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A B S T R A C T   

Aluminium alloys are widely used structural materials in automotive, aerospace, and transportation, among 
several other notable industries. However, aluminium alloys’ low hardness and poor tribological performance 
prevent potential use in applications requiring high contact pressures and wear resistance. This paper presents a 
novel two-step technique for enhancing the mechanical properties of the aluminium alloy by impregnating the 
surface with Ni-coating containing hard TiO2 nanoparticles using a high-intensity electric arc generated during 
tungsten inert gas welding. The results show that the process significantly changes the Microstructure and 
mechanical properties. The surface hardness increased from 0.48 GPa to 0.65 GPa with a corresponding change 
of Young’s modulus from 15 GPa to 24 GPa of the treated surface.   

Introduction 

Traditionally aluminium is one of the lightest structural materials 
available and finds extensive applications in numerous industries that 
require materials with high strength-to-weight ratios and corrosion 
resistance. In its natural state, aluminium carries a face-centred cubic 
structure (FCC) with a density of approximately 2.7 g/cm3. The FCC 
structure has several available slip systems with a close-packed slip 
plane, which gives the high material ductility and superplasticity for 
which it is commonly known. Aluminium alloys of type 2XXX, 5XXX, 
6XXX and 7XXX are used extensively in the automotive industries due to 
their high ductility, formability and corrosion resistance, among many 
other essential properties [1]. Unfortunately, along with high ductility 
comes low wear resistance, which limits their applications to those not 
requiring high contact load and significant tribological performance 
[2,3]. While the addition of alloying elements such as Cu, Mg, Si, and Zn 
leads to the precipitation strengthening due to the formation of inter-
metallic compounds CuAl2, Mg2Si, and MgZn2 that marginally increases 
the strength and wear resistance of the alloys, it is generally insufficient 
to cause a substantial increase of the wear resistance of the alloy. For 
high load situations, typically encountered in aerospace and automotive 
applications, which require high wear resistance, high thermal stability, 
high specific stiffness and corrosion resistance, aluminium metal matrix 
composites (Al-MMCs) are used [1]. Particle reinforced Al-MMCs consist 
of an aluminium metal matrix and dispersed ceramic such as Al2O3, 

SiCp, WC, B4C, or TiC [4]. The difference between the properties of the 
aluminium matrix and the ceramic reinforcement increases the com-
posite’s mechanical properties. The reinforcing phase can be added 
using the stir casting process resulting in dispersion strengthening [5]. 

Over the last decade, several other techniques have been explored to 
develop a surface layer imbued with functional properties that enhance 
the tribological behaviour of aluminium alloys [2,6,7]. The most 
frequently used methods include chemical vapour deposition, hard 
anodising [8], nitriding, plasma electrolytic oxidation (PEO) [9], phys-
ical vapour deposition (PVD), thermal spray processes [10,11], elec-
troless or electroplated nickel [12,13] and ion implantation, among 
others. Recent studies have shown that hard anodising and plasma 
electrolytic oxidation has demonstrated the most significant promise for 
improving surface hardness and wear resistance [14,15]. The hard 
anodising of aluminium surfaces has been explored extensively to 
enhance the functional characteristics of the aluminium surface [16]. 
The process is conducted using a standard electrochemical cell in which 
aluminium (anode) is submerged in a solution, and a DC or pulsated 
current is passed through the sample and the solution [17]. The oxygen 
within the solution reacts with the aluminium surface to form a porous 
aluminium oxide outer layer and an inner barrier layer. The coatings’ 
quality and thickness depend on the length of time the current passes 
through the sample and the optimisation of parameters such as current 
density, temperature, and chemical concentration. Lower bath temper-
ature is essential to achieving good coatings. Kwolek et al [18] used 
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pulsated current as a way of avoiding the burning phenomenon due to 
heat dissipation during the coating process. The results confirm that the 
technique produced the lowest bath temperature of 4 ◦C. 

On the other hand, plasma electrolytic oxidation (PEO), also known 
as micro-arc oxidation or anodic spark deposition, has shown substantial 
promise for modifying the surface properties of light metal alloys to 
increase wear resistance [19]. The process modifies the hard anodising 
process by applying a field current greater than the dielectric breakdown 
field of the oxide [6]. However, the process requires expensive equip-
ment and is still in the embryonic stages of its development. 

This paper, for the first time, presents a novel two-step technique for 
enhancing the mechanical properties of the surface of the aluminium 
alloy by impregnating the surface with Ni coating containing hard TiO2 
nanoparticles using a high-intensity electric arc generated during 
tungsten inert gas welding. 

Materials and methods 

Aluminium (Al-1100) with a chemical composition of 0.93 % Si, 
0.12 % Cu and 98.9 % Al was used in this study. The samples were cut to 
a dimension of 10 × 20 x5 mm using a band saw and prepared by 
grinding progressively on abrasive paper to 1200 grit size and then 
polished using particle impregnated paste of 6 µm and 1 µm diameter, 
respectively. The samples were then cleaned in an ultrasonic acetone 

bath for five minutes. 
The polished surface was coated with Ni deposited from a modified 

Watts Nickle bath solution consisting of 250 g/L NiSO4⋅6H2O, 45 g/ 
LNiCl2⋅6H2O, 35 g/L H3BO3, 1 g/L Saccharin, 1L H2O [20,21] and (20 g) 
50 nm TiO2 nanoparticle with a current density of 5 A/dm2 and a tem-
perature of 50 ◦C. Fig. 1 shows a schematic of the coating process (step 
1) and the surface treatment technique (step 2). Fig. 1(B-C) shows the 
cross-section of the as-deposited coating consisting of TiO2 nanoparticle 
clusters attributed to the agglomeration of the as-received TiO2 powder. 

During step 2, the surface of the coated samples was melted using a 
tungsten electrode with a voltage of 100 V, a traverse speed of 2 mm/s 
and Argon (99.98 % purity) as the shielding gas. The dome-tipped e-
lectrode was positioned at 75◦ to the workpiece and 1 mm above the -
aluminium surface to be melted. The coated aluminium samples were 
surface melted with an electro-sm setting (thoriated 2 % negative) at 75 
Amp. The specimens were fixed to a steel platform to ensure all samples 
were the same distance away from the torch, 1 mm [22]. Each piece was 
prepared by three passes to ensure the complete melting of the sample 
surface. 

Microstructural analysis and hardness testing samples were cut 
transverse to the melted surface and mounted in Bakelite. The surfaces 
were prepared as outlined above and etched with Kroll’s reagent. The 
mounted specimens were polished and analysed using an Oxford scan-
ning electron microscope with energy dispersive spectroscopy (EDS) and 

Fig. 1. (A) Schematic of equipment layout (B) Cross-section of the as-deposited coating (C) Nanoparticle distribution within the coating.  
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a Zeiss Optical Microscope. The compound phases formed at the treated 
surface of the aluminium alloy were determined using a Bruker X-ray 
diffractometer. Mechanical characterisation of the samples was carried 
out using Bruker Hysitron T1 980 Nano-indenter. 

Results and discussions 

Fig. 2 (A) shows the SEM microstructure of the surface-treated 
aluminium samples. The treated layer appears to project 

approximately 500 µm below the sample’s surface and consists of 
several phases, each distinguished by colour and texture. Four specific 
regions are observable in Fig. 2(A and B). The solid light grey phase was 
identified as a Ni-rich region using EDS (see Fig. 2E) attributed to un-
dissolved portions of the nickel coating embedded into the aluminium 
subsurface. Two additional fibrous areas were identified: growing to-
wards the aluminium basemetal and growing towards the treated sur-
face. The grains within the treated layer are consistent with a fine 
columnar structure indicating the solidification direction. EDS analysis 

Fig. 2. (A) SEM microstructure of surface-treated aluminium samples (B) SEM microstructure of surface-treated aluminium samples Second area (C) Detailed view of 
region 2 (D) Detailed view of region 3 (E) EDS spectrum of region 2 (F) EDS spectrum of region 3. 
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of region-3 suggests that the Ni content decreases in both directions, 
moving from the centre of the treated layer towards the surface and the 
basemetal, respectively (see Fig. 2F). 

The enhanced SEM micrograph of region-2 (see Fig. 3(A) shows a 
transitionary zone at 500 µm below the aluminium surface where the 
treated layer meets the base metal. The region is characterised by small 
equiaxed phases close to the basemetal and increases in size while 

changes to columnar-shaped grains growing towards the centre of the 
melted region/treated layer. The EDS composite map (see Fig. 3(B) 
shows that the Ni-rich phase also consists of TiO2 particles distributed 
within the Nickel coating. EDS maps for Ni and Al (see Fig. 3 (C and D) 
confirms the compositional variation across the treated layer’s. The 
absence of nanoparticle clusters within the treated layer suggests a more 
uniform distribution of the reinforcing phase than in Fig. 1 (C). 

Fig. 3. EDS Map of the impregnated layer showing the variation of (A) Detailed view of region 1 (B) EDS composite map of the surface (C) Al content (D) Ni content 
(E) SEM micrograph of the impregnated layer (F) EDS composite map of the region 5 (G) Al content (H) Ni content. 
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Fig. 3(E) shows the cross-section of another part of the treated layer, 
which is quite similar to the Microstructure discussed in Fig. 2(A). The 
Microstructure is characterised by several phases that differ in the fea-
tures’ colour and shape. A Ni-rich phase was observed at the centre of 
the impregnated region with finely distributed light grey phases at the 
transition zones between the basemetal and the impregnated layer, 

increasing in size towards the centre of the treated layer. The light grey 
phase appears to be a thin long cylindrical spinel-like structure within 
the central region. The light grey phase decreases to a finely dispersed 
structure between the central zone and the aluminium surface. The 
composite EDS maps shown in Fig. 3(F) indicate that the light grey phase 
at the centre of the treated region consists of Ni and Al, which are likely 

Fig. 4. Mechanical assessment of aluminium surface impregnated with Ni/TiO2 coating nanoparticles (A) nano-hardness measurements (B) Hardness and Young’s 
Modulus. (C)Nano-wear assessment of aluminium surface impregnated with Ni/TiO2 coating nanoparticles (D) 3D topographical map of the wear scar (E) 2D image 
of the wear scar (F) 3D topographical map of the wear scar. 
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intermetallics formed during the treatment process between Ni and the 
aluminium oxide (see Fig. 3(G and H)). 

The EDS maps and point analysis confirm the treated layer’s 
compositional variation. The technique takes advantage of three com-
mon strengthening mechanisms, grain size refinement within the treated 
layer, solid solution strengthening due to the impregnation/embedding 
of Ni into the treated layer and dispersion strengthening by the nano-
particles distributed within the treated layer. Fig. 4 (A) compares the 
load vs displacement curves for the basemetal and the impregnated 
layer. The data shows that the treated layer experiences less displace-
ment than the basemetal. The quantification of the changes in hardness 
and Young’s modulus is presented in Fig. 4 (B) and confirms that both 
the hardness and Young’s modulus increased in the treated layer 
compared to the basemetal. Similarly, Fig. 4 shows SPM images of the 
wear scar produced during the wear test and highlights the substantial 
differences between the properties of the impregnated layer and the base 
metal. 

The results also showed that the variation of the phase composition 
across the treated layer includes unmelted nickel coating, dispersed 
nano ceramic particles and intermetallics formed during the treatment 
process. 

The scientific literature shows that strengthening in metallic samples 
can be achieved through microstructural changes such as grain refine-
ment, solid solution strengthening and dispersion strengthening using 
reinforcement particles that are either coherent or incoherent with the 
lattice. Particles that are coherent with the lattice have the potential to 
increase the strength of the materials substantially. The grain refinement 
observed within the treated layer is expected to positively impact the 
mechanical performance of the region as predicted by the Hall-Petch 
relationship [23]. Additionally, the presence of nanosized second 
phase particles and the precipitation of intermetallic compounds are 
expected to profoundly impact the mechanical properties of the treated 
layer, as predicted by the Orowan-Ashby relationship [24]. In-
termetallics’ precipitation increases the treated layer’s strength by 
impeding dislocation motion. The effectiveness of precipitates in 
strengthening the treated layer will depend on the precipitates’ size and 
the level of coherency with the lattice [25]. 

The advantage of this two-step process is that it activates several 
strengthening mechanisms within the aluminium sample’s treated layer, 
resulting in substantial improvements in both hardness and wear 
resistance. 

Conclusion 

The study’s objective was to determine if the aluminium surface’s 
wear resistance/ mechanical performance can be improved by impreg-
nating the surface of the materials with Ni coating containing 50 nm 
TiO2 nanoparticles. The results show that the compositional variation 
within the surface of the alloy leads to forming several nickel-rich phases 
surrounded by dispersed nanoparticles. Mechanical characterisation of 
the surface shows that the hardness increased from 0.48 GPa to 0.65 GPa 
with a corresponding change of Young’s modulus from 15 GPa to 24 GPa 
of the treated surface. Nano wear testing confirms that the changes 
developed in the impregnated surface enhance the wear resistance of the 
aluminium surface. Confirming that the mechanical properties of the 
aluminium surface can be improved using this novel two-step process 
reported in this article. 
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