
Alexandria Engineering Journal 104 (2024) 246–260

Available online 26 June 2024
1110-0168/© 2024 The Author(s). Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria University This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

Comprehensive investigation of microwave sintered AlCoCrFeNi/Ti-6Al-4V 
composite: Microstructural insights, mechanical properties, and 
tribological performance 

Mahesh Mandapalli a, U.V. Akhil a, N. Radhika a,*, L. Rajeshkumar b 

a Department of Mechanical Engineering, Amrita School of Engineering, Coimbatore, Amrita Vishwa Vidyapeetham, India 
b Center for Research, Alliance University, Anekal - Chandapura Road, Bengaluru, Karnataka 562106, India   

A R T I C L E  I N F O   

Keywords: 
Ti-6Al-4V 
High entropy alloys 
AlCoCrFeNi 
Microwave sintering 
Tribology 

A B S T R A C T   

Ti-6Al-4 V is an extensively used and highly versatile titanium alloy. It is renowned for its lightweight-to-strength 
ratio, excellent biocompatibility, and corrosion resistance. The pursuit of advanced materials with enhanced 
mechanical strength, and wear resistance has led to the exploration of high entropy alloys (HEA) as particle 
reinforcements. This study combines Ti-6Al-4 V with AlCoCrFeNi HEA at different weight compositions (0 %, 
2 %, 4 %, 6 %, 8 %) to create novel composites with tailored properties. The composites were subjected to 
density, microhardness, tensile, and pin-on-disc tests to evaluate mechanical and tribological properties. 
Microstructural analysis revealed that microwave sintering has enhanced densification and resulted in uniform 
dispersion of HEA particles within the Ti-6Al-4 V matrix. The XRD and EBSD analysis revealed the presence of 
BCC structure in the composite. 8 wt%-AlCoCrFeNi/Ti-6Al-4 V sample exhibited an impressive 81.66 % increase 
in microhardness and 21.23 % in yield strength, compared to the base sample. Furthermore, noteworthy re
ductions of 45 % in wear rate and 40 % in coefficient of friction (COF) when subjected to tribological analysis. 
The worn surface revealed the presence of oxide layer formation at elevated sliding velocity and distance which 
resulted in reduced wear rate.   

1. Introduction 

Titanium and its alloys are recognized for their lightweight nature, 
exceptional strength, ability to resist corrosion and outstanding 
compatibility with biological systems. The most used titanium alloy is 
Ti-6Al-4 V due to its outstanding mechanical properties and feasible 
machinability [1,2]. They exhibit excellent creep resistance and fatigue 
resistance due to their ability to form complicated multiscale hierar
chical structures [3]. Despite the variations in structures and strength, 
along with the presence of a protective oxidation layer, in applications 
involving their tribological properties, these alloys are not preferable. 
Their lack of efficiency is contributing to a decrease in the usage of alloys 
in the current industry for prolonged tribological applications [4,5]. A 
comparative study of untreated β-annealed alloys showed that their 
wear resistance was higher when the applied loads were less than 2 N 
because of their super elasticity effect, and at loads > 2 N the wear rate 
exhibited a significant increment compared to the as-received alloy [6]. 
Therefore, most industries are using composites as an alternative. 

Metal matrix composites (MMC) are the materials that are most 
suitable to withstand high temperature environments and different 
structural loading conditions. The traditional materials are replaced by 
Titanium Matrix Composite (TMCs) due to their superlative features like 
weight reduction while still maintaining the same high strength [7,8], 
corrosion, and wear resistance [9,10]. When Ti-6Al-4 V was reinforced 
with 0.5 wt% of nickel-phosphorus decorated graphene nanoflakes, the 
yield stress of the material increased by 1.3 folds while still maintaining 
34.2 % ductility [11]. Ti/Zr-based bulk glass metallic composite rein
forced with 15 at% of Cu exhibited an increased hardness of 437HV with 
a significant reduction in plasticity [12]. Using ceramics as reinforce
ment an MMC exhibits both ductile and brittle characteristics making it 
an excellent material [13]. TiC, TiB, and TiN are typically employed as 
reinforcing agents in TMC. The addition of TiC particles and TiB whis
kers as reinforcements in the Ti matrix, produced through powder 
metallurgy (PM), resulted in a remarkable enhancement in tensile 
strength, increasing from 654 MPa to 1130 MPa [14]. However, using 
ceramics as reinforcements has led to a decrease in their toughness, and 
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tensile ductility [15–17]. Ceramic particle fraction was increased to 
increase wear resistance, but this led to the formation of a weak interface 
with low strength which resulted in poor bonding and the spalling of the 
reinforcement [18] and further using TiN resulted in low wear rates and 
lower coefficient of friction [19]. Therefore, HEAs are used as rein
forcement to improve the tribological properties and strength without 
decreasing other mechanical properties. 

HEAs are alloys having 4 or 5 elements as the principal elements with 
almost equal composition (generally 5–35 %) [20,21]. Their ability to 
influence solid phase solution stability through configurational entropy 
control has earned the name HEA and they also exhibit extraordinary 
strength at high temperatures, structural stability, and high strength due 
to the four core effects that happen in them including high entropy ef
fect, lattice distortion effect, sluggish diffusion effect, and cocktail effect 
[22–24]. They are generally synthesized using the gas atomization (GA) 
process to obtain a homogenous structure and an even spread of ele
ments for surface modifications [25,26] or by mechanical alloying (MA) 
to extend the solid solubility of the simple solid structures of HEA for 
immiscible systems and to produce Light weight HEA’s [27,28]. 
Therefore, MMCs with HEA as reinforcement are expected to overcome 
the limitations of traditional reinforcements. When the Al matrix was 
reinforced with CoNiFeCrAl0.6Ti0.4 prepared by combined ball milling, 
hot pressing, and hot extrusion, the HEA particles were observed to have 
uniformly distributed contributing to the grain refinement resulting in 
excellent thermal stability and high hardness when compared to the 
ceramic reinforced matrices [29]. 

The powder mixture is compacted and sintered in PM to transform it 
into a solid form. Ti alloys are generally sintered via conventional sin
tering and hot isostatic pressing (HIP). Conventionally sintered Ti alloys 
cannot match the mechanical and microstructural properties of the 
wrought Ti [30]. HIP is mainly used to minimize the defects but not to 
remove them. Also, using this method leads to an increase in ductility 
but not in strength [31]. Hence microwave sintering can be used as an 
alternative for enhanced properties. Microwave sintering reduces sin
tering time due to higher heating rates. Direct absorption of microwaves 
causes uniform volumetric heating and higher diffusion rates, resulting 
in a uniform microstructure and higher density [32]. Ti6Al6V2Sn rein
forced with 0.5 wt% Gn and fabricated by microwave sintering has 
shown the relative density to be 94 % with refined grains resulting in 
enhanced mechanical properties [33]. Microwave sintering at 1200◦C 
yielded the Ti-3Al-2.5 V-2WC composite with 98 % relative density in 
comparison to conventional sintering. The COF was observed to be 0.42, 
showcasing enhanced wear resistance attributed to the WC reinforce
ment [34]. Microwave sintered materials when compared with con
ventional sintered ones, exhibited uniform shrinkage in all 3dimensions 
[35], higher hardness [35,36], enhanced toughness [36,37] and in 
addition better corrosion and erosion resistance [35] than the latter 
ones. Therefore, the method used to fabricate the reinforced material 
affects the particle distribution of the HEA, which, in turn, affects the 
mechanical and tribological properties. 

The ongoing focus of our research involves developing a material 
that incorporates Ti-6Al-4 V and AlCoCrFeNi HEA, utilizing PM in 
conjunction with microwave-assisted sintering. Following the successful 
synthesis of the material, its microstructure was analyzed using Scan
ning Electron Microscopy (SEM). Additionally, Energy Dispersive X-ray 
spectroscopy (EDS) was employed to determine its elemental composi
tion, X-ray diffraction Analysis (XRD) was performed to investigate its 
phases, and to further analyze the crystal structure, Electron Backscat
tering Diffraction (EBSD) was conducted. The material’s mechanical and 
tribological properties were evaluated by examining its microhardness 
via Vickers hardness tester and wear rate utilizing pin-on-disc apparatus. 
In the end, an assessment of the worn surface morphology was per
formed to deduce the wear mechanism. 

2. Materials and methods 

2.1. Sample preparation 

A commercial Ti-6Al-4 V powder was taken as the base matrix and 
equiatomic AlCoCrFeNi HEA synthesized using GA process was used as 
the reinforcement. In addition, using GA process involves usage of lot of 
variable parameters [38] which in turn produces more control on the 
particle size and the regular sphere shape particles are produced instead 
of irregular ones. High energy ball milling on the other hand can cause 
agglomeration of powder particles and is more prone to contamination 
which can directly affect the final properties of HEA [38]. In the 
AlCoCrFeNi HEA, Al acts as the BCC/B2 stabilizer, enhancing the me
chanical properties. Co introduces disorder by promoting the BCC phase, 
while Cr and Fe work to minimize the mismatch of crystallographic 
structures between the BCC and B2 phases. Ni plays a role in providing 
solid solution strengthening, effectively reducing the brittleness of the 
alloy [39]. Therefore, providing AlCoCrCrFeNi as reinforcement for a 
titanium matrix is expected to have better results regarding mechanical 
and tribological properties. Therefore, both the powders were mixed in a 
low-energy ball milling for 1 h to obtain a homogenous composition. 
Various composite samples were created by incorporating different 
weight percentages (2 %, 4 %, 6 %, and 8 %) of HEA, in addition to the 
base sample (Ti-6Al-4 V), serving as the reference material. The result
ing samples are compacted to produce a solid mass by applying a 
pressure of 950 MPa with the help of a hydraulic press. The resulting 
mass was sintered by microwave sintering for 1 h at 850◦C, with the help 
of 2.45 GHz 5 kW microwave equipment. 

2.2. Composite evaluation 

The properties of the HEA powder and sintered samples were thor
oughly analyzed utilizing advanced equipment. A Carl Zeiss Inverted 
Metallurgical Microscope, equipped with a 12 V/100 W Halogen lamp 
for illumination, was used to analyze the optical microstructure. 
Simultaneously, SEM analysis and constituent elements study were 
performed using a Carl Zeiss Electron Microscope with EDS, while the 
structural phases were analyzed through XRD in a scan range of 0◦-90◦. 
For an even more precise analysis of grain boundaries and crystallo
graphic orientation, EBSD was utilized. The density of the samples was 
determined both theoretically and experimentally along with porosity 
by the principle of Archimedes (ASTM D792 standard). The micro
hardness was evaluated with the help of a diamond intender by applying 
a 100 g load for 15 sec using a Vickers hardness tester (ASTM E92 
standard). The test was conducted on each sample five times, and the 
average value was used for analysis. The tensile test was conducted at 
room temperature at a crosshead speed of 0.5 mm/min and the fracture 
surfaces were analyzed using SEM. To analyze COF and wear rate, a pin- 
on-disc test was performed with a load of 10–40 N, a disc velocity of 
0.5 m/s - 3.5 m/s, and a sliding distance of 500–2000 m (ASTM G99–05 
standard). The worn surface morphology was evaluated by analyzing 
worn surfaces with the help of SEM. Fig. 1 provides a pictorial repre
sentation of the methodology. 

3. Results and discussion 

3.1. Microstructural characterization 

The morphological evaluation of AlCoCrFeNi HEA has been illus
trated in Fig. 2. The HEA particles were observed to be spherical, 
exhibiting a consistent and homogenous morphology with a mean par
ticle size of 20μm Fig. 2(a). The EDS analysis of the HEA validated the 
existence of the relevant elements which are illustrated in Fig. 2(b). All 
the 5-elemental compositions (Al, Co, Cr, Fe, Ni) in the HEA turned out 
to be almost 20 at% proving the uniform distribution of HEA elements. 
The results also confirm that no foreign substance was present, 
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confirming the purity of the powder. The XRD patterns of AlCoCrFeNi in 
Fig. 2(c) showed 3 peaks, representing BCC structures that are in the 
(110), (200), and (211) planes of orientation respectively. This points 
towards the establishment of a solid solution that is stable and uni 
-phasic. 

Fig. 3(a–e) depicts the metallographic images of Ti-6Al-4 V and 
AlCoCrFeNi reinforced Ti-6Al-4 V samples of different wt% composi
tion. It was observed from these images that AlCoCrFeNi particles were 
dispersed into the Ti-6Al-4 V matrix in an almost uniform manner, and 

they bonded well at the interface. HEA particles are visible in almost 
circular shapes scattered across the interface layer. The surface of the 
sintered samples was devoid of any cracks or pores. The SEM images of 
Ti-6Al-4 V along with the AlCoCrFeNi/Ti-6Al-4 V samples are shown in  
Fig. 4(a-e). In Fig. 4(b-e), the reinforcement particles were strongly 
bonded with the matrix alloy. Structural variations in shape amid the 
matrix and HEA particles, along with a significant proportion of HEA 
particles, contributed to the minimized occurrence of voids. 

Fig. 5(a,b) depicts the observations from EDS study, illustrating the 

Fig. 1. Visual schematic detailing the methodology.  

Fig. 2. (a) SEM image (b) EDS (c) XRD diffractogram of AlCoCrFeNi powder.  
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elemental composition of both Ti-6Al-4 V and 8 wt%-AlCoCrFeNi/ Ti- 
6Al-4 V. The findings from the base sample closely correspond to the 
nominal composition of Ti-6Al-4 V [40]. Fig. 5(c,d) depicts the 
elemental mapping of the base sample and 8 wt 
%-AlCoCrFeNi/Ti-6Al-4 V sample. The 8 wt%-AlCoCrFeNi/ Ti-6Al-4 V, 
revealed the presence of elements such as Al, Co, Cr, Fe, Ni, V and Ti, it 
was also observed that the HEA was homogenously distributed within 
the matrix (Fig. 5(d)). 

The XRD analysis of the sintered samples is illustrated in Fig. 6. The 

base sample’s diffractogram confirmed the presence of αTi (ICDD: 
00–001–1198) which is stabilized by the presence of the aluminum and 
βTi (ICDD: 01–089–4913) which is stabilized by the presence of vana
dium. The reinforced samples were observed to have BCC 
(ICDD:006–696) peak due to the presence of AlCoCrFeNi, which 
increased with the increment in wt% of HEA reinforcement, beside αTi 
in the diffractogram. A slight augmentation in the βTi peak was also 
observed due to the presence of Fe, Ni and Cr in HEA, stabilizing 
β-phase. The αTi peak did not vary since the only element present in the 

Fig. 3. Optical microstructures of TMC’s (a) Ti-6Al-4 V (b) 2 wt%-AlCoCrFeNi/Ti-6Al-4 V (c) 4 wt%-AlCoCrFeNi/Ti-6Al-4 V (d) 6 wt%-AlCoCrFeNi/Ti-6Al-4 V (e) 
8 wt%-AlCoCrFeNi/Ti-6Al-4 V. 

Fig. 4. SEM Images of TMC’s (a) Ti-6Al-4 V (b) 2 wt%-AlCoCrFeNi/Ti-6Al-4 V (c) 4 wt%-AlCoCrFeNi/Ti-6Al-4 V (d) 6 wt%-AlCoCrFeNi/Ti-6Al-4 V (e) 8 wt 
%-AlCoCrFeNi/Ti-6Al-4 V. 
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HEA that stabilizes the α-phase is Al. 
The results of EBSD analysis of the 8 wt%AlCoCrFeNi/Ti-6Al-4 V are 

illustrated in Fig. 7. The crystallographic orientation mapping of the 
AlCoCrFeNi/Ti-6Al-4 V sample with different colors has been provided 
in Fig. 7(a). The image indicating the phases of Ti and HEA re
inforcements has been depicted Fig. 7(b). Red colors represent the BCC 
structure (β-Ti and HEA) and green color represents the α-Ti phase 
(HCP). Titanium(α-Ti) is about 76.5 % and the BCC structure is about 
23.5 %. The α-Ti phase was observed to be dominating as Al present in 
the base and the HEA acts as an α-stabilizer promoting the alpha phase 
growth in the sample [41]. Fig. 7(c) represents the Kernel Average 
Misorientation (KAM) of the reinforced sample, 00 being the lowest 
angle is represented in blue whereas the maximum angle of 4.99º is 
represented in red. From the image, it is concluded that the majority of 
grain boundaries are aligned as they are of the same crystallographic 
orientation α-Ti, and only very few are aligned in the crystallographic 
orientation of BCC. The alignment between these two structures is 
minimal. The interaction between the microwaves and the electrically 
conductive particles in the powder resulted in volumetric heating which 
in turn resulted in more uniform and rapid temperature distribution 
throughout the material, minimizing temperature gradients and 
reducing the opportunity for grain growth. Thus, following the 
well-established Hall-Patch effect, there is an expectation for the ma
terial to possess improved hardness and resistance to wear. Fig. 7(d) 

Fig. 5. EDS image of (a) Ti-6Al-4 V (b)8 wt%-AlCoCrFeNi/Ti-6Al-4 V and elemental mapping of (c) Ti-6Al-4 V (d) 8 wt%-AlCoCrFeNi/Ti-6Al-4 V.  

Fig. 6. XRD patterns of (i) Ti-6Al-4 V (ii) 2 wt%-AlCoCrFeNi/Ti-6Al-4 V (iii) 
4 wt%-AlCoCrFeNi/Ti-6Al-4 V (iv) 6 wt%-AlCoCrFeNi/Ti-6Al-4 V (v) 8 wt 
%-AlCoCrFeNi/Ti-6Al-4 V. 
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represents the Schmid Factor (SF). The minimum value of SF in the 
reinforced sample was observed to be 0.315 which is represented in 
blue, and the maximum value of SF was 0.5 which is represented in red. 
From the figure, it indicates that a major portion of the sample is more 
prone to dislocation movement. The existence of strain fields containing 
higher quantities of dislocations is a key factor in improving mechanical 
properties [42]. Fig. 7(e) represents the graphical distribution of the 
number of grains having the same misorientation angle. 35.4 % grain 
distribution has a lower angle grain boundary (LAGB) and 63.2 % grain 
distribution has a higher angle grain boundary (HAGB). Fine grain 
structure and HAGB can impede the dislocation movement which can 
result in a continuous increase in the mechanical properties and the 
tribological properties [43]. In 8 wt%- AlCoCrFeNi/Ti-6Al-4 V, the 
mean grain size was found to be 1.2μm (Fig. 7(f)). HEA particles can 
impede dislocation slip and induce grain rotation towards a more stable 
orientation, since the reinforced sample is a polycrystalline material, 
each of the phases has been analyzed individually. 

Fig. 8 represents the EBSD results of the BCC structure phase. The 
rotation angle distribution of crystal lattices concerning the standard 
BCC orientation angle is illustrated in Fig. 8(a). The red points and the 
red line represent the crystal lattice which has a minimum rotation angle 
of 1º. By this statistical condition, there are a total number of 24,486- 
grain boundaries having BCC as the crystal lattice. Fig. 8(b) represents 
the SF distribution. The BCC crystal lattices show a minimum of 0.317 
and a maximum of 0.5 SF. The variation is because the BCC structure 
allows for a greater degree of freedom in grain growth, resulting in 
different grain sizes (larger, elongated) which in turn causes variations 
of dislocation movements compared to α-Ti resulting in different SFs. 
The orientation of the BCC structures is described in Fig. 8(c-e) with the 
help of pole figure (PF) and orientation distribution function (ODF). 

From Fig. 8(c), it is observed that most BCC structures are oriented in the 
directions of [0 0 1] and [1 1 1] which is found in compressed BCC al
loys [44]. Fig. 8(d) and (e) represent PF and ODF figures which took the 
sample symmetry as Triclinic and calculations by Harmonic Series 
expansion exhibiting a maximum Harmonic texture of 3.96 in PF and 
2.75 in ODF. 

Fig. 9 depicts the EBSD outcomes related to the α-Ti (HCP) structure. 
The distribution of rotation angles of crystal lattices concerning the 
standard orientation angle is portrayed in Fig. 9(a). Employing analo
gous statistical criteria as applied in the BCC structural analysis, a total 
of 123,450 grains containing the α-Ti phase have been identified, con
firming the predominant presence of the α-Ti phase in the reinforced 
sample. Fig. 9(b) illustrates the SF distribution, where the α-Ti crystal 
lattices exhibit a minimum of 0.422 and a maximum of 0.5 SF. The slight 
variation is attributed to the tendency of the HCP structure to form finer 
and more elongated grains, with grain formation in α-Ti alloys favoring a 
more equiaxed configuration, resulting in minimal differences in dislo
cations. Fig. 9(c) represents ODF mapping from which it is observed that 
the majority of α-Ti structures are oriented in direction [2 1 1 0] due 
to the dislocation movements which is in agreement with previous work 
of near α-Ti alloy texture [45]. Fig. 9(d) and (e) represent PF and ODF 
figures which took the sample symmetry as Triclinic and calculations 
done by Harmonic Series expansion exhibited a maximum Harmonic 
Texture of 4.32 in PF and 4.26 in ODF. 

3.2. Mechanical properties 

Theoretical density determination for the samples was accomplished 
using the rule of mixtures, Fig. 10 depicts the graphical representation of 
the evaluated mechanical properties. When compared to the base 

Fig. 7. EBSD results of 8 wt%AlCoCrFeNi/Ti-6Al-4 V (a) Grain distribution mapping (b) phase mapping (c) KAM mapping (d) Schmid Factor mapping (e) Area 
fraction vs Misorientation angle (f) Distribution of Grain Size(μm). 
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sample, the reinforced sample values of density do not vary much 
implying that the Ti-6Al-4 V does not lose its lightweight property 
despite using HEA as a reinforcement. Most of the samples’ relative 
density was around 94 % (Fig. 10 a,b), which concludes that microwave 
sintering leads to the development of material that has better density 
due to the instantaneous application of pressure and temperature that 
does not allow much room for the materials to outflow. Fig. 10(c) 
demonstrates the average hardness values of the samples along with the 
comparison. Comparative analysis with the base sample revealed a 
significant increase in hardness in the HEA-reinforced samples, facili
tated by the even distribution of HEA particles and their strong bonding 
with the matrix. With the distribution of an increasing amount of HEA 
particles, there is a parallel escalation in the hardness levels of the 
composite. Therefore, the 8 wt% reinforced sample showed the highest 
increase in hardness among all other samples by 81.66 % when 
compared to the base samples. Also, at high temperatures, the bond 
formed between the Ti matrix and HEA is a strong diffusion bond due to 
the formation of the diffusion layer [46]. Increased hardness can also be 
accounted to the load transfer effect of AlCoCrFeNi, giving the com
posite a strong interface which in turn makes the composite exhibit 
excellent resistance during deformation to avoid failure and damage. An 
increase in the lattice distortion due to the presence of HEA particles and 
the grain refinement due to the reinforcement along with the increase in 
the number of grain boundaries, impedes the dislocation movement and 
also contributes to the increase in the hardness of the composite [33]. 
Microwave sintered 8 wt%.-AlCoCrFeNi/Ti-6Al-4 V exhibited improved 
hardness, compared to CoCrFeNiMo/Ti-6Al-4 V and CoCrFeNiMo0.2/Ti 
composites by 53.1 % and 57.74 % respectively [46,47]. 

The engineering stress-strain values of the base sample and the 

reinforced samples derived at a typical room temperature are illustrated 
in Fig. 11. Similar to the case of hardness, the yield strength of rein
forced samples significantly increases with reinforcement amount, 
exhibiting a parallel escalation in the values. The 8 %wt-AlCoCrFeNi/Ti- 
6Al-4 V reinforced sample showed the highest increase in yield strength 
by 21.23 % when compared to the base sample. Yield strength is a 
crucial fundamental performance characteristic among the particle- 
reinforced MMCs’ mechanical and physical attributes. The yield 
strength of particle-reinforced metal matrix is regulated by various 
factors including the Orowan strengthening, load transfer effect, lattice 
friction stress, grain refinement strengthening (also known as Hall-Patch 
strengthening), solid solution strengthening and geometrically neces
sary dislocations strengthening [48–50] The Hall-Patch strengthening 
significantly enhances composite yield strength, followed by load 
transfer and geometrically necessary dislocation strengthening [47]. 
From the EBSD results, we observed a fine grain structure with a mini
mal KAM in the 8 wt% reinforced sample which can contribute to the 
display of its high strength along with relative proportions of α and β 
phases and the development in interface bonding. Fig. 6 demonstrates 
the XRD results, which revealed a slight increase in β peak with an in
crease in reinforcement of the HEA and from the EBSD results, the 
presence of the minimal amount of BCC (β phase) can be implied that the 
addition of the HEA reinforcement will not greatly diminish the base 
sample’s shaping abilities. 

The tensile fracture of the base sample and the reinforced samples 
are depicted in Fig. 12. Ductile fracture occurred in the samples under 
tensile deformation indicated by the appearance of tear ridges and pits. 
The base sample showed clear macroscopic plastic deformation before 
to fracture and there were different sized tear dimples near the fracture. 

Fig. 8. Analysis of BCC structural phase (a) Grain distribution mapping of BCC structure (b) Schmid Factor mapping (c) Grain distribution of BCC based on 
orientational texture (d) Pole Figure of the BCC (e) Orientation distribution function figures of BCC. 
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The increase in wt% of AlCoCrFeNi reinforcement resulted in a signifi
cant finer dimple, decreased area, and dulled tear ridge. This occurrence 
is attributed to the fact that ductility substantially reduces when wt% 
reinforcement increases. In the cracked surface of composites, both 
interfacial detachment and particle fractures were noted in this test. 
Ductile fracture of the base sample matrix, debonding of reinforcement 
matrix in the interface and fracture of reinforcement particles are the 
reasons for the deformation and fracture failure in the reinforced sam
ples. A significant number of dimples surrounding the interdiffusion 
layer attested to good interface bonding, which is advantageous for 
preserving the reinforced samples’ ductility (Fig. 12a-e). The matrix 
brittleness and the close hardness of the interdiffusion layer, facilitate 
better deformation coordination, resulting in HEA particles becoming 
stress concentration zones. The nanocrystalline region/interdiffusion 
layer evolved owing to the diffusion of solid solution and the diffused 
layer’s intrinsic brittleness led to the creation of a mirror area. Dome- 
shaped region I is formed as a consequence of the interdiffusion layer 
and the reinforcement particles breaking apart (Fig. 12e’). 

3.3. Tribological properties 

Figs. 11–13 illustrate how operational factors like sliding velocity, 
applied load, and sliding distance influence the wear rate and COF for 
the samples. The succeeding sections provide an analysis of the effects of 
operational factors on worn surfaces, with a focus on the impact of 
reinforced HEA particles. 

3.3.1. Influence of applied load 
Fig. 13 demonstrates the wear rate and COF of the base sample and 

the reinforced samples increased with an increment in the load which 

are applied at a constant velocity of 0.5 m/s and sliding distance of 
500 m. 8 wt%.-AlCoCrFeNi/Ti-6Al-4 V exhibited the minimum wear 
rate of 2.1×10− 4 mm3/m with a COF of 0.2 at a load of 10 N which is 
increased linearly up to 5.9×10− 4 mm3/m with a COF of 0.36 at the load 
of 40 N whereas the base sample exhibited a wear rate of 8×10− 4 mm3/ 
m with a COF of 0.34 at the load of 10 N which is increased linearly up to 
1.1×10− 3 mm3/m with a COF of 0.58 at the maximum load of 40 N. The 
increment in the wear rate and COF at elevated loads can be credited to 
the increase in the contact pressure at higher loads. Table 1 presents the 
decrease in wear rate and COF for the reinforced samples at a maximum 
load of 40 N compared to the base sample under the same load. The 
increase in hardness is responsible for improving the wear resistance. 
The microwave energies lead to the formation of a strong interface be
tween the matrix and reinforcement which contributed to the reduction 
in wear rate and the COF [34] With the increase in the wt% of the HEA 
reinforcements, more particles are evenly distributed which in turn 
strengthened the interface hence the wear rate was decreased 
significantly. 

Fig. 14 depicts the morphological analysis of the worn surface of the 
8 wt% AlCoCrFeNi reinforced Ti-6Al-4 V under applied load. Fig. 14(a) 
illustrates the worn surface of the samples exhibiting shallow groves and 
instances of particle pull-off which shows the manifestation of both 
adhesive and abrasive wear. This is attributed to the lower condition of 
10 N. Minimal dislocation density leads to mild plastic deformation. The 
application of increased load causes a rise in dislocation density, leading 
to the detachment of small metal particles from the worn surface. This 
phenomenon contributes to a heightened wear rate, particularly evident 
when subjected to the maximum load of 40 N, as depicted in Fig. 14(b). 
The ongoing sliding motion of the removed materials along the rotating 
disc led to the continuous formation of deep grooves on the worn surface 

Fig. 9. Analysis of α-Ti (HCP) structural phase (a) Grain distribution mapping of α-Ti structure (b) Schmid Factor mapping (c) Grain distribution of α-Ti based on 
orientational texture (d) Pole Figure of the α-Ti (e) Orientation distribution function figures of α-Ti. 
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of the reinforced sample. The pin surface adheres to the rotating disc as a 
consequence of severe plastic deformation caused by elevated frictional 
temperatures [51]. As a result, the softening process leads to the 

separation of metal particles from the reinforced sample. The induced 
plastic deformation increased with the augmentation of the applied 
load, resulting in the formation of deep and continuous grooves. The 

Fig. 10. Graphical Representation of the Mechanical Properties (a) Comparison of theoretical and experimental density (b) Comparison of relative density and 
porosity (c) Microhardness values. 
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higher pressure applied to the contact region against the rotating disc 
leads to the disintegration of the sample surface, resulting in pro
nounced delamination and exhibits deep groove under an increased load 
of 40 N (Fig. 15). Therefore, the samples exhibited a maximum wear rate 
at 40 N load. Due to the increased hardness provided by the HEA rein
forcement, the likelihood of adhesive wear diminishes. As a result, 
abrasive wear emerges as the predominant factor. 

3.3.2. Influence of sliding distance 
The impact of sliding distance on the wear rate and COF of the base 

and the reinforced samples were analyzed under a constant load of 10 N 
and sliding velocity of 0.5 m/s. Fig. 16 depicts the profiles of wear rate 
and COF, increasing with the incremental surge of the sliding distance 
for all the samples. All the samples exhibited a maximum wear rate at 
1500 m where, 8 wt% AlCoCrFeNi/Ti-6Al-4 V exhibited the lowest wear 
rate of 5.7×10− 4 mm3/m at 1500 m sliding distance with a COF of 0.35. 
While the highest wear rate and COF of 9.9×10− 4 mm3/m and 0.55 were 
exhibited by the base sample at 1500 m. This shows a decrease of 
43.61 % in wear rate. With an increase in the sliding distance to 2000 m, 
the samples were observed to have reduced wear, and the decrease in 
wear rates and COF of HEA reinforced samples at 2000 m sliding dis
tance when compared to the base sample are mentioned in Table 2. In 
accordance with Archard’s Law, the wear rate of the sample shows an 
inverse relationship with its hardness and a direct correlation with the 
sliding distance [52]. The base sample, characterized by its lower 

Fig. 12. Tensile fracture images of (a) Ti-6Al-4 V (b) 2 wt%-AlCoCrFeNi/Ti-6Al-4 V (c) 4 wt%-AlCoCrFeNi/Ti-6Al-4 V (d) 6 wt%-AlCoCrFeNi/Ti-6Al-4 V (e) 8 wt 
%-AlCoCrFeNi/Ti-6Al-4 V (e’) magnified image of 8 wt%-AlCoCrFeNi/Ti-6Al-4 V. 

Fig. 13. (a) Wear rate and (b) COF profiles of base and reinforced samples under different loads.  

Table 1 
Decrease in wear rates and COF of AlCoCrFeNi reinforced samples at 40 N.  

wt% reinforced Decrease in wear rate Decrease in COF 

2 % 14.54 % 12 % 
4 % 25.45 % 22.41 % 
6 % 34.81 % 32.58 % 
8 % 46.36 % 39.93 %  
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hardness, exhibited diminished resistance to wear, resulting in an 
elevated wear rate. The presence of elements like Al, and Ni in the HEA 
contributes to the high-strength and hardness of the reinforced samples 

when compared to the base. However, the wear rate is reduced when the 
sliding distance is increased further from 1500 m. The increase in wear 
rate for the first 1500 m happens due to the transfer of small flakes of the 

Fig. 14. Worn surface of 8 wt%AlCoCrFeNi/ Ti-6Al-4 V at (a) 10 N (b) 40 N.  

Fig. 15. Schematic representation of abrasive wear mechanism.  

Fig. 16. (a) Wear rate and (b) COF profiles of base and reinforced samples under different sliding distance.  
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sample onto the disc. The small flakes that are hardened exhibit higher 
COF when they slide across the sample resulting in more removal of the 
materials thus increasing the wear rate [53]. The reduction in wear rate 
at 2000 m sliding distance is due to the formation of a mechanical mixed 
layer (MML). The HEA particles and debris produced due to wear roll 
between the pin-disc interface led to an oxide layer formation on the pin 
at elevated temperature, which in turn prevents higher material loss by 
reducing direct contact between the pin and disc. The presence of Al in 
the HEA with a BCC phase helps reduce the wear rate. The robust BCC 
phase’s exceptional resistance to plastic deformation and delamination 
allows the oxide layer to withstand abrasion [54]. 

The SEM images of worn surfaces of 8 wt% AlCoCrFeNi reinforced 
Ti-6Al-4 V under 500 m and 2000 m sliding distances are illustrated in  
Fig. 17. The worn surface of the reinforced sample at 500 m sliding 
distance is illustrated in Fig. 17(a). Frictional heat, arising from the 
sliding contact between the pin and disc, played a part in the genesis of 
spallation. Additionally applying the load over a long period of time due 
to the low sliding velocity has caused localized plastic deformation 
along with stress concentration which has also contributed to the 
occurrence of spallation. This plastic deformation also led to the for
mation of grooves on the reinforced sample [55]. Fig. 17(b) shows the 
worn surface of the reinforced sample at the maximum sliding distance 
of 2000 m. As the sliding distance increased, the reinforced sample’s 
elevated hardness resulted in heightened resistance against the rotating 
disc, causing observable surface distortion. The induced cyclic stresses 
and temperature along with debris produced from the pin that are 
formed because of increasing sliding distance, led to the formation of the 
oxide layer/MML which is also responsible for the decrease in friction 
(Fig. 18). The presence of the developed oxide layer on the contacting 
surface led to a reduction in wear rate and COF from 1500 m to 2000 m 
sliding distance [56]. 

3.3.3. Influence of sliding velocity 
The wear rate and COF of the base and the reinforced samples under 

the incremental change of sliding velocity are demonstrated in Fig. 19. 
The sliding velocity was changed from 0.5 m/s to 3.5 m/s with an 
increment of 1 m/s under a constant load of 20 N and sliding distance of 
500 m. The wear rate of the HEA reinforced samples was observed to be 

low compared to the wear rate of the base sample. The wear rate of the 
base sample and the reinforced samples increased linearly when the 
sliding velocity was changed incrementally from 0.5 m/s to 2.5 m/s. 
The minimum wear rate observed at 2.5 m/s was 5.7×10− 4 mm3/m 
exhibited by 8 wt% AlCoCrFeNi reinforced Ti-6Al-4 V along with a COF 
of 0.35 which revealed to have a significant decrement in wear rate by 
45.19 % when compared to the base sample. Lower velocities result in 
the induction of high temperatures on the contact surface, driven by 
extended periods of contact with the disc. Hence, long periods of contact 
resulted in higher material loss, leading to a higher wear rate. The load- 
bearing effect of the HEA particles resulted in enhanced wear resistance 
than the base sample at similar conditions [57]. The wear rate and COF 
of the samples were reduced above 2.5 m/s due to MML formation. MML 
was developed by the delamination of the small flakes of material on the 
wear surface of the samples owing to high induced temperatures, 
shielding the samples from abrasive wear even as the sliding velocity 
was increased. The Ti matrix possesses a significant self-diffusion coef
ficient and properties related to allotropic crystal transformation, lead
ing to reduced thermal conductivity within the matrix [58]. With the 
ongoing wear test, the accumulation of generated heat causes a gradual 
increase in the surface temperature of both the base sample and the 
reinforced samples. Upon reaching a particular temperature, the 
Ti-6Al-4 V matrix undergoes a chemical reaction with oxygen, leading to 
the generation of oxide layers. In Ti alloys, friction oxides are often 
perceived as lacking a protective effect on the matrix due to their thin 
and brittle nature [59,60]. Since the evenly distributed HEA particles are 
present in the reinforced samples, they can contribute to a refined 
supportive role and better resistance to wear resulted in low wear rates 
comparing with the base sample. Furthermore, the enhanced wear 
resistance is attributed to the better interfacial bonding and the hin
drance of dislocation movement caused due to the HEA particle rein
forcement. 8 wt% reinforced sample has a more homogenous 
distribution of the HEA particles compared to the other reinforced 
samples, which resulted in an enhanced reduction in wear rate. The 
decrease in wear rate of the HEA reinforced samples when compared to 
the base sample at 3.5 m/s sliding velocity has been mentioned in  
Table 3. 

Fig. 20 reveals the worn surfaces of the 8 wt% AlCoCrFeNi reinforced 
Ti-6Al-4 V under 0.5 m/s and 3.5 m/s sliding velocities. The worn sur
face of the reinforced sample under minimum sliding velocity (0.5 m/s) 
has been illustrated in Fig. 20(a). The reinforced sample undergoes 
substantial thermal stress due to the elevated temperatures on the rub
bing surfaces between the pin and disc. The elevated hardness of the 
reinforced sample enabled it to withstand thermal stress, enhancing its 
wear resistance and subsequently leading to an increase in traction 
force. This caused the surface to undergo plastic deformation and in turn 

Table 2 
Decrease in wear rates and COFs of AlCoCrFeNi reinforced samples at 2000 m.  

wt% reinforced Decrease in wear rate Decrease in COF 

2 % 12.76 % 7.69 % 
4 % 26.06 % 16.73 % 
6 % 31.91 % 28.84 % 
8 % 43.61 % 40.39 %  

Fig. 17. Worn surface of 8 wt%AlCoCrFeNi/Ti-6Al-4 V at (a) 500 m (b) 2000 m.  

M. Mandapalli et al.                                                                                                                                                                                                                           



Alexandria Engineering Journal 104 (2024) 246–260

258

resulted in the formation of grooves, and spallation and made small 
flakes of reinforced sample detach from the surface. The grooves typi
cally initiated by the traction force, tend to form along the direction of 
the sliding surface [61]. Fig. 20(b) represents the oxide layer formed on 
the surface of the reinforced sample as a result of high temperature 
induced by frictional heat at maximum sliding velocity (3.5 m/s) Thus, 
the oxide layer formation caused the decrease in wear rate. Al present in 
the base acts as the oxide layer promoter since Al is passive. The pres
ence of an oxide layer serves as a lubricating barrier, inhibiting the 
direct contact between the mating surfaces and subsequently reducing 
friction between them [62,63]. 

4. Conclusion 

In this study, the Ti-6Al-4 V matrix was reinforced with equiatomic 

AlCoCrFeNi, encompassing various weight percentages. The samples 
were fabricated through microwave sintering, leading to the following 
conclusions:  

• The microstructural analysis of the HEA-reinforced samples revealed 
a uniform dispersion of HEA particles and a well-established inter
face bonding with the base sample, attributed to the application of 
microwave sintering. EBSD analysis showed the refined grain 
boundaries along with the grain distribution and crystal lattice 
orientation. 

• In relation to the base sample, the reinforced samples exhibit mini
mal porosity, without much change in density. The microhardness 
was increased significantly with the inclusion of the reinforcement. 
The highest hardness value of 634HV was shown by 8 wt% 
AlCoCrFeNi/Ti-6Al-4 V which was 81.66 % when compared to the 
base sample. The tensile test also resulted in similar results having 
the 8 wt% AlCoCrFeNi/Ti-6Al-4 V exhibiting 21.23 % increment in 
the yield strength compared to the base sample.  

• The wear rate and COF decreased in all the reinforced samples with 
an increment in the wt% of HEA reinforcement. The highest wear 
resistance was shown by 8 wt% AlCoCrFeNi/Ti-6Al-4 V which 
resulted in a decrease in wear rate by 45 % and COF by 40 % 
compared to the base sample. 

Fig. 18. Schematic representation of oxide layer/MML formation.  

Fig. 19. (a) Wear rate and (b) COF profiles of base and reinforced samples under different sliding velocities.  

Table 3 
Decrease in wear rates and COF of AlCoCrFeNi reinforced samples at 3.5 m/s.  

wt% reinforced Decrease in wear rate Decrease in COF 

2 % 19.27 % 14.97 % 
4 % 29.17 % 19.02 % 
6 % 36.45 % 25.10 % 
8 % 45.83 % 39.27 %  
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The introduction of AlCoCrFeNi has brought about substantial en
hancements in the microstructural, mechanical, and tribological prop
erties of Ti-6Al-4 V when compared to the base sample. An increase in 
hardness without much change in density shows the material potential 
to be applicable in aerospace industries for making structural parts, 
landing gear components, fasteners, satellite frames, panels, and 
mounting brackets. In addition, due to its high wear resistance and less 
friction, it can be used in the field of valves, and pumps. Further research 
in this area can be of testing the material under different environmental 
conditions, different heat treatments, numerical analysis for multiple 
environments and advancement in this field resulting in the commer
cialization of HEA reinforced Ti composites. 
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