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Abstract

Aluminium alloy-based metal matrix composites have successfully provided effective wear resistance and repair solutions
in the automotive and aerospace sectors; however, the design and manufacture of these alloys are still under development.
In this study, the microstructure, mechanical properties and wear resistance of low-pressure cold-sprayed Al-7 Mg/Al,O,
and Al-10 Mg/Al,0O; composite coatings were investigated. The specific wear rates of the coatings were measured when
testing them against alumina (Al,O5) counterbody, and the results showed that the cold-sprayed Al-10 Mg/Al,O; composite
coating showed less wear due to its superior hardness, lower porosity and shorter mean free path compared to the Al-7 Mg/
Al,O, composite coating. The microstructural analysis of the worn surfaces of the composite coatings revealed abrasive wear
as the primary wear mechanism, and more damages were observed on Al-7 Mg/Al,O, composite coatings. Most notably,
Al,O; particles were pulled out from the coating and were entrapped between the Al,O; counterbody and the coating contact

surfaces, resulting in a three-body abrasion mode.

Keywords Cold spray - Composite coatings - Wear - Aluminium magnesium alloys - MMC

1 Introduction

As a result of the current rapid technology innovation and
economic development, there has been an increase in the
demand for lightweight Al alloys with superior mechani-
cal properties in critical industrial sectors such as aerospace
and automotive. The fabrication of protective metal matrix
composite (MMC) coatings on Al alloys is an effective way
to produce high-performance materials as required in these
sectors. MMC coatings combine the properties of a ductile
metallic matrix and the high strength of a reinforcement
phase for a specific performance [1]. Commonly used rein-
forcement particles in MMC coatings include ceramic parti-
cles (Al,O;, SiC, B,C, TiB,) [2], carbon fibre, synthetic dia-
mond particles [3], carbon nanotubes and graphene [4]. The
size, weight fraction and distribution of the reinforcement
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particles and the interfacial bonding between the matrix
and reinforcement predominately determine the properties
of MMC coatings [5]. For example, a higher weight frac-
tion of reinforcement particles and a shorter mean free path
between these particles improve the load sharing capacity,
hardness and resistance to wear [6].

Various MMC coatings and processing methods have
been developed to optimise their microstructure and prop-
erties. After half a century of development, a subclass of
MMCs, aluminium matrix composite (AMC) coatings, has
been widely used in the transport industries due to their
lightweight, high strength and good wear resistance [5, 7].
For example, AMCs have been applied on Al 6xxx series
used in aircraft floor panels to improve its surface corro-
sion and wear resistance properties and repair worn-out
aerospace gearboxes [8]. Moreover, AMC coatings have
recently received increasing attention due to their large
potential applications in repair, especially for aircraft and
marine components [5]. The various processing techniques
that have been used to manufacture AMC coatings include
solid-state processing (e.g. powder metallurgy), liquid-state
processing (e.g. melt filtration), deposition processing (e.g.
plasma spray) and additive manufacturing (e.g. cold spray)

QIrrCco Ny il sha aools

QATAR UNIVERSITY @ Springer



http://orcid.org/0000-0001-5884-3375
http://crossmark.crossref.org/dialog/?doi=10.1007/s42247-021-00293-4&domain=pdf
mailto:akisincletus52@gmail.com

emergent mater.

[5]. Among these processes, the liquid-state and powder
metallurgy techniques have been widely used in industry.
Most of these techniques, however, are accompanied by
undesirable interfacial reactions, poor interface bonding,
high porosity and non-uniform distribution of the reinforce-
ment particles. As a result, the intended superior mechanical
properties of AMC coatings are compromised. Therefore,
solid-state deposition of AMCs at a temperature below their
melting point is needed to retain their desirable properties.

Cold spraying (CS), also known as cold gas dynamic
spraying, is one of the additive manufacturing processes for
fabricating wear-resistant AMC coatings. CS is a kinetic
spray method where metallic feedstock powder particles
(typically, 1-50 um) are deposited in their solid state. Dif-
ferently from plasma spray and laser powder bed fusion, a
coating in CS is formed by the extensive plastic deforma-
tion of the metallic powder particles upon impact on the
substrate surface, with the temperature of the feedstock well
below their melting point [9]. Undesirable interfacial reac-
tions between powder particles and between ductile matrix
and the reinforcement, such as oxidation and deleterious
high-temperature effects typical of liquid-state processes
and thermal spray, are avoided or minimised in CS [10, 11].
The impact velocity of the particles and the properties of
the coatings mainly depend on the gas pressure of the cold
spray system. Based on the operating pressure, CS has been
categorised as either high-pressure or low-pressure cold
spray [12].

The low-pressure cold spray (LPCS) technique is a cost-
effective method for the fabrication of AMC coatings. In
LPCS, compressed air under pressure, not exceeding 1 MPa,
is used. At this low pressure, the critical velocity, the thresh-
old velocity of cold-sprayed ductile materials to adhere to
the substrate, may not always be reached [12]. However, the
shot-peening effect of the impacting reinforcement particles
produces compressive stresses on the ductile metallic parti-
cles and the previously deposited layer [13]. These compres-
sive stresses increase the denseness of the coating and thus
lower the impact velocity needed for deposition of AMCs
[14]. Also, the impact of the hard phase reinforcement parti-
cles causes the activation of the substrate surface and previ-
ously deposited layer by increasing the surface roughness, by
creating impressions and craters and disrupting native oxide
layers on the substrate surface, promoting the adhesion of
incoming particles [13].

The superior properties of cold-sprayed AMC coatings
have been attributed to the reinforcement particles con-
tent, an increase in weight fraction of the reinforcement
particles increases the hardness and wear resistance of the
coatings [15]. An optimum reinforcement weight fraction
in the feedstock is limited to the range of 20-40% [13]. A
larger amount of the reinforcement particles above this trend
tends to be detrimental to the coating. Besides, the AMC
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composition also contributes to the hardness and wear resist-
ance of the composite coatings [7]. The excellent mechanical
and wear resistance properties of various cold-sprayed Al
alloys with various types of reinforcement (e.g., Al,O5, B,C,
TiB,, SiC) prompted an investigation on the wear resistance
performance of Al-Mg alloy composite coatings using the
LPCS process.

Al-Mg alloy has drawn much interest recently due to its
enhanced mechanical properties, thermal stability and light-
weight [16], but Mg is prone to oxidation with conventional
additive manufacturing techniques [17], highlighting the
need for solid-state manufacturing. Lee et al. [18] reported
that an increase in Mg wt% in Al-Mg alloy increases the
strength of the alloy. Hassan et al. [19] also reported that an
increase in Mg content in Al-Cu-Mg alloy reinforced with
SiC ceramic particles increases the hardness and wear resist-
ance of the AMCs.

Cold spraying of AMC coatings have been the subject
of previous studies, especially with using the high-pressure
cold spray system [7]; however, there is limited research
available on low-pressure cold spraying of Al-Mg alloy
composite coatings. Therefore, the aim of this study was
to develop Al-Mg alloys (Al-7Mg and Al-10Mg) coatings
reinforced with alumina particles using a low-pressure cold
spray system. The effect of the inclusion of alumina in the
feedstock, as well as the effect of the Mg content in the
alloy on the mechanical and wear resistance properties, was
investigated.

2 Experimental methods
2.1 Materials

The powder feedstocks used for this study were Al-7Mg
and Al-10Mg (KITECH®, South Korea) alloys, and com-
mercially pure (99%) a-Al,05 (Dycomet, UK) having a
particle size of Dv10 = 22 ym and Dv90 = 45 pm. Each of
the alloys was mixed with 40 wt% of the alumina powder
using a Turbula® mixer operating at a constant speed for 10
min. The size distribution of the Al-Mg alloys powder was
measured by laser diffractometry using a Coulter particle
size analyser (Beckman Coulter Inc., USA.) equipped with a
750-nm laser. An optical microscope (Nikon Eclipse, Japan)
was used to capture the images of the feedstock powders’
microstructure.

2.2 Cold spraying

A portable low-pressure Dymet 423 cold spray system
(Dycomet, Russia) was used to deposit the Al-7Mg/40 wt%
Al,O3 and Al-10Mg/40 wt% Al,O; powder blends. The
powder blends are labelled as Al-7Mg/Al,O; and Al-10Mg/
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Al,O4, respectively, and their respective coatings labelled
as AMC7 and AMC10. To optimise the spray parameters,
composite coatings with 20 wt% and 40 wt% of alumina
were sprayed on Al 6061 substrates with various param-
eters: gas pressure was tested at 0.5 and 0.6 MPa and gas
preheating temperature at 300 °C, 400 °C and 500 °C, while
other parameters were kept constant. The coating deposi-
tion efficiency is reflected by the coating thickness, and it
was concluded that the coating thickness increased signifi-
cantly at 40 wt% of alumina, and 0.6 MPa and 500 °C of
the gas pressure and temperature, respectively. Thus, these
optimised parameters were selected to develop thick coat-
ings. So, with alumina, 40 wt% yielded a good deposition
efficiency, 20 wt% yielded a very low deposition efficiency
and 0 wt% of Al,O; resulted to no deposition. Higher than
40 wt% of Al,O4 can result to lower deposition efficiency
which has been reported in [13]. Compressed air was used.
The stand-off distance was 5 mm, the transverse speed 60
mm/s and a step size of 2.5 mm for 10 passes in total. The
composite powder was fed at 13 g/min. A ceramic nozzle
(throat diameter 2.55 mm, exit diameter 4.8 mm, length
138 mm) was used to prevent abrasion from the hard phase
Al,O; reinforcement particles.

The coatings were deposited onto 60x25x3 mm Al-6061
T6 substrates (0.99 % Mg, 0.66 % Si, 0.16 % Cr, 0.31 %
Cu, 0.08% Mn, 0.25 % Fe, 0.01 % Zn and Al to balance, all
in wt%). Before spraying, the substrates were ground using
P240 SiC grit paper to promote adhesion of the coating.
Each substrate was mounted on a programmable x-y table
that allowed a controllable scan pattern and velocity.

2.3 Material characterisation

The coatings were cross sectioned, cold mounted in EpoFin®
epoxy resin, ground with P240, P400, P800 and P1200 SiC
grit papers and then polished to 1 pm using diamond polish.
Final polishing was done with colloidal silica suspension
(0.06 um). Keller’s etchant (190 ml H,O, 5 ml HNO;, 3 ml
HCI, 2 ml HF) was used to etch the cross sections of the
polished samples for 6 s.

The feedstock powder surface morphology and the
microstructure of the coating cross sections were captured
using an XL.30 scanning electron microscope (SEM) (FEI,
The Netherlands) operating at 15 kV, both in secondary
electron (SE) and back scattered electron (BSE) modes. The
elemental composition of the alloy powders was obtained
by energy dispersive x-rays spectroscopy (EDX) with the
SEM. Image] image analysis software (NIH, USA), was used
to quantify the porosity, thickness, mean free path and alumina
content in the coatings using the greyscale thresholding tech-
nique. Five SEM SE images of area 1000 X 1000 um> were
used for measuring the thickness of the coatings, while five
lower magnification BSE SEM images of area 300 x 300

um? were used for measuring the porosity, the volume frac-
tion of alumina retained in the coatings and the mean free
path of the coatings. The volume fraction of the alumina in
the coating was converted to wt% by using Eq. 1, where V
and p are the vol% and density of the phase, respectively
[15].

(v,

aluminaPalumina )

Wt % uming = 1)
s (Valuminap alumina) + (VAl—Mg P Al—Mg)

The density of Al-Mg and Al,O; in this study are taken
as 2.7 and 4.0 g/cm?, respectively [15]. The mean free path
was evaluated using Eq. 2 [20]:

1=V
L= N 2

where L is the mean free path, V;is the vol% of the reinforc-
ing particles and Ny is the number of reinforcing particles
intercepts per unit length of the test. The value of N| was
evaluated by drawing random straight lines on the image
and the number of times that the line intersected an Al,O;
particle was recorded. This was recorded a total of 50 times
in the five BSE SE images.

X-ray diffraction (XRD) analysis was used to study the
phase composition and crystal structure of the alloy pow-
ders and composite coatings. XRD analyses of the powders
and coatings were conducted on a D8 Advance Da Vinci
x-ray diffractometer (Bruker, Germany), with a wavelength
of 0.15406 nm (Cu-K,), in Bragg Brentano 6-20 geome-
try, from 20° to 100° 26, 0.02° step and 0.1 s dwell time.
The crystallite size and the lattice parameters of the Al-Mg
matrix was analysed using Rietveld refinement (Topas,
Bruker, Germany).

2.4 Mechanical properties

The hardness of the alloy powders and matrix in the com-
posite coatings was measured by nanohardness on polished
cross sections using a NanoTest P3 nano-indenter (Micro
Materials Ltd., UK). A Berkovich indenter was used for the
test, with a 20-mN peak load, 3-s dwell time and 4 mN/s
loading/unloading rate. This indentation load was chosen
after careful selection of the indent size—the distance
between the neighbouring indents, as well as the distance
between indentation spot and the alumina or AI-Mg matri-
ces, was chosen to be at least twice the lateral size of the
indent in order to avoid neighbouring effects when indenting
the matrices in the AMC coatings. Ten indentations were
performed to obtain an average with standard error.
Vickers microhardness measurements were performed on
the Al-6061 T6 substrate and the cross sections of the com-
posite coatings using a Wilson VH3100 microhardness tester
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(Buehler, USA). Ten indentations with 10-s dwell time were
performed on the cross section of the coatings with a load
of 3 N. The microhardness indentation, 3 N (equivalent to
about 300 gf) provides indents of a size that is large enough
to provide an ensemble value from the alumina particles and
Al-Mg alloy matrix, but not too large to incur in boundaries
effect from the coating thickness. The final value is pre-
sented as an average with standard error.

2.5 Drysliding wear test

A ball-on-flat rotary tribometer rig (Ducom Europe, The
Netherlands) was used to perform dry sliding wear tests on
the cold-sprayed composite coatings. The coatings’ top sur-
face was ground with P240, P400, P800 and P1200 SiC grit
papers, then polished to 1 um using diamond polish. An
alumina ball of 6-mm diameter (Dejay Ltd., UK), with sur-
face roughness R,=0.038 um and Rockwell hardness value
of 81, was used as a counterbody. For all wear tests, a load
of 10 N, a track diameter of 12 mm and a sliding speed of
0.05 m/s were selected, yielding a total distance of 420 m.
Two repeat tests were performed on each sample and the
friction coefficient and wear rate data were averaged. The
cross-sectional area of the wear track was measured with a
Talysurf (Taylor Hobson, France) contact profilometer by
averaging eight readings. The wear track depth profile area
measured for each test was multiplied by the track diameter
to give the wear volume loss. To evaluate the specific wear
rate (SWR) of the composite coatings, Eq. 3 was used [21],
where V is the wear volume loss in mm?®, F is the applied
load in N and D is the sliding distance in m.
Vv

SWR = 7D 3)

The worn surfaces of the coatings and ball were char-
acterised with SEM in the SE and BSE modes. The alu-
mina counterbody wear rate was calculated by assuming the
removal of a spherical cap whose radius was measured by
OM, according to the method in [22].

3 Results
3.1 Powder and coating characterisation
3.1.1 Powder characterisation

Fig. 1a and c show the SE SEM images of the surface mor-
phology of Al-7 Mg and Al-10 Mg feedstock alloys. The
images show a mixture of spherical and irregular shapes
in the powders. Also, some satellite particles are present.
This event of particle satelliting, which results from interac-
tions of larger particles with smaller particles, is associated
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with in-flight contact of molten particle droplets of different
sizes under the gas-atomisation production process during
the powder production [23]. The particle size distribution
of the AI-Mg alloys is displayed in Fig. 1b and d, with
Dv10=9.0 pm, Dv50=18.2 um and Dv90=29.9 um for
Al-7 Mg powder, and Dv10=5.8 um, Dv50=24.0 pm and
Dv90=48.5 um for Al-10 Mg, respectively.

To reveal the powder microstructure, cross sections of
powder particles were analysed with BSE SEM (Fig. 2a, b)
and optical microscopy (Fig. 2c, d). BSE SEM images show a
homogeneous contrast indicating good elemental dispersion,
with limited porosity and signs of dendritic structure. The den-
dritic structure is clearly seen in the optical microscope images
for both powders. After mixing the Al-Mg feedstock pow-
ders with Al,O; reinforcing particles, the composite feedstock
material was examined with BSE SEM, as shown in Fig. 3.
Here, the Al,O; particles show an angular morphology, and
the alloy particles were not damaged by the hard phase Al,O;
particles from the powder blending process.

Measurements from the EDX point scan of the Al-Mg feed-
stock powders’ cross sections are shown in Table 1, with 91.2
wt% and 87.8 wt% of Al, and a decrease in the wt% of Mg as
expected found in Al-7 Mg and Al-10 Mg, respectively. There
are also traces of Mn and a small amount of O in both alloys.

3.1.2 Coating characterisation

Fig. 4 shows the BSE images of cross sections of AMC7
(Al-7 Mg+ Al,O5) and AMC10 (Al-10 Mg+ Al,O3) coat-
ings. A dense microstructure with minimal porosity is seen
in both coatings with no discontinuity at the coating-sub-
strate interface, suggesting good bonding to the substrate.
The measured thicknesses of AMC7 and AMC10 coatings
are (4304 6) um and (650 + 8) um, respectively.

The calculated Al,O5 concentration retained in the coat-
ings is (21.2+0.4) wt% in AMC7 and (20.8 £0.6) wt%
in AMCI10 coatings. These values are approximately half
the weight fraction of Al,O; in the powder blends prior to
spraying, which was 40 wt%. However, the difference in the
weight fraction of Al,O; retained in the two composite coat-
ings appears negligible. In addition, there is a significant
decrease in the measured porosity from (1.2 +0.1) % in the
AMCT7 to (0.4 £0.1) % in the AMCI10 coatings.

The SE images of etched cross sections of the composite
coatings are shown in Fig. 5. The plastically deformed par-
ticles of Al-Mg alloys and the boundaries between Al-Mg
alloys and Al,O; particles can be attributed to the severe
plastic deformation of the ductile matrix due to the compac-
tion and shot-peening effect of the alumina particles. The
images also reveal that the Al,O; particles retained their
angular morphology and are surrounded and trapped by
the plastically deformed Al-Mg alloy particles. Some of
the Al,O; particles were fractured upon deposition, as their
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Fig.1 SE SEM micrographs of the powders’ surface morphology a
Al-7 Mg and ¢ Al-10 Mg, and their particle size distribution ¢ and
d, respectively. Some powders are spherical (smaller particles) and

size is smaller than the initial powder. SEM/EDX measure-
ments performed on the white spots (Figs. 4 and 5) confirm
these are fractured alumina particles. Moreover, Figs. 4 and
5 show the edges of the larger alumina particles appearing
white, indicating particle charging during the characterisa-
tion of the coatings using SEM. No other material or inter-
metallic was observed from the EDX analysis at the white
spots in the SE and BSE images.

3.1.3 XRD analysis

Fig. 6a shows the XRD profiles of the Al-Mg powders. The
XRD diffractograms of Al-7 Mg and Al-10 Mg powders show
a single FCC-Al crystal structure detected as Aly gsMgg s
(PDF 01-074-5237). The peaks attributed to this phase indi-
cate a solid solution of Mg in Al matrix. There was no meas-
urable difference between the two diffractograms. Figure 6b
shows the XRD profiles of the coatings. There are peaks
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others irregular (larger particles), and some satellites particles are
attached to the surface of the larger particles. The mean particle size
is 18 pm (c¢) and 24 pm (d) with single-peak distribution

related to Al osMg,, s (PDF 01-074-5237) and a-Al,O4 (PDF
00-011-0661), of which was added to the powder blends prior
to spraying. The XRD analysis detected no other forms of
oxides. The evaluated crystallite size of the AI-Mg particles
in the unblended feedstock powder and in the composite coat-
ings are presented in the Fig. 6a and b, respectively. The vari-
ation in the crystallite size is within the measurement error.
A reduction in the lattice parameters was observed in the
Al-Mg coating compared to that of powder in the XRD peaks.
The following lattice parameters were measured in the pow-
der: a=4.059 A and a=4.065 A for Al-7 Mg and Al-10 Mg
alloy powder, respectively. The lattice parameters for the same
materials in the coatings were a=4.046 A and a=4.046 A
for Al-7 Mg and Al-10 Mg alloy coatings, respectively. It is
clear that Al-7 Mg and Al-10 Mg show 0.32% and 0.47%
reduction in lattice parameters, respectively. The reduction
in lattice parameters can qualitatively indicate the presence
of compressive residual stresses in the coatings. Also, the
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Fig.2 SE micrographs of

the cross-sectioned, colloidal
silica polished Al-7 Mg (a) and
Al-10 Mg (b) powders. Optical
micrograph of the polished
powder reveals dendritic
microstructures within the
powder both in Al-7 Mg (c¢) and
Al-10 Mg (d)

higher reduction in lattice parameter suggests the compres-
sive residual stress in Al-10 Mg is likely to be higher than that
of Al-7 Mg; however; a detailed analysis using experimental
techniques such as X-ray diffraction [24, 25], Raman spec-
troscopy [26], hole drilling method [25] or nano-indentation
technique [27] will be required for future work.

3.2 Hardness and mean free path

The measured nanohardness of the Al-10Mg powder feed-
stock (1.22 + 0.13) GPa is about twice the nanohardness of
Al-7Mg (0.56 + 0.08) GPa. In contrast, after spraying, the

Fig.3 SEM image of the
blended Al-Mg alloy and
alumina; the BSE mode shows
Al,Oj; as a dark phase of angu-
lar shape

measured nanohardness of the Al-Mg matrix in the compos-
ite coatings was 1.87 + 0.26 GPa and 1.94 + 0.24 GPa for
Al-7Mg and Al-10Mg, respectively, showing a negligible
difference. Microhardness measurements were also per-
formed on the AMC coatings, which reflect the composite
microhardness of the metal and ceramic. Higher microhard-
ness was obtained in the AMCs, with 2.29 + 0.06 GPa and
2.82 + 0.14 GPa for AMC7 and AMCI0, respectively. This
high hardness is attributed to the addition of the hard phase
Al,O; reinforcement particles, as expected. There is a sig-
nificant decrease in the calculated mean free path between

Al O; particle

Al-Mg alloy
particle

2 B v =
Det WD ——— 50um

BSE 100
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Table 1 Elemental composition of Al-Mg alloy powders evaluated
with EDX point scan

Element Al Mg Mn (6]
Al-7 Mg (wt%) 91.2 6.7 04 1.9
Al-10 Mg (wt%) 87.8 9.4 0.5 24

the Al,O; particles from (10.4 + 0.9) ym to (8.6 + 0.7) um
in the AMC7 and AMCI10 coatings, respectively.

3.3 Drysliding wear testing

The coefficient of friction (u) against sliding distance for both
AMC7 and AMCI10 coatings is shown in Fig. 7a. A small
variation of y measured in the first 150 m travelled suggests a
bedding-in period; however; then ¢ remains constant at about
0.5 for both coatings after that point. In general, u values are
similar in both coatings, indicating similar friction behav-
iour. The specific wear rates of both coatings are displayed in
Fig. 7b. AMCT7 coatings wore more than AMC10, with ~30%
decrease of the wear rate in AMC10 coating.

SEM BSE images of the wear tracks of both coatings
are shown in Fig. 8. From the low-magnification images
in Fig. 8a and b, the wear track of AMC7 appears wider
than that of AMCI10. Cracks, grooves, grains pull-out,
debris and plastic deformation of the Al-Mg alloy matrix
were observed on both coatings. Higher magnification

Fig.4 SEM BSE images of
AMCT (a) and AMCI10 (b)
coatings. The coatings have

a dense microstructure with
Al,O; reinforcing particles uni-
formly distributed throughout
the coatings. Higher magnifica-
tion BSE images of AMC7 (c)
and AMCI10 (d) coatings reveal
pores between the alumina par-
ticles (indicated by the arrow)
embedded within the coatings

BSE images are shown in Fig. 8c and d, further revealing
these wear features. It is worthy to note that the Al,O,
reinforcement particles were observed on the coatings’
worn surfaces, which have been likely pulled out of both
coatings during the sliding wear test. Overall, there is lit-
tle difference in the wear features observed on the worn
surfaces of the AMC coatings.

The worn surface of the alumina ball tested against
both coatings was examined with SEM in the SE and
BSE mode and is shown in Fig. 9. This reveals material
transferred from the coating to the ball surface, which is
likely the AI-Mg matrix having attached to the ball sur-
face during the wear test. The calculated ball wear rates
against AMC7 and AMCI10 coatings were (1.11 + 0.02)
x 107 mm*/Nm and (0.78 + 0.02) x 107% mm>/Nm,
respectively. The less aggressive wear behaviour in
AMCI10 coating also reduces the counterbody wear,
which is 30% lower than that against AMC7 coating.

4 Discussion

4.1 Characterisation of the LPCS Al-Mg composite
coatings

The densification of AMC coatings developed with the LPCS
process is attributed to the addition of the reinforcement
phase to the Al-Mg alloy ductile matrix [14]. The tamping
and shot-peening effect produced by the hard phase results in
compressive stresses on the deposited ductile matrix, which,
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Fig.5 SE images of the etched
cross sections of the AMC7 (a)
and AMCI10 (b) coatings. The
plastically deformed AlI-Mg
particles are marked with red
arrows and the dotted white
circle shows the undeformed
alumina particles trapped and
surrounded by the deformed
Al-Mg particles

therefore, increases the denseness of the AMCs [14]. Thus,
the addition of the Al,O; reinforcement phase resulted in the
successful fabrication of dense AMC7 and AMC10 coatings

Fig. 6 a XRD diffractograms E A
of the Al-7 Mg and Al-10 Mg
feedstock powders. The crystal
structure of the alloy shows

a face-centred cubic (FCC)
crystal structure of the solid
solution of Mg in Al, and b
XRD profiles of the composite
coatings of AMC7 and AMC10.
No phase change or presence

of intermetallic compounds

was observed. The FCC

crystal structure of the alloy
was retained, and the o—phase
of Al,O; from the blend was
detected
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using the LPCS. The shot-peening and compaction effect of
the Al,O; reinforcing particles also contributed to the severe
plastic deformation of the AI-Mg matrix, resulting in the
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Fig.7 Coefficient of friction i against distance travelled (a) and specific
wear rate (SWR) for the sliding wear test of both coatings against Al,O5
counterbody (b)

Fig.8 Low-magnification BSE
images of the worn surfaces

of the AMC7 (a) and AMCI10
(b) and higher magnification
BSE images of the AMC7 (c)
and AMCI10 (d) coatings worn
surfaces against Al,O; ball,
respectively. Cracks, grooves,
debris and grains pulled out (red
dot) wear features are observed
on the worn surfaces

Pulled out

alumina particle

mechanical interlocking of the cold-sprayed particles and
bonding to the substrate [28], as shown in Figs. 4 and 5. The
larger and slower Al,O; particles below the critical deposi-
tion velocity do not get incorporated in the coating, and their
main effect is in shot peening and compaction.

The concentration of Al,O; ceramic particles retained
in the composite coatings AMC7 and AMC10 shows a
negligible difference; however, comparing the concentra-
tion of Al,O; in the feedstock powder blends and in the
composite coatings, a difference emerges suggesting a
change in their deposition efficiency. The concentration of
Al,O5 in the composite coatings (~20 wt%) is considerably
lower than that in the feedstock powder blends (40 wt%).
This suggests that during spraying, some of the Al,O; par-
ticles bounce off the substrate surface due to their limited
plastic deformation. It is expected since the interaction of
Al,0O; particles with previously embedded Al,O; parti-
cles will result in rebounding in the absence of the ductile
Al-Mg matrix. At the same time, the retainment of the
Al,O; ceramic particles within the composite coatings is
due to the deformed Al-Mg particles embedding and trap-
ping the Al,O; particles. The fractured Al,O; particles
observed, as seen in Fig. 5, result from the brittle nature
of the Al,O; ceramic, which fractured during high veloc-
ity impact on the previously deposited Al,O; and Al-Mg
particles [15].

In the current study, the same weight fraction of Al,O;
was added to the powder blends, sprayed at the same pro-
cess conditions and yielded different coating thicknesses.
The measured composite coating thickness increased
by ~50% when sprayed with Al-10 Mg/Al,0; compared to

Pulled out
alumina particle
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Fig.9 SE (a) and BSE (b)

SEM micrographs of the Al,O,
counterbody worn surfaces after
sliding wear test against AMC7
composite coatings. The arrows
show Al-7 Mg alloy particles
attached to the Al,O; ball sur-
face which is the result of mate-
rial transfer from the coating to
the counterbody contact surface.
Similar features were observed
against AMC10 coatings

Al-Mg

transfer

Al-7 Mg/Al,0O5. This difference in the composite coating
thickness needs further investigation. It should be worth
noting that the measured porosity of the composite coat-
ings is ~70% lower in the AMCI10 coating as compared to
AMCT7 coating.

In the XRD analysis performed on the Al-Mg feed-
stock powders and the LPCS composite coatings, there is
no indication that the spray process temperature resulted
in the formation of intermetallic compounds or oxides of
the Al-Mg alloy matrix in the coating. The temperature
of the particles in LPCS process gas stream is well below
their melting point [9]. Therefore, as expected, there are no
phase changes in the low-pressure cold-sprayed composite
coatings, as seen in Fig. 6a and b. In addition, there is no
difference in the crystallite size of the AI-Mg alloy matrix.

From our qualitative analysis of lattice parameters, it
is likely that Al-10Mg coating was more in compression
than that of Al-7Mg. This is also reflected by the lower
porosity and higher thickness of the Al-10Mg composite
coating. The increase in compressive residual stresses due
to higher coating thickness has been reported in HVOF
thermal sprayed WC-Co coatings due to more extensive
peening stresses [29]. In addition, the higher compressive
residual stress of the Al-10Mg alloy coating can also be
attributed to its larger particle size (Al-10Mg had a mean
particle diameter of 24 um, as shown in Fig. 1c and d when
compared to that of Al-7Mg alloy (Al-7Mg had a mean
particle diameter of 18.2 um). In a recently published
comprehensive review paper, the authors argued that in
general, the residual stress increases with an increase in
particle diameter due to their higher kinetic energy causing
a larger plastic region [30].

4.2 Hardness of the LPCS Al-Mg composite coatings

The measured nanohardness of the Al-Mg alloy powder and
the Al-Mg matrices in the composite coatings and the micro-
hardness of the overall AMC coatings reveal the effect of
adding Al,O; to the powder blends. The inclusion of Al,O,
hard phase reinforcement particles with a nominal hardness
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of 10 GPa increased the hardness of the cold-sprayed AMC
coatings [15].

In addition, the nanohardness test performed on the
Al-Mg matrix in the composite coating was done in order to
evaluate, on average, the effect of strain hardening and shot
peening/tampering of the reinforcement particles on Al-Mg
matrices in the composite coatings. The purpose was to com-
pare the nanohardness of the Al-Mg powder before and after
the spray. The high hardness of the Al-Mg matrix in the
AMC coatings compared to the feedstock powder particles
can be attributed to the plastic deformation resulting from
the kinetic energy of the particle on impact and to the tamp-
ing/shot-peening effect of the reinforcement particles on the
deposited and already deformed Al-Mg matrix. Despite the
greater nanohardness of the Al-10Mg alloy powder particle,
which is about twice that of Al-7Mg alloy, a negligible dif-
ference was observed when comparing the nanohardness of
the matrices in the composite coatings. This suggests that
the higher percentage increase in the nanohardness of the
Al-7Mg alloy in the composite coatings compared to Al-
10Mg alloy is likely due to the result of greater strain hard-
ening in the Al-7Mg alloy matrix as a result of its lower
powder particle hardness (Fig. 5) [31].

The strengthening mechanism of the LPCS AMC coatings
can be explained by the mean free path of the reinforcing
particles in the composite coatings. Kouzeli and Mortensen
[32], for instance, reported that mean free path has a direct
influence on the hardness of MMC coatings; a shorter mean
free path would increase the hardness of MMCs coatings. In
this work, the greater hardness of AMC10 coating can there-
fore be attributed to the shorter mean free path of Al,O; in
the AMCI10 coating. A plausible explanation for the shorter
mean free path is the fracturing of the Al,O; particles dur-
ing the spraying of the AMC10 powder blend, generating a
greater number of smaller particles. Moreover, the strength of
Al-10Mg alloy particles is twice that of Al-7Mg, and there-
fore yields greater resistance to the impact of Al,O; particles
resulting in the greater fracturing of the embedded Al,O;
ceramic particles. Also, the greater fracturing of Al,O5 con-
tributed to the lower porosity, in turn enhancing the hardness.
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4.3 Wear behaviour of the LPCS Al-Mg composite
coatings

The greater mechanical properties of the AMC10 coating
can improve its wear resistance properties. The dry slid-
ing wear tests conducted on AMC7 and AMC10 coatings
revealed that AMCI10 coating wore less than AMC7, as
shown in Figure 7b. As expected, the better wear resist-
ance of the AMC10 coating can be attributed to the greater
hardness, lower porosity, shorter mean free path [6, 28] and
higher compressive residual stress [30]. An increase in com-
pressive residual stress has also been reported to increase
the wear resistance of coatings [29]. Therefore, the greater
compressive residual stress of the Al-10Mg alloy in the com-
posite coating is likely to contribute to its better wear resist-
ance compared to that of Al-7Mg alloy composite coating.
The wear mechanism of both coatings against the Al,O;
counterbody is likely similar since the change in the coeffi-
cient of friction p over distance is similar for both coatings
(Fig. 7a). Furthermore, similar wear features such as Al,O4
grain pull-out, debris, cracks, grooves, and plastic defor-
mation were observed on the worn surfaces of both com-
posite coatings, as shown in Fig. 8. The features observed
on the worn surfaces of the coatings indicate an abrasive
wear mechanism, where the Al,O; particles pulled off
from the coatings are likely contributing to a significant
part of the abrasion of the coating surface. Similar findings
have been observed by Hassan et al. [19], confirming that
increasing the concentration of alloying elements such as
Mg in the matrix fraction of Al-Mg MMCs would increase
the hardness and wear resistance of the composite coating.
In addition, the study of Spencer et al. [7] reveals the
effect of alloying element in improving the hardness and
wear resistance of Al 6061/A1,0; compared to Al/Al,O;

coatings. The hardness of the AMC coatings in this study
is greater than that observed in the work of Spencer et al.
[7] and Yu et al. [33], although the coatings are of similar
wear behaviour.

In MMC coatings, the major portion of the load from
the counterbody is endured by the reinforcement particles,
and the resulting volume of material loss is determined
by the hardness and toughness of reinforcing particles
[34]. As a result, the inclusion of hard phase reinforcing
particles decreases the wear rate of AMC coatings. Inter-
estingly, in this study, one significant role of the Al,O;
reinforcement particles in the AMC coatings is to support
contact stresses resulting from the applied load. This is
due to their load-bearing capacity, which in turn enhanced
the wear resistance of the coatings. The Al,O; particles
were pulled out and entrapped between the alumina coun-
terbody and the coating contact surfaces, resulting in a
three-body abrasive wear mechanism (as shown schemati-
cally in Fig. 10). The transfer of material to the alumina
ball surface, as shown by the SEM micrograph (Fig. 9),
indicates adhesive wear mechanism during the dry sliding
wear test of the AMC coatings. The wear behaviour of the
AMC coatings can be attributed mainly to the abrasion of
the coatings’ surfaces.

4.4 Future directions

The use of LPCS provides an affordable and portable on-
wing technology for the repair of aerospace components
such as the floor panel and gearboxes. However, due to its
low particle velocity, high-strength materials like AI-Mg
alloy are challenging to fabricate with the LPCS process. In
this study, thick Al-Mg composite coatings were fabricated,
thanks to the inclusion of alumina reinforcement particles

a- Alumina ball

b- Pulled out alumina reinforcement
particles, resulting to the three-body
abrasive wear.

c- Ploughing

d- Al-Mg matrix

e- Alumina reinforcement particles

Fig. 10 A schematic representation of a three-body abrasive wear mechanism taking place in Al-Mg alloy composite (AMC) coatings
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in the AI-Mg alloy matrix that resulted in the deposition of
the coatings using the LPCS technique.

Although it is possible to fabricate Al-Mg alloy coatings
using other spraying techniques that do not exhibit any phase
transformation or melting and have minimal porosity, it may
not always be feasible because of, for example, the expensive
gas system (and shortage of helium) in high-pressure cold
spraying. However, the hardness values of the AMC coat-
ings in this study could be improved further by cold spraying
Al-Mg alloy reinforced with tougher and harder reinforce-
ment particles such as WC, SiC and B4C particles with
LPCS to improve the surface properties of materials where
wear is problematic. Finally, further work may include inves-
tigating the effect of Mg content at a wider range of Mg wt%
on the deposition efficiency, residual stress, wear and hard-
ness of Al-Mg alloy coatings.

5 Conclusion

In this work, Al-7 Mg and Al-10 Mg powders with 40 wt%
Al,O; were sprayed with a low-pressure cold spray. The
effect of the inclusion of Al,O; in the powder blends and
the Mg wt% in the alloy matrix composition on the micro-
structure, mechanical properties and wear resistance of the
composite coatings were investigated. The following con-
clusions were drawn from the results obtained in this study:

e The addition of Al,Oj; reinforcing particles to the Al-
Mg LPCS feedstock powder enhanced the deposition and
bonding of the high-strength AlI-Mg alloys due to the
shot peening and compaction effect.

e The higher amount of the Mg in the AlI-Mg alloy fur-
ther improved the microstructure of the coatings, as
the porosity of AMCI10 reduced by ~70% compared to
AMCT7, with the underlying mechanisms needing further
investigation.

e The Al-10 Mg alloy composite coating had a greater hard-
ness of over 23% than the composite coating with Al-7 Mg
alloy. In addition, a 17% decrease in the mean free path of
the AMC10 coating compared to AMC7 coating contrib-
uted to the greater hardness of the AMC10 coating.

e The AMCI1O0 coating had a lower wear rate when com-
pared to AMC7 coating under dry sliding wear test
against Al,O; counterbody. This was due to a combined
effect of its lower porosity, shorter Al,O; mean free path,
likely higher compressive residual stress and higher hard-
ness. The primary wear mechanism is abrasion and it was
similar for both coatings, as pulled out Al,O5 hard phase
particles, debris and grooves were observed on the worn
surfaces of both composite coatings. Nevertheless, AMC7
coating suffered a higher degree of material loss. The
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Al,O; particles were pulled out and entrapped between
the alumina counterbody and the composite coating con-
tact surfaces, resulting in a three-body abrasion.
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