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Abstract: In the present work, TiC/TiB2/Al composite coatings were synthesized onto a precipitation
hardened AlSi1MgMn alloy by laser surface alloying (LSA), using 13.3 J/mm2 and 20 J/mm2 laser
energy densities. Microstructure evaluation, microhardness, wear and corrosion performance were
investigated and compared with the untreated/substrate Al alloy sample. The results confirmed
sound, compact, crackles composite coating of low porosity, with a proper surface/substrate interface.
Microstructural analyses revealed the formation of extremely fine nano-precipitates, ranging from of
50–250 nm in the laser melted (LMZ) and large precipitates, accompanied with grain coarsening in the
heat-affected zone (HAZ), due to the substrate overheating during the LSA process. Nonetheless, both
coatings achieved higher microhardness, with almost 7-times higher wear resistance than the untreated
sample as a consequence of high fraction volume of hard, wear resistant TiB2 and TiC phases inside
the composite coatings. Further, cyclic polarization results in 0.5 M NaCl aqueous solution confirmed
general improvement of corrosion resistance after LSA processed samples, with reduced corrosion
current by more than a factor of 9, enhanced passivation/repassivation ability and complete prohibition
of crystallographic pitting, which was detected with the untreated Al alloy.

Keywords: laser surface alloying (LSA); ceramic coatings on Al alloy; microstructure; laser melted/heat
affected zone (LMZ/HAZ); microhardness; wear; corrosion

1. Introduction

Aluminium alloys are used extensively in automobile and aerospace applications mainly due
to good strength-to-weight ratio, ductility, lightweight, availability and low cost [1–4]. These alloys
are also inherently resistant to corrosion and oxidation due to spontaneous formation of thin surface
passive films [3,5]. However, this thin oxide film (2–9 nm) does not provide sufficient resistance to
corrosion even in weakly corroding media [6]. The presence of Cl¯, F¯, I¯ and Br¯ ions in the solution
increases the sensitivity of Al alloys towards localized corrosion [3]. Furthermore, low hardness
and poor tribological properties of Al alloys represent a critical factor when wear is involved [1,2,4].
Hence, additional protection to enhance resistance to localized corrosion and wear is essential.

Laser surface alloying (LSA) and laser cladding are important technologies, widely used to
improve surface properties of Al alloys [2,7–15], titanium alloys [16–19], magnesium alloys [20,21],
copper alloys [22], nickel-copper alloys [23,24] and stainless steels [25–27]. However, with LSA process
the selection of the alloying elements, compositional ratio and elemental surface distribution is crucial
since it has a paramount effect towards microstructural development in the alloyed layer [28]. Due to
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high hardness, low density, high melting temperature and good wear and corrosion resistance, ceramics
such as carbide, oxide and boride (SiC, TiO2, WC, TiC and TiB2) are frequently used as the coating
material on Al alloys [2,7–15,29]. During high-intensity laser-matter interaction hard ceramic particles
may dissolve and causes the formation of new compounds within Al matrix during solidification.
Although, these newly formed compounds may contribute to improved surface integrity, on the
other hand, ceramic remnants in the alloyed layer, may retain their original superior properties [4].
Titanium has been often added to react with the carbon in solution forming TiC to improve the surface
properties and by the same to prevent the formation of Al4C3 carbides [4,8]. TiC is one of the most
suitable ceramic materials for the preparation of metal-based ceramic wear-resistant coatings, due to
its hardness, stability and exceptional wear resistance [30]. TiB2 is the most inert, stiffest, hardest of all
the borides, characterized by a high melting point, low specific weight, high mechanical strength, good
wear resistance and excellent thermal and chemical stability up to 1700 ◦C [22,31]. Moreover, single
phase ceramics—even fully densified—are not wise choices in structural or wear applications because
of their variability in mechanical strength and poor fracture toughness [31]. Coatings that consist of
two ceramic components such as, TiC and TiB2, exhibit even better mechanical properties than coatings
containing only one ceramic component [32]. Higher TiC content increases the hardness of the resulting
two-component TiB2/TiC ceramic coating, while the higher content of TiB2 increases the fracture
toughness [32]. Moreover, the hardness of the TiB2/TiC ceramic composite at room temperature is
lower than the hardness of a one-component ceramic coating of the same kind. Even so, at the elevated
temperature of about 600 ◦C the hardness value of two-component TiB2/TiC coating exceeds the
hardness value of a one-component coating TiC or TiB2 [33]. In our previous work [13] a wide energy
gap for TiB2 and TiC near the Fermi level has been confirmed by the density functional theory (DFT)
calculations. DFT results indicate covalent bonding which contributed to enhanced corrosion resistance,
compared to the pure metallic bonding in the substrate Al sample. Further, a proper combination of
ceramics and metals is crucial to obtain sound, high quality alloyed layer [34]. Ceramic phases provide
the demanded high strength, hardness and wear resistance, while the addition of alloy material act as
the binding phase, hence effectively reducing the residual stress and tendency of cracking [18].

LSA of Al alloys with optimized parameters and different alloying materials has already been
confirmed by various authors as advanced, prosperous, cleaner technology for enhancement of wear
and corrosion resistance. Nath et al. [7] reported that as-received Al suffered from severe abrasive
wear, at the initial stage due to the accumulation of worn out debris at the interface between the mating
surfaces. On the other hand, after LSA of WC + Co + NiCr the wear rate was very low and remained
constant throughout the test. Mabhali et al. [8] confirmed the highest wear resistance after LSA using a
composition of 40 wt.% SiC and Ti and Ni powders ranging from 20 wt.% to 40 wt.%. Rajamure et al. [35]
argued that LSA of Mo on Al resulted in the formation of various hard intermetallic phases (Al5Mo,
Al8Mo3, Al4Mo and AlMo3) thereby increasing the coating wear resistance for about 5.5 times compared
to the substrate material. In addition, Covino et al. [36] showed significantly higher corrosion resistance
of Ti + TiC composite coating in acidic solution compared to the Ti + TiB2 coatings. Lekatou et al. [37]
confirmed corrosion resistant and durable HVOF WC-17Co/Ni-5Al composite coating on Al7075 over
a long 49 days exposure in a salt spray chamber. Via cyclic polarization tests Rajamure et al. [3]
confirmed substantial corrosion resistance enhancement of LSA Al-W coatings, with reduced corrosion
current density and lower anodic dissolution. Shon et al. [38] confirmed homogenous composition
and microstructure with enhanced corrosion resistance of HEA (high-entropy alloy) double-layered
coatings. Moreover, double-layered coating processed with 21 J/mm2 experienced minor amount of
pitting, whereas with 25 J/mm2 basically no pitting corrosion occurred due to minimum compositional
dilution and uniformity of multi layered HEA phase coating. On the other hand, it was reported [1]
that LSA samples with Ni and Ni-Ti-C experienced poorer corrosion resistance of all compared to the
untreated alloy A356. Several authors investigated the wear resistance of laser alloyed surfaces on Al
alloy with ceramic powders. On the other hand, relatively few studies have investigated corrosion
behaviour of LSA powder precursor coatings on Al alloy. Although, laser alloyed TiB2 and TIC ceramic
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powders on Al alloy has already been carried out previously [13–15] a detailed study focusing on effect
of different laser energy density (LED) during LSA of TiB2/TiC/Al composite coatings on HAZ/LMZ,
wear and corrosion resistance has not yet been done.

Hence, the objective of this study was to synthesize wear and corrosion resistant TiB2/TiC/Al coatings
on 6082-T651 Al alloy by LSA process using different energy density. The focus of the present study was
to characterize the microstructure, tribological and corrosion behaviour of LSA composite coatings and
compare it with the untreated material. The presented results can provide a novel way for fabricating
excellent wear and corrosion resistant MMC (metal matrix composite) coatings on various Al alloys and
promote their commercial applications, especially, in the automotive and processing industry.

2. Materials and Methods

2.1. Sample Preparation and Laser Surface Alloying Process

In this study, commercial Al alloy EN AW-6082-T651 (AlSi1MgMn) with a chemical composition
of 0.87 Si, 0.72 Mg, 0.42 Mn, 0.35 Fe, 0.15 minor element (Cu + Cr + Ni + Zn + Ti) and balance
Al (all in wt.%) was used as the substrate material. Using the water jet process, flat samples with
dimensions 50 mm × 25 mm × 10 mm were cut from a 10 mm thick rolled plate. Prior to laser surface
alloying (LSA) the surfaces were wet-ground using deionized water starting with 400- and 600-grit
SiC papers followed by degreasing and cleaning in an ultrasonic bath of distilled water and ethanol.
Powder mixture of TiB2 of 99.5% purity (45 µm particle size), TiC of 99.5% purity (2 µm particle size)
and Al of 99.5% purity (45 µm particle size) was used as the precursor material. Al powder was added
to TiB2-TiC ceramic precursor mixture to improve adhesion of the ceramic coating to the substrate.
The powders with ratio 40 wt.% TiB2/40 wt.% TiC/20 wt.% Al were mixed with the water based organic
binder (LISI W 15853) and reducer (LISI W15833) obtained from Warren Paint and Color Company
(Nashville, TN, USA). To achieve uniform mixing, an agitator was used to mix the slurry for about
15 min, which was then spray deposited onto the substrate coupons using an air-pressurized spray
gun. The sprayed coupons were dried for 24 h at 25 ◦C to remove the moisture and a uniform thickness
of approximately 150 µm was maintained as the precursor deposit. LSA of spray deposited composite
coatings was conducted using a 3 kW, CW mode diode pumped ytterbium fibre laser IPG YSL 3000
(IPG Photonics, Oxford, MA, USA) with a wavelength of 1070 nm and with a focused uniform laser
beam of 1.0 mm diameter on the sample surface.

The laser parameters were selected based on prior experience after many trials in order to obtain
a good interface bonding and uniform coating without pores and cracks. The coating was applied to
the sample surfaces at two different beam power values (800 W and 1200 W) at a constant traverse
speed of 60 mm/s and overlapping rate of 50% (Figure 1). Laser power variation corresponded to a
laser energy densities (LED) of 13.3 J/mm2 and 20 J/mm2, respectively.
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Since surface condition greatly affect wear and corrosion properties of the materials [13,17] and
to directly compare LSA coatings with the untreated material, without the interference from surface
roughness, wear and corrosion tests were carried out under the same surface roughness for all samples
investigated. Before each wear and corrosion experiment, to match the surface roughness of untreated
Al alloy, the LSA samples were wet-ground using deionized water starting with 320-grit paper
and continued with 500, 800, 1200, 2000 and 4000-grit SiC papers (Struers ApS, Ballerup Denmark).
Between each paper change, the samples were rinsed with deionised water to remove abraded particles.

2.2. Morphological and Microstructural Analysis

Surface morphology and cross-sectional microstructural observation was observed using a Thermo
Scientific ESEM FEG Quattro S scanning electron microscope (SEM) (ThermoFisher Scientific, Waltham,
MA, USA) equipped with Electron Dispersive Spectroscopy (EDS) microanalysis hardware. EDS point
and map analyses in the cross-section were performed with the Ultim® Max SDD detector (Oxford
Instruments, Abingdon, UK) at an accelerating voltage of the electrons of 15 kV. Image post-processing,
that is, quantitative determination of vol.% of reinforced particles in the LSA layer with was performed
using the ImageJ software package (version 1.52t, University of Wisconsin, Madison, WI, USA).

Phase analysis on the LSA samples was conducted using Rigaku III Ultra X-ray diffractometer
(XRD) (Rigaku, Tokyo, Japan) with Cu Kα radiation of 0.154 nm wavelength, at 40 kV and 44 mA.
Phases were identified in a 2θ range from 20◦ to 90◦ with a step size of 0.04◦ and scan speed of 3◦ min−1.
From the XRD spectra crystalline peaks/phase analysis was performed with background corrections
followed by comparison with the standard ICDD (International Centre for Diffraction Data) files in the
JADE software database acquired form the joint committee of powder diffraction standards (JCPDS).

The Surtronic 3+ profile meter, Taylor/Hobson Peumo was employed for surface roughness
measurements and the data was processed with TalyProfile Lite software (version 3.1.4, Taylor/Hobson,
Leicester, England). The Gaussian profile filter was used with a cut-off wavelength value of 0.8 mm to
obtain the roughness profile and separate it from the waviness profile. Roughness measurements on
each of the sample surfaces were performed in different direction (0◦, 90◦, +45◦ and −45◦), using a
measuring length of l = 12.5 mm. Afterwards, the average surface roughness value was calculated as
the mean arithmetic value Ra.

2.3. Microhardness, Residual Stress and Wear Analyses

Through-depth micro-hardness measurements prior to and after LSA were performed in
increments of 50 µm to the depth of 900 µm, using a Vickers Hardness (HV) tester (Leitz, Wetzlar,
Germany) at a constant 100 g load and 15 s indentation time. Measuring depth was chosen to obtain
an insight to the microstructural variation within the coating, interface region, laser melted (LMZ) and
heat-affected zone (HAZ) and the substrate material region of LSA coated samples using different LEDs.
In average two separate measurements for each data point were performed and an average value and
a standard deviation were calculated. Due to differences in the coating thickness the coordinate origin
of the depth (x = 0) has been placed at the coating-substrate interface. Further, in the coatings eighteen
measurements was conducted at the middle of the coating, in a randomly selected position, at intervals
of 500 µm. Afterwards, average microhardness and a standard deviation was calculated.

Surface transverse σx and longitudinal σy residual stresses (RS) on the LSA coated samples in
regard to the processing direction (Figure 1) were estimated from the Al {311} diffraction peak of Cr-Kα
X-rays (2.291 Å) located at the angle 2θ = 139◦ by a iXRD system (Proto Manufacturing, Oldcastle, ON,
CN) using a 2.0 mm collimator. For each measurement point the side inclination method with 9 beta
angles with 5◦ oscillation was adopt and the sin2ψmethod with a Gaussian profile fitting was applied
for the residual stress analysis. The X-ray elastic constant S2/2 used was 19.54 × 10−6 MPa−1.

Tribological wear tests were performed with a TE77 device (Phoenix Tribology Ltd., Newburg, UK)
using a reciprocating non-lubricated sliding configuration with an Al2O3 ball, at ambient temperature
of 23 ◦C. Test parameters were as follows—5 mm stroke length, oscillating frequency of 2 Hz, normal
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load of 30 N and 7200 cycles (t = 30 min). Same parameters were used for both, the LSA processed as
well as for substrate material samples, whereas prior to the test execution LSA coated samples were
grinded to achieve the same surface roughness as the base material (BM) and cleaned in an ultrasonic
bath of acetone. Each experiment was repeated two times and an average value of coefficient of friction
(COF) at the end of the test were calculated. Afterwards, measurements of the cross-sectional areas
for the calculation of the worn volume (area multiplied by the average length of the footprint) were
assessed by a measurement microscope (Nikon, Tokyo, Japan) at four different locations of the groove
and averaged.

2.4. Corrosion Analysis

All electrochemical experiments were conducted, on both the untreated Al alloy and LSA coated
samples, using a PAR (Princeton Applied Research) Versastat-4 potentiostat/galvanostat/ZRA and
controlled by Versa Studio software (version 2.44.4, PAR/Amtek, Oak Ridge, TN, USA). In the present
study naturally aerated (T = 23.3 ± 0.4 ◦C) 0.5 M NaCl aqueous solution, freshly prepared before
each experiment, from laboratory grade NaCl (Sigma Aldrich) and deionised water was used as an
electrolyte. Immediately prior to each corrosion experiment, samples were cleaned and degreased in
an ultrasonic bath of ethanol followed by deionised water for 3 min each. All samples were prepared
and cleaned in the same manner, with the utmost caution. Afterwards, the samples were embedded in
a PAR Teflon holder, which served as the working electrode with an exposed surface of 1 cm2 and
then immediately transferred to the electrolytic cell. A conventional three-electrode with a volume of
700 mL cell was employed with a saturated calomel electrode (SCE) as the reference electrode, a pair
of graphite rods as the counter electrode and the test sample as working electrode. Each experiment
was conducted in the same manner and was carried out two times; afterwards the average of the data
along with the standard deviation was calculated in order to obtain reproducibility of the results.

Prior to the initiation of cyclic polarization (CP) test, the surface condition of the working electrode
was stabilized at open circuit potential (OCP) and Eocp = f [t] measurements were provided during
an incubation period of 1 h. Afterwards, the corrosion potential Ecorr, was determined at the end of
the stabilisation process. Followed by OCP, CP scans were initiated towards anodic direction from
−200 mV with respect to the OCP at a sweep rate of 0.5 mV/s. The forward scan was then reversed to
cathodic direction at the switching potential (Esw), obtained at a predefined threshold current density
of 1 mA/cm2 and progressed towards the initial potential. After completion of CP test, samples were
cleaned ultrasonically in alcohol, rinsed gently with deionised water, dried and stored in a desiccator
prior to observation of corroded surface under SEM microscope.

Corrosion potential (Ecorr) and corrosion current density (icorr) were extracted by the Tafel
extrapolation method by using a computer least square analysis with the smallest possible error of
fit [39–41]. Furthermore, switching potential (Esw) and the potential at which pits repassivate on
reverse scan (Eprot) were also obtained [42]. Moreover, in order to obtain quantitative information
a protective efficiency (PEF) [3,43], was also calculated (PEF (%) = (icorr,BM − icorr,LSA)/icorr,BM × 100),
based on the corrosion current density of the base material sample (icorr,BM) and of LSA composite
coating samples produced with different LEDs (icorr,LSA), respectively.

3. Results and Discussion

3.1. Surface Morphology and Microstructural Analysis

Figure 2 shows a typical SEM image of LSA coating with hierarchical/multidirectional structures
(left image) as a collateral effect of the raster-type laser scan pattern, constant melting and deposition
of the recast material in the form of droplets at higher magnification (right image). Surface roughness,
after laser processing, depends on the method of laser operation and laser parameters. In general,
the application of different LEDs during LSA result in different effects on the melting of the pre-deposited
coating and substrate. At lower LED values, the thermal input is lower, hence the remelting of the coated
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layer is smaller, rendering the surface more severely. Accordingly, the mean arithmetic roughness
of the coated sample produced with 13.3 J/mm2 and 20 J/mm2 were 3.7 ± 0.4 µm and 3.3 ± 0.4 µm,
respectively. Nonetheless, both samples resulted in similar effects on the melting of the pre-deposited
coating and substrate, which is also reflected in similar coating roughness. This is a good indicator of
control and effectiveness of the process. Hence, a proper physical quality of the resultant coating that
affect mechanical and chemical performance during its application can be anticipated [15].
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Figure 2. SEM morphology of the LSA TiC/TiB2/Al coating processed with LED of 13.3 J/mm2 at lower
magnification (left) and at higher magnification (right).

Figures 3 and 4 depicts typical cross-section SEM and EDS map images of the element distribution
in cross section of the LSA coated sample after a subsequent surface grinding, respectively. The method
of the pre-deposition of the precursor material to the substrate surface resulted in the anticipated
coating thickness deviations, which, however, have no significant effect on further results. The average
LSA coating thickness produced with 13.3 J/mm2 and 20J/mm2, in the as-is condition, were 149 ± 2 µm
and 134 ± 3 µm, respectively. Since the coated samples processed with different LEDs showed no
significant differences in the microstructure through-depth variation, only one sample, that is, after
processing with 20 J/mm2 was chosen for the presentation. The reinforced particles in the coatings
occupy approximately 60–65 vol.% of the total coating volume, being relatively uniformly distributed
in the Al matrix but vary in the size (Figure 3a). EDS elemental map of the top coating/interface region
in Figure 4a depict that Ti-rich zones consist of TiB2 and TiC particles whereas the coating matrix is
distinguished by the Al rich zone. More importantly, magnesium EDS map revealed alloying effect by
the transition of Mg to the coating. As the Mg and Al maps overlap, this indicates the formation of
new Al-Mg solid solutions. Mg originated from the substrate Al alloy (AlSi1MgMn) during/after the
LSA process since the diffusion coefficient of Mg liquid phase is much greater than for Al-solid phase
in the top coating that has rapidly solidified. Hence, the Al/Mg interface also migrated toward the
Al-solid phase in the coating [44].

However, the microstructure characteristics of the laser alloyed coatings (e.g., particle size and its
distribution) were not influenced by the different LEDs. Moreover, both laser-alloying coatings are free
of cracks with low content of porosity and a sound bonding with the continuous and smooth interface
between the coating and the substrate. The combination of LSA parameters (power and scanning
speed) provided sufficient energy input for the ceramic powder, of low thermal conductivity and the
substrate to obtain sufficiently high temperature. Substrate below the coating was efficiently melted,
which is of utmost importance to obtain good adhesion between coating and the substrate material.

Measurements of the laser melted zone (LMZ) depth revealed that the thickness of LMZ increases
with greater energy input. The depth of LMZ produced with 13.3 J/mm2 and 20 J/mm2 were 208 µm
and 300 µm, respectively. LMZ at the depth of 100 µm below the interface region (Figure 3b) revealed
a remarkably fine distribution of nano-precipitates in the range of 50 nm, consisting of Al, Si, Mg, Mn
and Fe (Figure 4b).
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Figure 3. Cross-section SEM/BEI micrographs of the LSA TiC/TiB2/Al composite coating processed
with LED of 20 J/mm2; (a) larger region at lower magnification, (b–d) magnified images corresponding
to the specific region below the interface, marked on (a).

These findings indicate that during the LSA process, a temperature was high enough to cause
complete melting of the substrate surface below the coating. Due to rapid local solidification, the surface
transformed and fine columnar microstructure was formed [12]. Moreover, as evident from Figure 4
high solidification rate during the LSA process caused the alloying elements of the particles to dissolve
and mix within the melted layer and then formed fine precipitates [45], which however were still in
the “under-aged” condition. The size of the resulting newly formed grains in the LMZ depend on the
temperature of the melt during heating and cooling rate. The cooling rates gradually decreased with
the depth of the LMZ. Therefore, fine microstructure emerged on the top surface, in the proximity of
the interface region, where the cooling rate was the highest, transformed into a coarser microstructure
at greater LMZ depths [12].

At the depth of about 200 µm below the interface region (Figure 3c) microstructure exhibit larger
columnar grains oriented towards the substrate and the presence of Mg-Si solute-rich grain boundaries
(GBs), as can be seen in Figure 4c. Grain coarsening effect is even more evident at the depth of
300 µm (Figure 3d). Here, the largest, coarse columnar grains near the fusion zone are observed,
that had grown epitaxially in the direction from the un-melted substrate towards the surface [46].
Beyond this interface, the microstructure was columnar-dendritic which is typical of cast aluminium
alloys. Figure 3d depict a distinct boundary between the fusion zone and the substrate material,
with unpronounced heat-affected zone, which is typical with laser processing of heat treatable Al
alloys [45–48]. Nonetheless, microhardness results (given in the next sections) revealed the HAZ
region exceeded a depth of 900 µm, below the interface region, due to the high heat input during
LSA process. Excessive heat input has contributed to partially annealing and over-aging effect,
contributing to pronounce coarsening of precipitates (Figure 4d) by the coalescence of smaller soluble
intermetallic phases [45]. Moreover, in contrast to Figure 3c, where only a few “lonely” GBs were
present, a significant feature of segregation and not fully dispersed solute-rich grain boundaries
consisting of Mg and Si (Figure 4d) was observed in the proximity of the fusion zone. Both, that is,
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continuous and discontinuous GBs bands could be evident (marked in Figure 3d), which may arise from
the particles melting, liquation and formation of solute-rich particles along the grain boundary [45,48].
The region with a reduced number of fine, high density precipitates generally represent the weakest
zone, hence poorer mechanical and corrosion properties may be anticipated therein.
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Figure 4. Cross-section EDS elemental distribution maps of the LSA TiC/TiB2/Al composite coating
processed with LED of 20 J/mm2 corresponding to the specific regions marked on Figure 3; (a) at the
coating/surface interface, (b) 100 µm below the interface, (c) 200 µm below the interface and (d) 300 µm
below the interface region.

XRD analysis of LSA composite coatings on the very top surface revealed the presence of primary
TiB2, TiC, Al phases and secondary B2O3, Al4C3, Al2O3 and TiO2 phases (Figure 5). A thin passive
Al2O3 film was formed as a consequence of spontaneous aluminium oxidation on atmosphere [5,49].
Titanium dioxide (TiO2) is generally formed by the oxidation of the TiC or TiB2, while B2O3 is formed by
the oxidation of the TiB2 [50,51]. Furthermore, it is assumed that after the decomposition of TiC, carbon
reacted with aluminium to form aluminium carbide Al4C3 [9,52], at the temperature of approximately
940 K [2].

However, one of the major disadvantages associated with LSA process is that it create significant
rippling and roughening of the treated surface. This rippling results from two major factors, namely
the fluid flow resulting from the shear stresses on the molten film caused by the gradient in surface
tension of the liquid film and the vapour pressure above the molten film, which depresses the liquid
film [53]. The surface roughness is an important parameter in the tribological contact analysis [17].
During the sliding or rolling of two rough surfaces, the tips of an uneven hard ceramic-coated layer
will scratch the opposite surface, resulting in higher friction and wear, especially in the initial sliding
phase. Moreover, the surface roughness of the coated layer directly affects the oxidation and corrosion
resistance [13]. Flat and smooth surface is likely to be chemically less active in comparison to the rough
surface, with a high degree of asperities.
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Figure 5. X-ray diffraction (XRD) pattern of the coating produced using different LEDs.

However, wear and corrosion resistant materials are not usually used in the as-treated condition.
Therefore, laser alloyed components has to be submitted to some surface finish operation like machining,
grinding or even polishing for wear and corrosion applications. Due of this fact, prior to commencement
of wear and corrosion experiments, the laser-alloyed coated surfaces were ground using 320–4000 grit
SiC papers to achieve an average roughness of 0.8 ± 0.1 µm to match the surface roughness of the
untreated Al alloy substrate (i.e., 0.8 ± 0.15 µm).

3.2. Microhardness, Residual Stress and Wear Analyses

Figure 6 illustrates the comparison between top-surface RS and near-surface Vickers
micro-hardness (Figure 6a) of LSA samples produced with different LEDs along with the microhardness
in-depth profiles of the substrate, Al alloy 6082-T651 and LSA coated samples (Figure 6b).
Microhardness measurement confirmed the differences in the microstructure of individual regions,
where in the laser-melted zone (LMZ) and the heat-affected zone (HAZ) of LSA coated samples lower
values were obtained compared to the untreated Al alloy 6082 in the T651 state (97 ± 4 HV0.1) due
to heat generation during laser coating processing. Reduced hardness in LMZ was also reported
by Katipelli et al. [9] in their research. The relatively low microhardness of LMZ and HAZ was
attributed to the dissolution/redistribution of precipitates during LSA process. However, with low
laser power the coating and the substrate cannot react adequately, leading to poor metallurgical
bonding [4], whereas microhardness of the LMZ and HAZ can easily be improved by the subsequent
heat treatment process [14]. Nonetheless, the average microhardness of both LSA coated samples
(Figure 6a) were in the range of 164 ± 62 HV0.1, which is 69% higher compared to substrate Al
alloy. Otherwise, the mean microhardness of sample processed with 13.3 J/mm2 and 20 J/mm2 was
148 ± 30 HV0.1 and 181 ± 80 HV0.1, respectively. Relatively high microhardness deviation is attributed
to the different size of reinforced particles and their distribution in the coating.

Randomly selected measurements at the middle of the coating, at intervals of 500 µm, confirm
large differences in the microhardness value in dependence of its location (if the measurement was
taken on the big and hard reinforcement or if the measurement was conducted in region devoid of
reinforcement). Contrary to our results, considerable higher microhardness increase, up to 29 times [7]
compared to the original substrate was reported. The main reason for that is the addition of Al to
TiB2-TiC ceramic precursor mixture to improve adhesion, which on the other hand does not significantly
improve microhardness. Moreover, Yang and Hu [54] reported that different power densities contribute
to the formation of different phases in the alloyed layer, whereas non-equilibrium phases decrease with
increasing laser power density. In contrast, Nath et al. [7] argued, that with increased power density
the depth of alloyed zone increase as well, however too high power density cause excessive ablation
and evaporation of surface elements and micro-cracks can be generated predominantly due to carbide
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dissolution. In the present study, no significant variation in the phase constituents as the function of
laser energy density was observed.

Afterwards, to investigate the thermal/softening effect due to the heat input produced during LSA
process, additional XRD RS measurements were performed on the top surface of the coated samples.
Despite high temperature input during LSA process, subsequent melting, recast deposition in the form
of molten droplets (Figure 2 (right image)) and relatively large LMZ region (Figure 3), compressive
residual stresses (CRS) were measured in both coated samples. For the coating application, CRS are
favourable because the surface is able to carry heavier loads and increase the life span. On the contrary,
high tensile or shear stresses may result in cracking or the expansion of existing cracks and are therefore
undesired. Most likely, CRS originate from the differences in the coefficient of thermal expansion at
the coating/substrate interface and/or phase transformations during rapid cooling and solidification.
If the coefficient of thermal expansion of the substrate is higher than of the coating and assuming no
deformation of the substrate, compressive thermal stresses would have developed in the coating and
vice versa [15,55].
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Figure 6. (a) Comparison of surface residual stresses and near-surface microhardness in the LSA
samples (Inset: HV indentations on the specific region showing the reason for high microhardness
deviation) and (b) through-depth microhardness profiles.

Sample processed with LED of 20 J/mm2 achieved a bit higher CRS (σy = −16.59 ± 5.88 MPa and
σx = −7.24 ± 4.57 MPa) compared to the other sample, which was processed with 13.3 J/mm2 (σy =

−12.09 ± 7.25 MPa and σx = −6.93 ± 4.53 MPa). Results depict smaller CRS values in x-direction of
laser motion compared to the advancing, y-direction (see Figure 1). These results are consistent with
results reported by other authors dealing with laser treatment on Al alloys [15,43,46].

Often, the greater the hardness, the higher the wear resistance reflecting in lower cumulative
mass loss. However, the wear mechanism in case of metal matrix composite is much more complex
and can completely differ from classic mechanisms, present in materials with single constituents.
Moreover, wear processes strongly depend on microstructural configuration, whereas higher bonding
strength between the reinforced particles and soft matrix contributes to lower mass loss [10]. In our
case, wear test results confirm the same wear behaviour for both coated samples processed using
different LEDs. Wear volume results after the 30 min test presented in Figure 7a clearly depict that both
LSA coated samples experienced almost 7-times lower wear volume loss compared to the untreated
Al 6082-T651 alloy. The wear volume losses for LSA samples treated with 13.3 J/mm2 and 20 J/mm2

are almost the same, that is, (0.34 ± 0.01 and 0.34 ± 0.04) mm3, while the untreated sample lost
2.34 ± 0.33 mm3 volume due to wear.
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Figure 7. (a) Wear volume and coefficient of friction (COF) results of the substrate material and samples
processed at different LEDs; (b–d) SEM/SEI images of wear scars of LSA coated sample processed with
20 J/mm2.

Metal matrix composites offer considerable enhancement of wear resistance, because the hard
ceramic reinforcements impede the removal of material from abrading surfaces [29]. Moreover, it has
been shown [7,8], that proper microstructural alteration, bonding, volume fraction, type, shape, size and
distribution of the reinforcement particles in metal matrix composites, intermetallic phases and their
relationship has to be taken into account when engineering a wear resistant MMC coating. Nath et al. [7]
reported significantly lower wear rate of LSA sample due to increased surface hardness. On the other
hand, Mabhalli et al. [8] has shown that no direct correlation between hardness and wear resistance
exists. Present study revealed no significant variation in the amount and shape of reinforcement as
function of laser energy density. In view of this, no differences in the wear behaviour of specific coated
samples by different laser coating parameter could be anticipated. Nonetheless, the obtain results
clearly indicate that wear resistance of Al alloy can be significantly improved by LSA of TiB2/TiC/Al
composite coatings due to proper interface, crack-free microstructure, higher hardness and induced
compressive RS.

Figure 7b shows the worn surface morphology of the LSA sample treated with 20 J/mm2 after
30 min sliding time. It is evident that the worn surface is relatively smooth with abrasive scratches and
some adhesive characteristics. Moreover, wear debris is also observed on the wear surface. In the worn
track abrasive wear with many scratches parallel to each other in the sliding direction and adhesive
grooves was clearly observed at higher magnification (Figure 7c,d). Delamination by adhesion due to
the occurrence of the stick-slip phenomenon is resulting in progressive degradation of the surface [56].

The adhesive wear led to tearing out of relatively large particles of metals from the rubbing
surfaces thereby leading to permanent material loss. Moreover, junction formation and interlocking
of asperities between the mating surfaces may result also in dislodging of hard TiB2/TiC particles,
which ploughs into the surface and contribute to progressive degradation of the sample surface.
Hence, the material loss will depend on how loosely bond the worn-out material is adhered to the
surface [25]. However, the wear mechanism of the coatings in this study is mainly comprised of abrasive
and adhesive wear. Similar results also reported by other researchers [22,25]. On the other hand, Dai et
al. [19] reported that the wear mechanism of the coating is only abrasive wear. However, in the present
study Al was added to TiB2/TiC, resulting in adhesion characteristics on the worn coating surface.

Although, coefficient of friction (COF) provides direct information about the tribology system
and the energy to deform the surface of the material, it is not necessarily a direct indication of material
loss or separation of loose debris from the surface [9]. COF results after 30 min test presented in
Figure 7a indicate non-appreciably effect of LED. Moreover, the average COF obtained with TiB2/TiC/Al
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composite coating was approximately 29% higher compared to the untreated alloy (0.57 ± 0.004 vs.
0.44 ± 0.02). Various authors [22,57] dealing with wear behaviour after LSA treatment reported
reduced COF value compared to the original substrate, which is opposite to result from this work.
Nevertheless, in their studies different alloying elements and substrates were investigated and this
clearly affects the friction behaviour of surfaces in contact. It has been reported that laser alloying
with TiN result in considerably lower coefficient of friction [31]. Yean et al. [22] reported significant
reduction of COF, using the Ni-Cr-20 wt.%TiB2-2 wt.%CaF2 composite coating compared to the copper
substrate (0.24 vs. 0.45), especially since CaF2 is a well-known and widely used solid lubricant.
On the other hand, the adhesion strength of the coating/substrate interface has often been a serious
problem, which reflected in coating detachment and high COF, that is, in the range of 0.4 to 0.9 [58].
Thus, many researchers reported significantly lower COF values of the substrate material compared to
the LSA coated surface performed on aluminium [7] and titanium [17]. Although, results in this study
confirmed the beneficial effect of LSA on Al alloy substrate, reflecting in reduced wear, increase of
COF would probably be unsuitable for practical sliding component applications like bearings or piston
rings vs. cylinder wall contacts [58].

3.3. Corrosion Analysis

3.3.1. Open Circuit Potential

The open circuit potential curves of LSA coated samples and substrate/untreated Al 6082 alloy in
a 0.5 M NaCl water solution are displayed in Figure 8. Potential-time transients indicate more negative
(active) value of the substrate material sample compared to LSA ones, with lower fluctuations and
a gradual potential decrease. In contrast, both laser-alloyed samples demonstrate higher potential
values, whereas sample after laser processing with LED of 13.3 J/mm2 indicate much higher OCP
fluctuations compared to the other two samples (10.7 mV vs. 2.8 mV and 2.1 mV). This could be due to
the possible dissolution/breakdown/rupture and partial repair/rebuilding effect of the surface layer or
it can be an indication of the pitting attack on the laser processed samples [3].

Figure 8. Open circuit potential of different samples in 0.5 M NaCl solution over a period of 1 h.

Nonetheless, all samples achieved steady-state potential after 60 min, indicating an equilibrium
state at which the rate of oxidation equals that of reduction, that is, anodic and cathodic reaction at
the working electrode/solution interface were balanced [13,43,59]. Further, both laser-alloyed coatings
exhibited higher potential Ecorr values at the end of the stabilization process compared to the substrate
Al alloy (−734 mVSCE and −738 mVSCE vs. −787 mVSCE). Similar results, that is, small potential
differences between laser-alloyed and untreated samples was confirmed in our previous research [13]
where different ratios of powder precursor material had been applied for LSA process. Therein, more
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stable, corrosion resistant surface was confirmed during immersion in the corrosive environment,
despite small Ecorr ennoblement. To investigate if this holds true also for these LSA processed samples
and since OCP transients does not reveal the underlying corrosion kinetics and mechanism of corrosion
additional cyclic polarization scans were conducted.

3.3.2. Cyclic Polarization

The cyclic polarization (CP) method enable a detailed insight about the material propensity
towards localized corrosion phenomenon, for example, pitting corrosion (a qualitative view of pitting
corrosion mechanisms and the tendency of a material to undergo surface pitting) when exposed
to specific corrosive environment [3,59]. Cyclic polarization curves corresponding to LSA samples
produced with 13.3 J/mm2 and 20 J/mm2 are shown in Figure 9a,b, respectively. Results of each
laser-alloyed coated sample are presented on a separate graph along with the untreated Al alloy
substrate for better and distinctive comparison.
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processed samples with (a) 13.3 J/mm2 and (b) 20 J/mm2.

Both LSA samples clearly shows similar behaviour, which is expected since the same TiB2/TiC/Al
powder precursor has been used and only different laser energy density (LED) was applied during
the manufacturing process. However, in contrast to CP curve of the untreated samples, where a
sharp current increase during anodic polarization was present, after LSA process a partial passivation
behaviour is observed. Afterwards, increase in anodic current due to a stable pit growth or pit
propagation is observed with a well-defined hysteresis in the reverse cathodic region. This fact
confirms that both, the untreated Al alloy substrate and laser-alloyed coatings are susceptible to pitting
corrosion [60]. Further, although TiC and TiB2 coating generally exhibit good passivation behaviour
in a NaCl solution, the active/Al part of the coatings prevented expressive passive plateau, as the
potential continuously increases with increasing current density [1,3,60,61].

Table 1 lists the results of active dissolution potentials obtained from cyclic polarisation tests,
including the average values of protective efficiency (PEF). The corrosion potential Ecorr and corrosion
current density icorr were extrapolated using the Tafel extrapolation method. Improvement of
all dissolution potential parameters, that is, Ecorr, Esw and Eprot, are obtained after laser alloying
due to modification of the passive layer. In general, the more negative the Ecorr, more actively
the surface corrodes. The most positive (noble) Ecorr potential exhibit the sample processed with
13.3 J/mm2 (−715 ± 12 mVSCE), while the uncoated Al alloy exhibited the most negative Ecorr value
(−744 ± 17 mVSCE). However, small difference of corrosion potential values and coating variability,
a direct conclusion on the relative nobility of the different coatings solely on the basis of Ecorr cannot be
drawn [62]. Further, the most positive protection potential Eprot exhibited the sample processed with
13.3 J/mm2 (−754 ± 7 mVSCE), while the highest switching potential Esw is observed after LSA with
20 J/mm2 (−555 ± 6 mVSCE).
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Table 1. Electrochemical parameters obtained from the CP curves in 0.5 M NaCl solution.

Parameter
Sample Designation

Untreated Al Alloy Laser Treated/13.3 (J/mm2) Laser Treated/20 (J/mm2)

Ecorr (mVSCE) −744 ± 17 −715 ± 12 −720 ± 11
Esw (mVSCE) −701 ± 11 −574 ± 8 −555 ± 6
Eprot (mVSCE) −795 ± 14 −754 ± 7 −757 ± 13
icorr (µA/cm2) 29.4 ± 2.86 3.38 ± 0.35 3.12 ± 0.29

PEF (%) / 88.50 89.39
Esw − Ecorr (mV) 43 ± 6 141 ± 4 165 ± 5
Ecorr − Eprot (mV) 51 ± 3 39 ± 5 37 ± 2

Moreover, the highest icorr reduction (3.12 ± 0.29 µA/cm2) was obtained with the sample processed
with higher LED (20 J/mm2), while the untreated Al alloy sample obtained icorr of 29.4 ± 2.86 µA/cm2.
This confirm 9.4 times lower corrosion current density value after LSA treatment. Sample processed with
13.3 J/mm2 achieved 8.7 times lower icorr value compared (3.38 ± 0.35 µA/cm2 vs. 29.4 ± 2.86 µA/cm2).
Further, the average protection efficiency results indicate an obvious beneficial effect of the laser
alloying process with both laser energy densities, with the highest value of 89%. The substantial
enhancement in PEF compared to untreated Al alloy may be attribute to suppression of the cathodic
reaction rate due to the microstructure/phases developed during LSA.

All these electrochemical values indicate the worst corrosion resistance of an untreated/substrate
sample in a test solution. In addition, the most important ∆E parameter to describe the resistance
to the pitting corrosion in chloride containing solution, that is, Esw − Ecorr and Ecorr − Eprot, were
examined. The larger value of Esw − Ecorr, indicates a lower degree of anodic dissolution of material,
while a smaller value of Ecorr − Eprot presents an improved ability for material repassivation [3,43,63].
Results of ∆E trends in Figure 10 confirm that both laser-alloyed samples provide lower dissolution
in the anodic scan and better and faster ability for repassivation in the cathodic scan afterwards the
corrosion has occurred.
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Afterwards, to obtain additional insight of general resistance against anodic dissolution in a Cl¯
environment, the ∆E/∆i gradient, proposed by Trdan et al. [63,64], was considered. Analysis confirmed
a distinctive shift in ∆E/∆i gradient with the LSA samples, with more than 211% higher value compared
to the untreated one. For the comparison, untreated sample achieved a value of 43.64 ± 5.24 VA−1cm2,
followed by sample processed with 13.3 J/mm2 (135.93 ± 17.67 VA−1cm2), whereas the sample treated
with 20 J/mm2 achieved a maximum value of 164.67 ± 18.11 VA−1cm2, which is 277% higher ∆E/∆i
gradient obtained with the untreated Al alloy sample. These results imply a substantial increase in
corrosion resistance of LSA TiC/TiB2/Al composite coated samples compared to the untreated/substrate
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Al alloy sample. Increased resistance to anodic dissolution and reduced pitting propagation rate can
be attributed to more chemical stable surface state and to the development of surface CRS [43,65].

Figure 11 shows typical SEM/BEI micrographs of the surface condition after polarization tests of
LSA TiC/TiB2/Al composite coating sample (Figure 11a) and the untreated/substrate Al alloy sample
(Figure 11b). Since both laser processed samples revealed similar surface condition after the CP test, only
one sample, that is, processed with LED of 13.3 J/mm2 was chosen for the presentation. SEM examination
in Figure 11 indicate pitting attack on both samples, whereas the untreated one shows inferior surface
integrity with intense, widespread crystallographic and pitting attack. Further, EDS analysis of the
untreated sample confirmed that crystallographic corrosion attack occurred by the extensive matrix
dissolution around second phase precipitates (inset on Figure 11b, whitish colour). These cathodic
Al(Fe,Si,Mn) precipitates with high Fe/Mn ratio (Fe = 12.62 wt.% and Mn = 6.29 wt.%) are nobler to the
Al matrix, which cause higher sensitivity and matrix dissolution in the precipitate proximity [42,63].
In contrast, LSA coated samples after CP tests (Figure 11a) revealed great improvement with lower
intensity of corrosion attack. Although, some corrosion attack was detected it was mainly confined to
few isolated regions (possible areas of non-homogeneity, proximity of intermetallic particles, etc.).
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TiC/TiB2/Al composite coating processed with LED of 13.3 J/mm2 and (b) untreated/substrate Al
alloy sample.

However, SEM observations at higher magnification, with the support of EDS analyses revealed,
that similar to the untreated Al sample, pitting attack occurred by Al matrix dissolution near nobler
intermetallic phases. Such phenomenon is rather logical and expected since Al powder was added to
the coating in order to improve the binding and adhesion properties of the interfacial layer but at the
same time, increases the corrosion susceptibility. In addition, EDS analysis confirmed almost 2-times
lower Cl¯ incorporation in the corrosion product on the LSA surface than with the untreated sample.
Nonetheless, with all samples, cracks in the corrosion products (inset in Figure 11b) inside the pits
were detected due to dehydration after exposure to ambient conditions.

Considering the cyclic polarisation results and SEM observations, it can be concluded that the
LSA composite coated samples experienced enhancement in the corrosion resistance in comparison
with substrate Al alloy. These are consistent with results reported by Alkhateeb et al. [62], where it
was shown that boron content inside Ti-based coatings is highly beneficial in increasing a coating
corrosion resistance.

Moreover, TiB2 dissolution has been shown to result in formation of insoluble hydrated titanium
dioxide film which further reduces the corrosion rate. Diao et al. [66] reported that ultrafine structured
TiC and TiB2 improve corrosion performance, having the highest performance with the lowest scan
speed of 4 mm/s. Due to the low scanning speed, the composite coating can absorb more power and
hence the homogenization of chemical compositions and phases occur.

However, the corrosion resistance of Al and its alloys is not only affected by the bulk microstructure
but also the presence of surface defects, which are generated during fabrication process [3]. In the
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present study, both coatings were of low porosity and without any cracks. However, the LSA sample
processed with higher laser energy density exhibited reduced corrosion current density, lower anodic
dissolution and improved ability for material repassivation and reducted pitting attack. Similar results
were also reported by Rajamure et al. [3], where higher corrosion resistance was confirmed after LSA
using the higher LEDs.

4. Conclusions

TiB2/TiC/Al coatings with different laser energy density were produced on Al alloy
6082-T651 substrate by LSA process, which effectively improved mechanical, wear and corrosion
resistance. Based on the experimental results the following conclusions can be drawn:

(1) The TiB2/TiC/Al coatings were successfully fabricated with LEDs of 13.3 J/mm2 and 20 J/mm2 and
were free of defects with sound bonding to the Al substrate.

(2) The average microhardness of the coating is about 69% higher than the untreated material. LSA of
Al alloy with TiB2/TiC/Al does not significantly improve microhardness, due to the addition of Al
powder to TiB2-TiC ceramic precursor mixture to improve adhesion properties.

(3) The coating shows exceptional improvement of wear resistance. After the wear test, the LSA
coated samples experienced about eight times lower wear volume loss than the substrate.

(4) From the CP results, it is clearly understood that the untreated/substrate Al alloy shows inferior
corrosion resistance compared to the laser processed samples, mainly due to the following facts;
(i) substrate Al sample revealed no passive behaviour (while the LSA samples exhibited partial
passivation); (ii) untreated Al sample has a much higher corrosion current density (8.7 times
higher compared to LSA sample processed at 13.3 J/mm2 and 9.4 times higher compared to the
LSA sample processed at 20 J/mm2); (iii) higher anodic dissolution (smaller value of Esw − Ecorr)
and (iv) more defective surface/higher susceptibility to pitting attack (large value of Ecorr − Eprot)
compared to the laser processed TiB2/TiC/Al composite coated samples.

(5) SEM analysis confirmed complete prohibition of crystallographic pitting with LSA samples
due to reduced fractional area of liquid-solid interface with chemically more stable
surface which prevented the ‘chain-link’ crystallographic corrosion effect, detected with the
untreated/substrate material.
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