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3D finite element analysis and experimental correlations of laser 
synthesized AlCrNiTiNb high entropy alloy coating 
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A B S T R A C T   

A 3D Finite Element Analysis (FEA) model of laser cladding process of AlCrNiTiNb high entropy alloy (HEA) 
coatings on Titanium alloy (Ti6Al4V) substrate has been developed taking into account heat transfer and free 
surface movement. The use of Ti6Al4V is highly evident in applications such as aerospace, automobile and 
marine environments due to their outstanding specific strength to weight ratio. Although they have high strength 
useful for fabrication of engineering components and movable parts in a mechanical system, Ti6Al4V are 
restricted to non-friction applications as a result of their low hardness. In this work, AlCrNiTiNb HEA hard- 
coating with equi-atomic ratio was synthesized on Ti6Al4V alloy substrate by laser cladding technique to 
mitigate the limitations. Prior to experimental method, a 3D computational model was developed to simulate the 
physical phenomena based on heat transfers involved during laser surface cladding (LSC) of HEA coating on Ti- 
6Al-4V alloy by a laser-assisted direct energy deposition technique. COMSOL Multiphysics 5.3a was used to 
create a model using heat transfer in solids module incorporating temperature distribution during the layer-wise 
build-up of 3 layers. The experimental validation showed that the microstructural analysis by scanning electron 
microscope (SEM) resulted in coating having dendritic and interdendritic structure which resulted in good 
metallurgical bonding. X-ray diffraction (XRD) analysis displayed that AlCrNiTiNb alloy coating is composed of 
ordered and disordered solid solution phases (BCC and FCC) with no intermetallic compounds formed. Energy 
dispersive spectrometer (EDS) confirmed the presence of elements used. The microhardness of AlCrNiTiNb HEA 
coating reached maximum value around 892 HV which is more than of the substrate. The microhardness 
increased significantly due to the combination of BCC and FCC solid solution phases.   

1. Introduction 

Ti6Al4V is the mostly used titanium alloy with more than 50% of its 
industrial applications found in the aerospace industry [1,2]. The unique 
properties of this alloy (such as low density, excellent combination of 
high specific strength ratio which is maintained at elevated temperature, 
low modulus of elasticity, good compatibility and good corrosion 
resistance) makes it to be a choice material for a wide range of engi
neering applications. However, the high cost, low hardness and poor 
tribological behavior limit its use in other applications [3–8]. Therefore, 
the challenges faced by the alloy when it is applied in harsh conditions 
necessitate exploration of various techniques that can be used to 
enhance its surface characteristics and improve its life span and per
formance during service. 

Laser surface cladding (LSC) is one of the most effective, versatile, 
and diverse technologies that are used to modify surface properties of 

Ti6Al4V alloy [10]. During laser cladding, selected materials in the form 
of powder can be preplaced or injected under pressure or gravity on the 
Ti6Al4V substrate. With an aid of a coherent and high intensity laser 
beam, powder particles fuses on the substrate surface thus forming a 
layer [9]. It is important to note that before a coating layer could 
materialize, a focused laser beam carrying energy strikes the surface of a 
substrate and certain quantity of energy is reflected while the rest is 
absorbed by atoms within the top surface depending on the character of 
a substrate. The method is known for rapid cooling rates, production of 
fine and dense microstructures and excellent metallurgical bonding 
between coating and Ti6Al4V substrate. Many authors have investigated 
different types of coating systems that were applied on Ti6Al4V sub
strate using laser cladding. Hua, Pang [10] investigated the wear resis
tance of the low-pressure turbine cowling ring’s made of Ti6Al4V alloy. 
The authors synthesized defect free TiC/Ti3Al-reinforced Ti-based 
composite coatings with excellent metallurgical bonding on Ti6Al4V 
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substrate. The results were attributed to good wettability and unform 
distribution of TiC particles in the Ti matrix. Kanyane, Adesina [11] 
developed Ti-Ni coating on Ti6Al4V substrate to improve the micro
hardness and corrosion resistance behavior of Ti6Al4V using laser 
cladding surface coating technology. The coating exhibited high 
microhardness values that were two times higher than that of the sub
strate. Tlotleng, Masina [12] fabricated Ti-Al coatings on Ti6Al4V sub
strate by means of laser additive manufacturing technology. The alloy 
coating presented enhanced microhardness with no visible cracks on the 
surface. It is clear from the above literature that more studies on the 
novel coatings on Ti6Al4V is paramount and will help to enhance the 
properties of the alloy for advanced high performance engineering 
application. 

High Entropy Alloys (HEAs) which contain complex compositions of 
multiple elements with striking characteristics have attracted increased 
attention in several industries as they perform better than traditional 
alloys owing to their solid solution phases and high configuration en
tropy of mixing that is more stable at elevated temperatures. They are 
defined as an alloy that contain more than five principal elements and 
generally in either equal or near equal atomic percent [13–18]. 
Recently, HEAs have been considered as promising materials especially 
high engineering applications in extreme environments by several re
searchers due to unique combination of due to its sophisticated char
acteristics and properties [19]. These characteristic effects include 
sluggish diffusion, severe distortion, high configurational entropy, and 
cocktail effects [19–22]. They also possess properties such as excellent 
corrosion, wear and oxidation resistance and capability to form solid 
solution phases during solidification process instead of complex phases. 
Therefore, the excellent degradation resistance exhibited by HEAs make 
them favourable materials for production of surface coatings for pro
tection of Ti-6Al-4V alloy in hostile environments. 

In the past decade, researchers designed and fabricated several HEAs 
coatings on selecting multi principal elements through equi-atomic or 
near equi-atomic substitutions. The AlCoCrCuFeNi system, has been 
widely studied for its outstanding properties and known to surpass steels 
and titanium alloys. The alloy system exhibits structural stability at 
elevated temperatures, excellent ductility, strain hardening ability and 
mechanical properties, which make the alloy a potential material 
component for applications in extreme environments [23–26]. Dada, 
Popoola [27] also explored the AlxCoCrCuFeNi alloy’s adhesive wear 
behaviour at different aluminium content via laser additive 
manufacturing. The authors noticed that the BCC phase volume fraction 
and microhardness increased as the wear coefficient decreases with the 
mechanism changing from delamination to oxidation wear. Zhang, Wu 
[28] developed FeCoCrAlNi HEA coating on 304 stainless steel. The 
synthesized FeCoCrAlNi coating had BCC single phase. The microhard
ness properties of the developed FeCoCrAlNi HEA coating was about 5 
GPa, which is approximately 2 times larger than the substrate. The high 
microhardness in the alloy resulted in poor ductility. Qiu, Zhang [29] 
investigated the microstructural evolution and electrochemical behav
iour of the synthesized AlCrFeCuCo HEAs prepared by means of laser 
cladding technique. From the results, it was revealed that under the fast 
scan speed, small microstructure is generated, the morphology of 
AlCrFeCuCo high entropy alloy is simple with FCC and BCC phases 
present. Researchers have based their strong focus on CrFeMnCoNi, 
FeCoCrAlNi, AlCrFeCuCo, AlxFeCrCoNi and HfNbTaTiZr HEAs but there 
is limited or no work published on laser additive manufactured AlCr
NiTiNb HEA coating. 

From the literature, many authors worked on numerical simulation 
of the LSC process, where many effective methodologies have been 
established [30–39]. It is evident from the open literature that the 
developed computational models suffer at least one shortcoming. These 
shortcomings are; (i) heat source modeling, the handling of the free 
surface, and the integration of sub-process models. Parekh, Buddu [40] 
developed a Multiphysics simulation of laser cladding process to 
investigate the effect of laser processing parameters on clad geometry, 

The author modeled pure copper powder clads on stainless steel. The 
results showed that laser power is the affecting process parameter on the 
clad geometry. It was also evident that an increase in laser power 
resulted in increased geometry height, temperature, stress and dilution. 
On the other hand, an increase in laser scan speed resulted in decreased 
geometry height, temperature, stress and dilution. The literature shows 
that the severity of the shortcomings of modeling and simulation is yet to 
be quantified. It is noteworthy to mention that the prediction and 
simulation based reflection for process development and understanding 
to evaluate the effects and model limitations are not always obvious. 
Challenges such as powder flow simulation and melt pool simulation of 
different laser material development are not fully described [36]. In this 
study a Finite Element Model is developed to simulate the effects of 
direct metal laser deposition (DMLD) fabrication process taking into 
account the influence of the process parameters effects on microstruc
tural development and thus the resultant mechanical properties of 
AlCrNiTiNb HEA. The work also looked into the phases formed and 
microhardness properties of AlCrNiTiNb HEAs coatings fabricated by 
LSC were studied. The laser processing parameters were optimized for 
homogeneity of microstructure. 

2. Computational and experimental methods 

2.1. Computational model 

The one fundamental means of keeping up with the complicated 
systems such laser material development in attempt to optimize the 
benefit it offers is by development of simulation models that serve a 
great deal for a proactive prediction of influence of process variables and 
interactions involved in the process. Adoption of this thread can help 
reduce the common experimental procedures which are commonly 
expensive and time consuming. 

2.1.1. Governing Equations 
The computational model developed in the present work was 

implemented in Comsol Multiphysics 5.3a. The model presented here 
considers the heat transfer equations in solid state for a 3 layered single 
track wall during additive manufactured in transient conditions. The 
scope of the study is limited to calculating temperature fields throughout 
the LENS domain by solving their governing equations under defined 
boundary conditions while neglecting the effects of fluid flow in the melt 
pool and does not solve Navier-Stokes equations. The energy conserva
tion equation in a 3-dimensional space can be represented as follows:  

ρCp δT/δt+ ρCpu⋅∇ T+ ∇⋅q=Q+Qted                                            (1) 

Where ρ is density, Cp is the specific heat capacity, T is temperature, 
u is the Velocity field, Qted is the thermostatic damping. The model 
considers loss of heat by means of conductive, natural convective and 
radiative cooling. These modes of heat transfers are defined as follows 

qcond. = � k∇ T (2)  

qconv = h.(T.ext � T) (3)  

qrad. = εσ
�
T.amb4 � T4) (4) 

With qcond., qconv and qrad. representing the conductive, convec
tive and radiative heat transfer. Herein, k is the thermal conductivity, h 
is convection coefficient, T.ext is the external temperature of the system, 
T.amb is the ambient temperature, ε is emissivity and σ is the Stefan- 
Boltzmann constant. 

The motion of the laser beam is only in the x-axis direction and 
located in a constant position in the y-axis. This motion is expressed 
mathematically as follows: 

x (V, t) = Vt + C (5) 
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with x being the instantaneous dynamic position of the laser beam, V the 
velocity of the laser and C the initial position of x before motion. The 
deposition of powder is represented by Vp, which is a variable repre
senting the boundary moving velocity defined mathematically by Mor
ville et al. [11] as follows: 

Vp = Np (ηp Dm)/(ρ0 π rp^2) exp( � Np(x � vt)^2/(rp^2)) (6)  

Where Np, ηp, Dm, ρ0 and rp represent the constriction coefficient, 
powder catchment efficiency, mass feed rate of powder, density of 
powder and the standard deviation (the radius of the powder stream), 
respectively. 

The rule of mixture was used to obtain the thermal properties of the 
alloy [23]. In the application of the rule, the following Eq. 3 was applied: 

Malloy = ωi1Mi1 + ωi2Mi2 + ωi3Mi3 + ωi4Mi4 + … (7)  

where Mi is the material properties of each element incorporated in the 
alloy, ωe is weight fractions of the elements and Malloy is the corre
sponding material property of HEA alloy coatings. The Gaussian laser 
beam is applied in this work, the beam moves along the x-axis until it 
stops and then the beam moves back to the point of origin this repeats for 
every subsequent layer deposited until the clad layer is built. The effects 
of laser power on thermal distribution during the laser cladding process 
are studied herein. The input data of the proposed computational ther
mal analyses model is presented in Table 1. 

2.1.2. Mesh 
The finite element mesh is presented in Fig. 1. A physics controlled 

moving mesh with a hyper-elastic smoothing was used. In this mesh, a 
free tetrahedron mesh type was used on the laser scanning regions for 
accurate results while other regions normal mesh was used for proximity 
results. 

2.2. Experimental Analysis 

Pure elemental powders of Nb, Ti, Al, Ni and Cr were used as feed
stocks in this study. All the powders were sphere-shaped with particle 
distribution size range of 45–90 µm. The powders were supplied by TLS 
Technik (Germany) and Weartech (South Africa). Powders were 
deposited onto Ti6Al4V substrates with dimensions of 
140 * 140 * 7 mm3. Prior to laser cladding, the powders were mixed 
together for 24 h using a Tubular mixer. The elements were all mixed at 
20 at% ratio. The substrate was firstly sand blasted and cleaned with 
acetone to remove any surface for good metallurgical bind between the 
alloys and substrate. Table 2 present the chemical composition of the 
Ti6Al4V alloy. 

2.3. Methods 

2.3.1. Laser metal deposition 
A 5 kW CO2 fiber – delivered Nd: YAG laser (from CSIR) with coaxial 

nozzles carried and controlled by KUKA robot was used to produce the 
coatings. The powder was deposited in the presence of argon gas in order 
to prevent oxidation during deposition. The laser parameters set for 
powder deposition used for powder deposition are shown in Table 3. The 
laser power was varied between 1150 and 1350 W while the scanning 
speed remained constant throughout the experiment. Fig. 2 present the 
LSC principle used in this work. 

2.3.2. Sample preparation and analyses 
The synthesized cube samples were cut from the substrate and 

Table 1 
Input data used.  

Item Discussion Value Units 

Laser Power 1150 & 1350 W 
Laser scan speed 1.2 m/min 
Powder feed rate 2 g/min 
Spot size 1.35 mm 
Thermal conductivity 750.5 W/m.K 
Specific heat capacity 16.34 J/kg.K 
Density 5933 Kg/m3 

Convection coefficient 15 W/m2.K 
Constriction coefficient 5 - 
Powder catchment efficiency 0.5 - 
Powder stream radius 2.2 -  

Fig. 1. Finite Element Mesh on the substrate.  

Table 2 
Chemical composition of the substrate.  

Elements Al V Fe O C N Ti 

wt% 6.10 4.01 0.15 0.007 0.12 0.005 Balance  

Table 3 
Laser parameters for deposition of AlCrNiTiNb HEA coating.  

Laser 
power (W) 

Laser scan 
speed (m/ 
min) 

Laser beam 
diameter (mm) 

Gas flow 
rate (L/ 
min) 

Powder feed 
rate (rpm) 

1150 1.2 2 8 2 
1350 1.2 2 8 2  

Fig. 2. LSC process principle [36].  
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mounted in an epoxybased resin, grinded and polished using typical 
metallography procedures and etched with a Kroll agent solution to 
evaluate the microstructural evolution. Olympus BX51M was mounted 
on a SC30 camera, and was used for microstructural visualisation while 
Joel, JSM-6010Plus/LAM scanning electron microscopy (SEM) (Pea
body, MA, USA) equipped with energy dispersive X-ray (EDS) and used 
for microstructural and chemical composition analyses. The phase of the 
alloys was identified using the X′Pert PANalytical X-ray diffraction 
machine (PANalytical Empyrean model, Malvern Panalytical Ltd., 
Royston, UK) that uses a Cu source. During data acquisition, the Cu 
source was excited with a current and voltage of 40 mA and 54 kV, 
respectively. 

2.3.3. Microhardness 
The hardness properties of the synthesized alloy coatings were 

measured using Vickers microhardness (HV) measurements tested by 
employing Zwick/Roell Indentec (ZHVµ) microhardness tester machine 
(Zwick Roell AG, Ulm, Germany). The indention load was set to be 
500 kgf along with a dwell time of 15 s. Ten random indentations were 
tested and the average value was reported. 

3. Results and discussion 

3.1. Computational Results 

Figs. 3 and 4 presents the 3D thermal distribution behaviour of 
AlCrNiTiNb HEA coatings synthesized at laser power of 1150 W and 
1350 W. Areas where the laser beam was focused were characterized by 
high temperatures and the temperature decreased as the laser beam was 
moved away. The interaction of the laser beam with the deposition 
powders creates a melt pool which solidifies as the heat source is 
withdrawn. Since LSC processes are associated with high solidification 
rates, melt pools tend to solidify before some powders are fully melted 
leading to formation of inhomogeneous microstructures [41,42]. The 
temperature fields indicate that heat builds up as the layers are incre
mentally added on top of each other. The heat build-up due to continual 
energy input (1150 W and 1350 W) also play an important role in melt 
geometry dimensions, cooling rate and microstructural evolution which 

has a decisive influence on the mechanical performance of the synthe
sized coatings. The retention of heat in the built layer and heat supplied 
during the formation of the new layer increases the temperature leading 
to low cooling rates. Since low cooling rates are associated with low 
nucleation, newly formed grains tend to cause coarsening and reduce 
the density of grain boundaries. The above-mentioned is supported by 
the SEM micrographs of the developed AlCrNiTiNb HEA coatings 
depicted in Fig. 7 and Fig. 8. The difference in microstructural evolution 
of the fabricated AlCrNiTiNb HEA coatings can be attributed to varied 
laser power applied during synthesis the coatings. Therefore, the 
developed model proved the potential that it can be employed for pre
dicting the temperature build-up as well as measuring the instantaneous 
temperature and thermal distribution throughout the work piece along 
with that of the deposited layers during laser cladding. 

A maximum input temperature of 29300 K was evident at laser 
power of 1150 W while applied laser power of 1350 W resulted in 
maximum temperature of 31000 K. During LSC, the Ti6Al4V substrate 
increase dilution [36]. It is reported in literature [43] that high energy 
densities generate deep melt pools while shallow ones occur as a result 
of low energy density. Deep melt pools are conducive for high melting of 
powders leading to formation of thick coatings. On the other hand, 
shallow melt pools restrict powder melting and forms less dense mi
crostructures embedded partially melted particles. While deep melt 
pools favours formation of dense coatings, the high retention of heat 
generates thermal stresses that distort the structure of the coatings. This 
is evident in the experimental output presented in Fig. 7B. The empirical 
calculation of the melting temperature (Tm) of the synthesized coating 
was performed and the results are presented in Table 4, where Tm =

Fig. 3. Schematic illustration of the temperature profile during LSC (1150 W) at 18 s of processing a) Clad layers and b) surface temperature.  

Fig. 4. Schematic illustration of the temperature profile during LSC (1350 W) at 18 s of processing a) Clad layers and b) surface temperature.  

Table 4 
Melting temperature of incorporated elements.  

Elements (i) Melting Temperature (K) Tm (K) 

Al 993.5 2164.55 
Cr 2180 
Ni 1728 
Ti 1941 
Nb 2750  
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∑n
i=1ci(Tm)i is the average melting temperature and (Tm)i is the melting 

temperature of the component i. From the empirical calculations, the 
computational model showed high surface temperatures compared to 
empirical the melting temperature of the HEA coatings, proving that the 
elements were fully melted as justified by the SEM. 

Fig. 5 captures the thermal cycles of AlCrNiTiNb HEA 3 layer coat
ings. The thermal cycles proves that the 3D printing process accumulates 

heat during printing as presented. It is also clear from the fabrication 
method that temperature accumulates on the surface of the material. It is 
observed that the simulated model presents peak temperature of 3600 K 
at applied laser power of 1150 W while maximum temperature of 
4000 K, well above the melting temperature of AlCrNiTiNb HEA which 
is around 2164.55 K based on the empirical calculations. The thermal 
cycles of the coating layers also show subsequent pass re-heating of the 
previous layer. This increases the retained heat for the next layer, acting 
as “pre-heating” for the next layer [44]. Thermodynamically, it is 
obvious that the heat extraction will be through the substrate. This 
means that more heat will be absorbed by the substrate and that the 
possible formation of dendritic microstructure will form at the lower 
section of the coating (close to the substrate), this phenomenon can be 
observed in Fig. 8A and B which is in line with Kanyane, Adesina [45] 
laser deposition studies. The thermal dynamics that occurs as a result of 
laser power effect on AlCrNiTiNb HEA coatings shows that the 
morphological evolution is dependent on the underlying thermal forces 
during LSC development. 

Fig. 6 depicts a schematic of the isothermal contours AlCrNiTiNb 
HEA coating at 1350 W which demonstrate the mechanism of heat 
dissipation as the laser moves away from the immediate melt pool. This 
advocates the mechanism of the heat front that’s evolves as the laser 
beam moves in a transverse direction. 

Fig. 5. Thermal cycles of 3 layer deposition of AlCrNiTiNb HEA coating at a) 1150 W and b) 1350 W.  

Fig. 6. Isothermal contour plots of temperature distribution of HEA coating 
at 1350 W. 
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3.2. Experimental results 

3.2.1. Microstructural results 
Fig. 7 presents clad geometry of synthesized AlCrNiTiNb HEA 

coating at varied laser power. It is evident that at 1350 W power, heat 
input is increased and results in an increment of the energy density 
(Fig. 7B). LSC processes are modern and high tech to enable close pro
cess control. Due to the rapidity of the process, it has ability to produce 
coatings with less need for post treatment of final alloy coating. Coatings 
with refined microstructures can be produced and delivered on site in 
time to reduce stoppage time and increase throughput in production. 
The process also eliminates the use of expensive molds (used in casting 
technique). All the coatings presented good metallurgical bonding (MB) 

between the coating and the substrate. High energy densities create a 
large melt pool that allows more powder particles to be melted resulting 
in alloys with increased thickness. The high temperatures are also 
generated under these conditions which reduce the rate of heat extrac
tion from the alloy during solidification. The cavities are predominantly 
near the heat-affected zone (HAZ) showing that the diffusion of gases is 
controlled by the direction of heat flow. The heat flow direction during 
laser cladding is in-line with the computational thermal analysis model. 
The substrate acts as a heat sink during cladding and the temperature 
drop occurs from the surface of the alloy towards the HAZ. 

Laser surface deposition is an additive manufacturing technique that 
has several benefits such good surface finishing, small heat-affected 
zone, strong metallurgical bonding and low dilution ratio. On the 
other hand, the process has some challenges such as porosity and crack 
formation formed in the coatings. Cracks are formed due to residual 
stresses triggered by mismatched thermo-physical properties and high 
thermal gradients between the base material and the deposited coatings 
[46]. Fig. 8 presents the SEM images of HEA coatings developed at laser 
power of 1150 W and 1350 W. 

From the AlCrNiTiNb HEA coating microstructures, the interface 
zone and Ti6Al4V base metal can be observed. The morphological 
evolution of the fabricated coatings displays different characteristics due 
to different cooling rate exposure. This shows that the laser power have 
significant influence on the microstructure of laser-deposited HEA 
coatings. Both coatings show no evidence of cracks or initiation of stress 
and pores. The good metallurgical bonding is marked between the 
substrate and the coating at both laser powers. According to [47], the 
increase in cooling rate during laser cladding is proportional to 
increased laser power. Hence, the smaller dendritic grains structure are 
evident at 1350 W (Figure c-d). In contrary, laser power of 1150 W, both 
the interaction time and the absorbing energy of the substrate are 
reduced and then lead to larger grain sizes (Fig. 2a-b). Thus, it can be 
agreed that the grain sizes of the cladded HEA coatings can be refined by 
increasing the laser power while avoiding high diffusion rate. The 
dendritic and inter-dendritic structures are observed from in both 
1150 W and 1350 W HEA coatings. Fine dendritic microstructures can 

Fig. 7. Clad geometry of AlCrNiTiNb HEA coating at a)1150 W and b) 1350 W.  

Fig. 8. SEM micrographs of transition regions and middle region of AlCrNiTiNb HEA coating at (a - b) 1150 W and (c - d) 1350 W.  
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be observed in both coatings towards the substrate. The dendrites are 
mainly formed by the presence of Ni and Ti metallic powders [11,48]. 

The SEM/EDS of the synthesized AlCrNiTiNb HEA coatings on 
Ti6Al4V are shown in Fig. 9. The coatings are characterized by dendritic 
microstructure with uniform distribution of phases with the dendritic 
and inter-dendritic regions. The dendrites and inter-dendrite structures 
formed are due to Nb, Ni and Ti ratio as part of the ad-mixed in devel
oping the HEA. The elements are reported to form BCC solid solution 
phase with excellent wear and microhardness resistance. Moreover, the 
refinement of grains because of rapid cooling rates associated with the 
laser cladding process further enhance the mechanical characteristics of 
the coatings [18]. EDS results of the laser clad samples in Fig. 9 
confirmed the presence of the Nb, Ti, Al, Ni, Cr metallic particles in the 
fabricated coating. This proved that the metallic particles influenced the 
surface microstructural evolution of the coatings. 

3.2.2. Phase formation 
Fig. 10 represent the XRD pattern of equi-atomic AlCrNiTiNb HEA 

coatings via laser cladding fabricated at different laser power. 
The sample developed at 1350 W presented major diffractions peaks 

of: 22.23◦, 31.32o, 40.60◦, 44.19◦, 68.71◦, 79.15◦ and 84.21◦, their 
inter-planar distance of 2.12 Å, 2.24 Å, 2.32 Å, 1.18 Å, 2.89 Å, 1.81 Å 
and 1.59 Å respectively. At 1150 W, the diffraction peaks were found at: 
40.60◦, 79.19◦ and 84.41◦ and their inter-planar distance of 2.57 Å, 
2.25 Å and 2.13 Å respectively. The XRD spectrum of 1350 W sample 
shows the major phases (BCC) present and high peaks. The same peak 
was significantly reduced at 1150 W coating. Normally the shift in the 
crystals structure and peak intensity decrease can be an indication of 
atomic rearrangement. The peak intensity decrease is due to dissolution 
of unstable phases to form stable phases with increasing laser power. It 
should also be noted that an FCC phase is present in the phase evolution 
and it has a notable effect on the overall mechanical properties of the 
coating. Coatings composed of both BCC and FCC solid solution struc
tures are known to possess balanced mechanical strength and ductility 
[16]. 

3.2.3. Microhardness results 
The average and profile microhardness values on the substrate and 

cross section of AlCrNiTiNb coatings at 1150 W and 1350 W is presented 
in Fig. 11A-11B respectively. 

The AlCrNiTiNb alloy coatings formed at laser power of 1350 W has 
an average hardness value of 825HV with 1150 W sample presenting 
hardness value of 753HV. It is interesting to note that the microhardness 
of laser cladded coating reached the highest hardness value of 892HV at 
1350 W. The microhardness was higher in the cladded region and 
decrease along with the increase in distance from the cladded surface. 
The rise of hardness near the substrate was due to heat treatment effect 
on the titanium alloy from the laser beam. Based on studies conducted 
by Kanyane et al. [3] and Zhang et al. [1], it is evident that laser 
fabricated alloys are associated with high microhardness properties due 
to rapid cooling which result in refinement of microstructure. More so, 
the presence of high proportion BCC over FCC phases in the coatings 
structure are the reason for improved microhardness properties as 
compared to the substrate which presented average hardness of 314HV. 

Fig. 9. EDS overall of AlCrNiTiNb laser cladded HEAs (a) 1150 W and (b) 1350 W at 1. 2 m/ min.  

Fig. 10. XRD plots of AlCrNiTiNb HEA coatings.  

L.R. Kanyane et al.                                                                                                                                                                                                                             



These results indicate that the HEA coatings on Ti6Al4V have potential 
for adoption in high performance engineering applications. 

4. Conclusions 

AlCrNiTiNb high entropy alloy coating with equi-atomic ratios was 
synthesized successfully by means of laser cladding technique on the 
surface of Ti6Al4V alloy substrate for improved properties. They exhibit 
one of the unique qualities of Laser cladding technique.  

✓ The computational model showed high surface temperatures 
compared to empirical the melting temperature of the HEA coatings, 
proving that the elements were fully melted as justified by the SEM.  

✓ The SEM showed that AlCrNiTiNb alloy coatings formed an excellent 
metallurgical bond with Ti6Al4V alloy substrate and no presence of 
cracks, pores or initiation stress. 

✓ After laser cladding, HEA coatings mainly composed of major or
dered and disordered solid solution phases. These solid solution 
phases include FCC and BCC.  

✓ The microstructure of HEA coating mainly consisted of dendrite and 
interdendrite structure with different chemical compositions.  

✓ The EDS analysis confirmed the presence of the elements used to 
develop the alloy.  

✓ The microhardness of the substrate increased from 314HV to 892HV 
at 1350 W. The increase of microhardness was attributed to the solid 
solution phases of BCC and FCC combination. 
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