ref 31). The substrates were
cleaned in an ultrasonic acetone bath to remove various
contaminants by a mechanical scrubbing action. The pro-
cess involves immersion of the samples in acetone and
ultrasonicating them for 10 min. The surface was cleaned
from solid dirt, oils, and paints. Thereafter, the substrates
were sand-blasted with 200-mesh (70-74 pm) silica using
compressed air pressure of 5 bar to create a rough substrate
surface.

The particle sizes of the powders were analyzed using a
laser particle size analyzer (Malvern). The powder mor-
phology and thickness of the coatings was observed by a
field-emission scanning electron microscope (FESEM;
Supra 40VP; Carl Zeiss) and an optical microscope. The
image analysis was carried out using the image analysis
software LAS V4.6 attached to a LEICA MEIREN image
analyzer. The composition of the coatings was observed by
energy dispersive spectroscopy (EDAX). The 3D rough-
ness profiles were measured using a 3D profilometer (Nano
Map 500LS; AEP Technology). Microhardness tests were
carried using a Wilson hardness tester (Buehler, USA) as
per the ASTM-E-384 standard. The hardness measure-
ments were performed at five different locations and the
average values are reported.

An x-ray diffractometry analysis was carried out by a
Bruker D8 Advance diffractometer using CuKa
(A = 0.154178 nm) radiation, operated at 40 kV voltage
and 40 pA current. The scanning range was 26 = 30 -90°
and the scanning speed was 0.50 min~'. In this study, the
Al coating was carried out by using a low-pressure cold
spray (LPCS) portable system (DYMET Model-423) with
an optimized De Laval nozzle inside a compact spray gun.
An axisymmetrical stainless steel nozzle with an exit
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diameter of 6 mm, a convergent—divergent spray nozzle
with 2.55-mm-diameter throat and a divergent section
length of 143 mm was used as the spray gun. The powders
were supplied by a vibrational powder feeder connected to
the supersonic jet of the nozzle via a radial injection. A
number of experiments were carried out by varying the
pressure and temperature, and the optimized conditions that
resulted in a dense coating were pressure 8 bar, tempera-
ture 300° C, and spraying distance of 20 mm. The opti-
mized spraying process parameters are listed in Table 1.

The electrochemical properties of the uncoated and Al-
coated AZ31B and AZ91 alloys were comparatively
investigated using open-circuit potential (OCP) and
potentiodynamic polarization (PDP). These studies were
performed using a CH Instruments Electrochemical Work
Station (CHI660E). A conventional three-electrode elec-
trochemical cell setup was employed, consisting of the test
coupon as the working electrode (sealed by lacquer with an
exposed area of 1 cm?), a platinum electrode as the counter
electrode, and a saturated calomel electrode as the refer-
ence electrode. All the electrochemical measurements were
carried out at different immersion timings in a 3.5 wt%
NaCl solution under natural atmospheric conditions. The
samples were immersed in corrosive medium (3.5% NaCl,
pH 7) at room temperature for about 20 min to establish the
open-circuit potential (Eqgcp). The PDP studies were per-
formed on the sample coupons by applying a cathodic
potential drift of -400 mV and an anodic potential drift of
4400 mV with respect to Eqcp and a scan rate of 1 mVs™ !,
and a Tafel plot was obtained after the electrochemical
measurements. The corrosion potential (E), corrosion
current density (Icorr), and polarization resistance (R,,) were
deduced from the Tafel plot (i.e., log I vs. E plot). The I
values were obtained from the intersect of the Tafel slopes
and the R,, values were obtained by using a special analysis
tool provided by the Electrochemical work station
(CHI660E). After the test, the samples were cleaned with
distilled water and ethanol and prepared as per the ASTM
standard G31.

Table 1 Process parameters for cold spray coating

Parameters Values

Carrier gas type Compressed air

Gas pressure (inside spray gun) 8 bar

Gas temperature (at the input of nozzle) 300° C
Spraying standoff distance 20 mm
Powder feed rate 30 (g/min)

Results and Discussion
Powder Morphology

Figure 1(a) and (b) shows the FESEM images of Al feed-
stock powder recorded at x5k and x 10k magnifications,
while Fig. 1(c) and (d) shows the optical images of Ni
powder recorded at x50 and x 100, respectively. It can be
seen that the morphology of both powders, Al and Ni, are
spherical in shape while the Al powder is finer the Ni
powder. The particle size distribution obtained from the
particle size analyzer for the Al and Ni powders are in the
range of 1-8 um and 40-120 pm, respectively. The Al
powder has a mean value d(0.5) of 3 um, whereas the Ni
powder has a mean value d(0.5) of 70 um.The Ni particles
were mechanically mixed into the Al powder to introduce
an enhanced hammering effect during the coating deposi-
tion process. Assadi et al. (Ref 32) reported that the
effective plastic strain governs the density of cold-sprayed
metallic coatings. If there exists insufficient plastic defor-
mation of the particles during the particle impact in the
coating process, there might be a chance to form inter-
particle pores in the coating (Ref 33). In order to obtain
dense coating microstructures, the particles should be
accelerated to a high velocity to increase the driving force
of the particle deformation and/or heating the particles to
higher temperature to soften the particles and promote
further plastic deformation (Ref 34). In this work, we have
adopted the hammering effect, which was achieved by
inclusion of the large-sized Ni particles in the feedstock in
order to get dense Al coatings on the AZ31B and AZ91 Mg
alloys. The Ni content is optimized to obtain a dense Al
coating and a critical value of 40 wt% within the mixture
was finally selected and used as the feedstock for all the Al
coating deposition.

Surface Morphology of the Al Coatings on AZ91
and AZ31 Mg Alloys

Figure 2(a) shows the photograph of the bulk Al coating on
AZ91Mg alloy substrate by cold spray. Figure 2(b) and
(c) shows the cross-sectional microstructures of the Al
coating, whereas Fig. 2(d) shows the splat formation in the
coating. During deposition of the coating, the Al particles
reveal the plastic deformation and shot peening effect due
to the impact of the spherical hard Ni particles. By opti-
mizing the process parameters, it can be clearly seen from
Fig. 2(b) that coatings of a thickness as much as ~ 240
I m can be achieved by cold spray.

The surface morphology of as-sprayed bulk Al coatings
on AZ91 and AZ31B exhibited spherical morphology, as
depicted in Fig. 3(a—d) and Fig. 4(a—d) recorded at x 1k,
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Fig. 1 FESEM images of Al
powder (a, b), optical
micrographs of Ni powder (c, d)

Fig. 2 (a) Bulk Al coating on
AZ091, (b, c), close view near
the coating/substrate interface,
cross-sectional microstructure;
(d) Al splat formation in the
coating

Surface coated — bulk Al

T B

As - sprayed

Coating

~J"'

x2k, x5k, and x 10k magnifications, respectively. The as-
received Al powder shows a spherical morphology and,
after coating, the Al powder also retains its spherical
morphology and no pores are observed on the surface of
the as-sprayed coating. In the coating by large Ni particles,
a peening effect is seen in the FESEM images. The surface
morphology shows a dense coating which may be due to
the fact that the smaller Al particles can be easily accel-
erated in the supersonic flow, thereby having a larger
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Substrate

impact velocity compared to the larger particles (Ref 35).
Hence, the coatings produced using the smaller Al particles
exhibit low porosity levels compared to the coatings with
larger particles under similar conditions.

XRD Studies

Figure 5(a) shows the XRD pattern of the mixed Al and Ni
[bulk Al powder (Al 60 wt% + Ni 40 wt%)] feed stock
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Fig. 3 FESEM images of the
as-sprayed bulk Al coating on
the AZ91 Mg alloy at different
magnifications: (a) x 1k,

(b) x2k, (c) x5k, and (d) x10k

Fig. 4 FESEM images of as-
sprayed bulk Al coating on the
AZ31B Mg alloy at different
magnifications: (a) x 1k,

(b) x2k, (c) x5k, and (d) x10k

powder, while Fig. 5(b) and (c) shows the bulk Al coating
on the AZ31B and AZ91 Mg alloys, respectively. It can be
seen from Fig. 5(a) that the XRD data of the bulk Al
powder show the presence of both Al and Ni peaks, which
are in agreement with the JCPDS 00-004-0787 and 00-004-
0850 data, respectively. The diffraction peaks are indexed
and it can be seen that both the Al and Ni powders have a
crystal structure of face centered cubic (FCC).

The XRD data of the as-sprayed bulk Al coatings on the
AZ31B and AZ91 Mg alloys show the diffraction peaks of
just the Al. These peaks were identified and indexed as
(111), (200), (220), (311), and (222) lattice planes of the

FCC Al structure, perfectly matching the JCPDS 00-004-
0787 data of Al It is interesting to observe that, in com-
parison with the feed stock powder, the coatings show an
absence of Ni peaks, suggesting that pure Al coatings are
achieved in this process. The mechanical mixing of Ni
particles with the Al powder helped in enhancing the
hammering effect during the coating deposition process.
Thus, Al coatings of a thickness as much as ~ 240 um
was achieved. The Ni particles significantly contributed to
the densification of the coating and then rebounded away
during the deposition process. The clogging phenomenon
of the Al particles on the inner surface of the nozzle during
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Fig. 5 XRD patterns of (a) feedstock bulk powder and their
corresponding as-sprayed Al coating on (b) AZ31B and (c) AZ91
Mg alloys

deposition is also avoided by the mechanical mixing of
these larger Ni particles. Further, the absence of new/im-
purity peaks in the coatings suggest that there is no oxi-
dation or chemical reaction occurring during the coating
process. Thus, this confirms that the cold spray process is
advantageous compared with other thermal spray
processes.

Surface Roughness and Microhardness
of the Coatings

The 3D profilometry images of the sand-blasted uncoated
AZ31 specimen and the Al-coated AZ31B and AZ 91 Mg
alloys are shown in Fig. 6(a), (b) and (c), respectively. It
can be seen from Fig. 6(b) and (c) that some mountains and
valleys exist in the coating, and the highest average surface
roughness, R,, of 5-6 pum is observed for the Al-coated
samples when compared to the sand-blasted sample having
a lower average surface roughness of 3 pum, as shown in
Fig. 6(a). The coating microhardness is the combined
result of high particle deformation upon impact and its
related work-hardening (Ref 36). Coatings fabricated from
larger particles are harder than those from smaller particles
due to the strong peening effect exerted by the higher
impact energy of the larger particles (Ref 37). For cold-
sprayed composite coatings, the hardness increments of
each component from their feedstock states are often dif-
ferent, depending on their degree of plastic deformation
(Ref 36). The hardness values of bare AZ31B and AZ91Mg
alloys are 70 & 2 HV  and 72 £ 2HV, 4, respectively. For
the bulk Al coatings, the hardness is 78 = 2 HV, ;on the
AZ31 Mg alloy, and 80 £ 2 HV,, jon the AZ91 alloy. This
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suggests that the large Ni particles used in the coating for
shot peening impact might provide an improvement in the
hardness of the coating.

Bu et al. (Ref 35) studied the hardness of commercially
pure Al and Al blended with 50 vol% and 75 vol% of the
intermetallic Mg;7Al;, compound coated on the AZ91 Mg
alloy by cold spray. The authors observed that, in the case
of pure Al, the average hardness was 52 + 4HV, | near the
substrate interface, and this decreased gradually towards
the coating top surface to 43 &= 7HV, ;. The authors sug-
gested that the particles near the top surface lack the
additional deformation (shot peening effect) provided by
the incoming particles, leading to a reduced hardness. The
hardness values of the composite coating did not show
much difference in comparison with pure Al close to the
interface and those at the coating top surface, and the
hardness values were reported to be 57.2 £+ 2.9HV, ;and
59.3 £ 3.1HV,, respectively. In the present work, an
enhanced hardness of the Al coatings is observed (80 & 2
HVO0.1) which is almost twice athat inBu et al.
(43 £ 7THVy1) (Ref 35).

Khandanjou et al. (Ref 38) studied the hardness of pure
Al coatings at various thicknesses ranging from 150 to 250
pm on a steel substrate deposited by plasma spray. They
observed an average value of microhardness in the range
3740 HV»5. They used a larger particle size of pure Al in
the range of 20-75 pum, whereas in the present study a
smaller particle size of pure Al in the range 1-8 pum has
been used with an enhanced hardness of 80 &= 2 HV,,,
which is almost twice what Khandanjou et al. obtained
(Ref 38).

Similarly, Fernandez and Jodoin (Ref 39) prepared
alumimum-alumina cermet coatings by cold spray. Their
studies showed a steady increase in the hardness with the
increase in alumina content. However, for the pure Al
coating (particle size of 22 pum) without alumina they
observed a hardness of 45 + 8.9 HV,3 which is much
lower than the coatings developed in the present study
(80 £ 2 HVg). In order to achieve a higher hardness
of ~ 80 HV, 3, Fernandez and Jodoin (Ref 39) used 60%
Al,O3 in their coatings. When compared to several Al
coatings reported by other investigators, the present study
has shown a superior hardness for the Al coating. This
higher hardness is achieved due to the introduction of an
enhanced hammering effect during the coating deposition
process as well as by using a reduced particle size of Al
(1-8 um). The reduced particle size as well as an increase
in the hammering effect may introduce no or negligible
porosity in the coatings, thereby resulting in a higher
hardness.
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Fig. 6 3D profilometry images of (a) AZ31B sand-blasted (uncoated) sample; Al coatings on (b) AZ31B and (c) AZ91 Mg alloys

As - sprayed

(b)

As - sprayed

Fig. 7 Bulk Al-coated samples after immersion in NaCl solution as a
function of time: (a) AZ31B and (b) AZ91 alloys

Corrosion Behavior of AZ31B and AZ91 Mg Alloys

Visual Appearance of the Surface Exposed to Chloride
Medium

Figures 7(a) and (b) shows the photographic images of
bulk Al-coated AZ31B and AZ91 alloys after immersion in
3.5% NaCl solution for various durations, 24 h, 48 h, 96 h,
and 103 h. The surface of the Al coating on AZ31B and
AZ91 appeared as a dark color after immersion for a long
time in the NaCl solution. Up to 24 h immersion, there is
no change in the appearance of the Al coating, whereas,
after 48 h and 96 h, a dark coloration is observed on the
surface of the coating. It can be noticed that the Al-coated
AZ31B Mg alloy after 96 h of immersion showed no
peeling and pit formation. However, after 103 h of
immersion, the coating starts peeling which may be
attributed to the crack formation on the surface. In the case
of the Al-coated AZ91 alloy, after 24 h immersion a dark
coloration is observed and thereafter there is no change in
the appearance of the Al coating. This appearance
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continued for the duration of 336 h and is contrary to the
observation of the AZ31B alloy where the coating is
peeled-off after 96 h of immersion. This may be associated
with the better corrosion resistance of AZ91 compared to
AZ31B (Ref 40).

Open Circuit Potential (OCP) Measurements

Figure 8 shows the OCP curves of the Al-coated
(a) AZ31B and (b) AZ91 Mg alloys immersed in chloride
medium. The OCP of the bare AZ31 alloy is stabilized at
—1.60 V after 20 min of immersion. Wei et al. have
reported an OCP of —1.47 V for the AZ31B alloy after 1 h
of immersion (Ref 41).

The OCP of the cold-sprayed Al-coated Mg alloy is
significantly shifted to a positive value of —1.15 V. The
positive shift indicates that the coating became more noble
due to the oxidation of Al in the medium, resulting in the
formation of an oxide film. Increases in the immersion
durations to 24, 48, and 96 h resulted in a marginal positive
shift in the value to —1.05, —0.98 and —0.81 V, respec-
tively, due to the stabilization of the oxide film.

The OCP of the bare AZ91 alloy is stabilized at
—1.60 V after 20 min of immersion, although the value
initially shifted in the negative direction and thereafter
slowly stabilized. A similar OCP value is reported by Singh
et al. for AZ91 alloy (Ref 40). The OCP of the cold-
sprayed Al-coated AZ91 Mg alloy shifted to a positive
value of —0.98 V. The positive shift indicates that the
coating became more noble due to the oxidation of Al in
the medium resulting in the formation of an oxide film. An
increase in the immersion durations to 24 h and 48 h did
not result in a change of the values, i.e., — 0.95 and
— 0.94 V, respectively. However, further increases in the
duration to 96 h and 336 h resulted in a marginal positive
shift in the values to — 0.81 V and — 0.78 V, respectively.
The formation of a protective oxide layer is supported by

Fig. 8 OCP for bare and Al- 0.7

the FESEM, EDAX, and XRD studies and are discussed in
detail in subsequent sections.

Potentiodynamic Polarization (PDP) Studies of Al-Coated
AZ3IB

The PDP curves for the bare AZ31B and cold-sprayed Al-
coated alloy are shown in Fig. 9, from which it can be seen
that for the bare AZ31B Mg alloy the cathodic reaction is
more prominent, i.e., the oxygen reduction reaction taking
place as per the following equation:

H,0 +1/20,+ 2¢~ — 20H™

This results in a shift of corrosion potential (— 1.48 V
for AZ31B) with respect to OCP (— 1.60 V for AZ31B)
due to the change in the pH at the electrode surface. The
corrosion potential (E.,), corrosion current density (Zcor),
and polarization resistance (R,,) have been calculated from
the polarization curves and are listed in Table 2.

On the other hand, the Al-coated AZ31B Mg alloy
showed a negative shift in potential (—1.22 V as-sprayed
coated AZ31B) with respect to OCP (— 1.15 V as-sprayed
coated AZ31B). This can be attributed to the oxidation of
Al as A" and its involvement with the OH ions produced
by the reduction of water molecules at the cathode.
Increases in the immersion duration to 24, 48 and 96 h
resulted in a positive shift to —1.20, —1.15 and —0.97 V,
respectively, compared to the bulk Al-coated alloy. The
positive shift is an indicative of the growth of the oxide
film. The corrosion current density, I, of the bare
AZ31B Mg alloy is ~ 833.5 pA/cm?® Wei et al. (Ref 41)
reported a current density value of 195.12 pA/cm?, and the
difference is associated with the fact that the samples were
ground and polished to a R, of 0.2 pum prior to testing.
However, in the present study, the surface was not sub-
jected to any such treatment. The as-sprayed Al-coated
alloy showed a two orders reduction in the I, value

0.6
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Fig. 9 Polarization curves of (a) bare AZ31B Mg alloy, (b) as-
sprayed bulk Al alloy, and the coated alloy immersed for (c) 24 h,
(d) 48 h, and (e) 96 h

Table 2 Polarization data of bare AZ31B, as-sprayed bulk Al coat-
ings, and long-term immersion in NaCl for different durations

Samples Ecorr (V) Leomr (pA/cmz) R, (Q cm?)
Bare AZ31B —1.48 833.5 771
As-sprayed bulk Al coating  —1.22 5.574 2536
24 h —-1.20 5.465 2835
48 h —1.15 5.455 2935
96 h —0.97 4.105 4073

5.574 pA/cm?, indicating a much slower degradation of
Al-coated AZ31B alloy compared to bare (uncoated)
AZ31B. The corrosion protection of the cold-sprayed Al
coating is marginally better (/.. = 8.88 to 6.01 pA/cm?)
than that of the plasma-sprayed Al coating reported by
Khandanjou et al. (Ref 38). Immersion of the Al-coated
alloy in 3.5% NaCl medium for 48 h did not result in a
change (5.465 pA/cm? for 24 h; 5.455 pA/cm? for 48 h) in
its protection ability. A further increase in the immersion
duration to 96 h resulted in a marginal reduction in the
corrosion current density to 4.105 pA/cm?. This indicates
that the coated surface is protective in nature. A further
increase in the immersion duration resulted in the crack
formation and peeling-off of the coating. The polarization
resistance, R, of the bare AZ31B alloy is 777 Q cmz, while
covering the surface with a cold-sprayed Al coating
resulted in an increase in the value to 2536 Q cmz, indi-
cating an improvement in the corrosion resistance of the
AZ31B alloy. Immersion of the coated alloy in the chloride
medium for 48 h resulted in a marginal enhancement in the

value to 2935 Q cm”. An increase in the duration to 96 h
resulted in a significant increase to 4073 Q cm?”. This
indicates that the corrosion resistance of the coated alloy is
retained for 96 h and thereafter it deteriorates.

Characterization of the Coated AZ3 1B Alloy After
Immersion in the Corrosion Medium for 96 h

Figure 10(a—d) shows the surface morphology of the bulk
Al-coated surface after 96 h of immersion examined using
FESEM at different magnifications. The EDAX analysis of
the Al-coated sample after 96 h immersion shows an Al
content of 60.40 wt% along with an oxygen content of
39.60 wt%. This suggests the formation of an Al,O5 oxide
layer which is in an amorphous form. Figure 10(a—)
shows the formation of Al islands, while the EDAX studies
confirmed that the dark and white hazy areas relate to
aluminum oxide. The formation of this oxide is in accor-
dance with the equations (Ref 42-44):

APt + 3C1~ — AICI;
AICl; + 6H,0 — 2AI(OH),+ 3HCI

The Al(OH); gradually converts to Al,03.2H,0, which
results in the passivation of the Al surface, which is
responsible for the initial constant corrosion current density
values for the immersion duration of 48 h. With an increase
in the immersion duration to 96 h, the passivation increa-
ses, resulting in a further decrease in the corrosion current
density values. It is interesting to observe in Fig. 10(d) the
formation of a honeycomb-like aluminum oxide structure
as a protective layer, which is consistent with the EDAX
results.

Figure 11 shows the XRD patterns of the bulk Al
coating and the surface after immersion in NaCl solution
for different durations of 24 h, 48 h, and 96 h. It can be
seen that even after 96 h immersion the coating is intact
and the diffraction peaks of Al, are identified and indexed
to the (111), (200), (220), (311), and (222) lattice planes of
the FCC Al structure that perfectly match with the JCPDS
00-004-0787 data of Al. In addition to the major Al peaks
corresponding to the coating, a few minor impurity peaks
were detected after 96 h immersion, and are identified as
the peaks corresponding to AZ31B. It can be seen that after
exposure to a saline environment a protective layer slowly
builds up on the Al coating, namely aluminium oxide
(Al,05); however, the formation of Al,O3 is in an amor-
phous form. The EDAX results after 96 h immersion show
the composition of Al as 60.40 wt% along with an oxygen
content of 39.60 wt%, suggesting the formation of an
amorphous Al,O; oxide layer. This protective layer is
responsible for enhancing the corrosion protection of the
Mg alloys that prevent the penetration of chloride ions. The
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Fig. 10 Surface morphology of
the Al-coated AZ31B alloy after
immersion in Nacl solution for
96 h at different magnifications:
(a) x2k, (b) x5k, (c) x10k, and
(d) x75k
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Fig. 11 XRD patterns of (a) the bulk Al coating on AZ31B and the
coated surface exposed to: (b) 24 h, (c) 48 h, and (d) 96 h immersion
in NaCl solution

corresponding change in the morphology of the coatings
after immersion is also clearly visualized by the FESEM
images.

Potentiodynamic Polarization Studies of Al-coated AZ91

Figure 12 shows the polarization curves obtained for the
bare AZ91 alloy and bulk Al-coated alloy for various
durations of 24 h, 48 h, 96 h and 336 h, and the obtained
polarization data are listed in Table 3. It can be seen that
for the bare AZ91 Mg alloy the cathodic reaction is more
prominent, similar to the bare AZ31B alloy. Further, from
Fig. 12, it can be seen that the anodic polarization curve of

@ Springer

-1
2
3 i
< 4
é 5 (©)
> (a) AZ91 MgBare @ (@
2 [ (b) as-sprayed bulk Al
L (c)24h
7| (d)48h
. " (e)96h
L (e)336h (b) @ 0
9 A ! 1 1 . 1

20 18 16 14 12 10 -08 -06 -04
Potential (V vs SCE)

Fig. 12 Polarization plots of bare AZ91, as-sprayed bulk Al-coated
alloy, and Al-coated alloy immersed for 24, 48, 96, and 336 h

Table 3 Polarization data for the bare AZ91, as-sprayed bulk Al-
coated alloy, and Al-coated alloy immersed in NaCl for different
durations

Samples Ecorr (V) Lo (pA/em®) R, (Q cm?)
AZ91 bare Mg —1.45 744.5 1050
As-sprayed bulk Al coating  —1.15 0.5342 4438
24 h —1.14 0.5016 4639
48 h —1.14 0.5001 4985
96 h —0.93 0.3451 8835
336 h —0.87 0.1236 13,985
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the Al-coated alloy exhibits a passive tendency. A similar
observation has been made by Bu et al. (Ref 35). The
corrosion current density, I o, for the bare AZ91 alloy is
744.5 uA/cmz; however, a significant reduction in the value
to 0.5342 pA/cm® has been observed for the Al-coated
alloy.

This indicates that the reactivity of the bare AZ91 Mg
alloy is higher in the chloride medium as compared to the
cold-sprayed Al-coated alloy, showing that the corrosion
resistance of the AZ91 Mg alloy can be significantly
enhanced by coating it with a cold-sprayed Al coating.
Also, the I, value of the Al-coated alloy is close to that of
the bulk pure Al value of 0.12 pA/cm? reported by Bu et al.
(Ref 35). Thus, the cold-sprayed Al coating is as dense as
the bulk material. Immersion of the Al-coated alloy in
3.5% NaCl resulted in a marginal reduction in the values
for a duration up to 48 h. Increases in the duration to 96
and 336 h resulted in a reduction in /.., to 0.3451 and
0.1236 pA/cm?, respectively.

The corrosion potential of the bare AZ91 alloy, as seen
from Table 3, is —1.45 V with respect to OCP (-1.60 V)
due to the change in the pH at the electrode surface. Similar
corrosion potential values were reported by Bu et al. (Ref
35) and Singh et al. (Ref 40). The I.,, value of the cold-
sprayed Al-coated AZ91 alloy is —1.15 V, which shows a
negative shift in corrosion potential with respect to the
OCP (—0.98 V). A similar negative shift was observed in
the case of the Al-coated AZ31B alloy, as mentioned in an
earlier section. An immersion of the coated alloy in the
chloride medium for the long duration of 336 h resulted in
a marginal positive shift to —-0.87 V. Chunchun et al. (Ref
45) have reported an enhancement in the corrosion pro-
tection of sintered NdFeB using a cold-sprayed Al coating.
The polarization resistance, Ry, of the bare alloy is 1050 Q
cm?, while that of the Al-coated alloy has resulted in a
significant increase in the value to 4438 Q cm”. An increase
in the immersion duration to 48 h resulted in a marginal
enhancement in the R, value to 4985 Q cm’. A further
increase in the immersion duration to 336 h resulted in a
significant increase in the value to 13,985 Q cm?. This
observation is in accordance with the corrosion current
density values. The improvement in the corrosion resis-
tance of the Al-coated AZ91 alloy is due to the possible
formation of oxides that prevent the penetration of chloride
ions.

Characterization of the Coated AZ91 Alloy After
Immersion in the Corrosion Medium for 336 h

The formation of a protective film occurs in accordance
with the equation discussed earlier. Figure 13 shows the
XRD patterns of the bulk Al coating after immersion in
NaCl solution for different durations of 24 h, 48 h, 96 h,
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[ ]
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Fig. 13 XRD patterns of (a) the bulk Al coating on AZ91 and the
coated surface exposed to (b) 24 h, (c) 48 h, (d) 96 h, and (e) 336 h
immersion in NaCl solution

and 336 h. The diffraction peaks were identified and are
indexed to the (111), (200), (220), (311), (222) lattice
planes of the FCC Al structure. Small traces of impurity
peaks were detected after 336 h immersion, and are iden-
tified as the peaks corresponding to AZ91. The surface
morphology and elemental composition of the bulk Al-
coated AZ91 alloy after 336 h of immersion is displayed in
Fig. 14 (a—d) at different magnifications. A nodular mor-
phology is seen on the surface of the specimens. The ele-
mental composition of bulk Al coating after 336 h
immersion shows an Al content of 75.40 wt% and oxygen
of 24.60 wt%, suggesting the formation of a protective
Al,O5 oxide layer. The XRD results suggest the formation
of a protective oxide layer in an amorphous form which is
supported by a significant enhancement in the polarization
resistance of the bare alloy from 1050 Q cm” to an Al-
coated 13,985 Q cm? even after 336 h immersion. This
observation is in accordance with the corrosion current
density values. From the above studies, it can be concluded
that the cold-sprayed Al coating on the Mg alloys acts as a
noble barrier layer, thereby providing enhanced corrosion
protection.

Conclusions

A corrosion protective dense Al coating of ~ 240 um
thickness has been successfully deposited on AZ31B and
AZ91 Mg alloys using a LPCS. The densification mecha-
nism of the coating is achieved by the enhanced in-situ
shot-peening and hammering effects. The Al coating
exhibits a FCC structure. XRD results show no new/
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Fig. 14 Surface morphology of
the bulk Al coating on the AZ91
alloy after 336 h immersion at
different magnifications:

(a) x2k, (b) x5k, (c) x10k, and
(d) x25k

impurity peaks in the coatings, which is an indication of
there being no oxidation/chemical reactions during the
coating process. The coatings showed superior hardness
compared to conventional Al coatings due to the ham-
mering effect. The coated samples were subjected to a
saline environment for long durations (24, 48, 96, and
336 h) and showed a positive shift in their potential. An
increase in the immersion duration to 336 h resulted in a
significant increase in the polarization resistance, and this
observation is in agreement with the corrosion current
density. The experimental results show that the corrosion
resistance is enhanced by increasing the immersion time,
due to the formation of a protective oxide layer (Al,O3) on
the surface. These results were supported by XRD,
FESEM, and EDAX studies. It can be concluded that the
cold-sprayed Al coating on the Mg alloys acts as a noble
barrier layer which prevents the penetration of chloride
ions, while the coating facilitates an enhanced corrosion
protection of the Mg alloys.
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