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Abstract. The high-entropy alloys AlTiZrNbVCr (HEAs) are suitable for 

many applications due to their light weight, high strength, thermal and 

oxidation resistance. Traditional fabricating methods for HEAs often 

introduce defects, affecting their mechanical properties and performance. 
Advanced manufacturing techniques, including additive manufacturing, 

have been explored to improve microstructures and mechanical 

characteristics. In this research, the resistance of HEAs to wear and nano-

hardness properties was investigated. The sample of HEAs was fabricated 
via laser additive manufacturing, while the experimental analysis was 

performed using an X-ray diffraction system (XRD) and a scanning electron 

microscope (SEM) equipped with energy-dispersive spectroscopy (EDS). 

The result shows that sample A has the highest hardness and wear-resistant 
microstructure when compared with the other samples B and C. The Fast 

Fourier Transform (FFT) SEM processing image was determined at a length 

scale of the dendrite structure to be LC 192 µm. HEAs are applicable in solid 

hydrogen energy storage and submarines, especially in propulsion systems 

where space is limited and a high energy density is required. 

1 Introduction  

The concept of material development arises when designing critical infrastructures that 

require high performance at cryogenic and elevated temperatures. Such materials need to 

meet the functional and structural requirements to withstand harsher environmental 

conditions [1, 2]. A material of high entropy alloys AlTiZrNbVCr HEA was considered 

viable because of its low density and light weight, good machinability and excellent 

performance in extreme conditions [3, 4] Employing this material alongside cutting-edge 

methods like laser engineering net shape (LENS) facilitates the creation of robust structural 

components suitable for diverse engineering applications. 

 The first two researchers that discovered this HEA were Jien-Wei Yeh and Brian Cantor 

as early as 2004, and their research defined the alloy's composition with at least five major 

elements, while the atomic percentage of each element varies from 5-35%.  [3, 5].  HEAs are 
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characterised as random solid solutions, which prevail over the intermetallic compounds and 

conventional alloys due to the high configurational entropy of mixing [6, 7]. Ideally, if these 

alloys assumed the solid solution features, the configurational entropy of mixing will increase 

with respect to an increase in the number of compositional elements and their concentration 

[8].  Additionally, HEAs are usually influenced by core effects [9] that may restrict the 

formation of intermetallic compounds, reduce the diffusion rate of atoms from variations in 

lattice potential energy, and the presence of a high number of elements can lead to a large 

lattice distortion [10, 11].  As the atoms of each element interact, their influence may have 

an impact on the HEA's behaviour [12]. All these factors were taken into consideration when 

designing the alloys in this study [13-15]. A design component made from this material must 

be structurally balanced so as to offer superior combinations of strength and ductility and be 

able to withstand applied loading without exhibiting excessive deflection and breaking in the 

lifecycle [16-18].  

 Harder materials tend to have more densely packed crystal structures, making it more 

resistant to corrosive agents’ metal corrosion agents to penetrate and attack the underlying 

metal [19-21]. Often, manufacturing process parameters may indirectly affect corrosion 

behaviour by altering the microstructure of HEAs [22, 23]. Consequently, it affects their 

response to a specific environment such as alkalis, acids, temperature, and humidity. A 

smooth surface with fewer surface defects and roughness may exhibit better corrosion 

resistance by reducing the site for corrosion initiation [24-26]. 

 With the emergence of high-entropy alloys (HEAs), their smooth surfaces with minimal 

surface defects have made this a material of interest in highly corrosive environment. This is 

because of the high entropy of mixing and the lattice distortion effect, which enhance the 

strength while also preventing plastic deformation and dislocation movement [15, 27]. As 

such, it will culminate in a reduction in wear loss and an increase in wear resistance [28]. 

[28]. In the present study, the microstructural characterization, hardness and corrosive 

behaviour of AlTiZrNbVCr HEA was investigated.   

 The process parameters, such as laser power, scan speed, hatch distance, layer thickness 

and heat (temperature gradient) can significantly influence the hardness, microstructure, and 

corrosion behaviour of alloys. For example, an increase in the scan speed may reduce the 

laser-material interaction time and lower the energy per unit volume, potentially causing 

incomplete melting. Conversely, increasing laser power can create a steep temperature 

gradient, which accelerates corrosion. The key is to carefully adjust laser parameters to 

achieve a balance between microstructural grain refinement and phase composition changes, 

which ultimately dictates the alloys hardness and corrosion resistance, as observed in 

Ti6Al4V[29]  

 Building orientation in additive manufacturing (AM) significantly affects 

microstructural distribution and mechanical properties, mainly because of its impact on heat 

transfer, cooling rate, and grain structure [30]. Different building orientations can create 

variations in heat transfer modes and efficiencies. These variations lead to differences in 

cooling rates, which control grain size, texture, and phase formation. Higher cooling rates 

associated with certain orientations produce finer grains and stronger interlayer metallurgical 

bonding. This improves hardness, surface quality, and tensile strength. The cooling rate also 

influences microstructure formation, including precipitate size and distribution, which have 

a strong impact on hardness and corrosion resistance. Rapid cooling usually increases the 

nucleation rate but limits diffusion [31] . This leads to a higher number of small precipitates 

that hinder dislocation movement, which enhances hardness due to increased precipitation. 

Additionally, processing methods that increase high-angle grain boundaries and reduce grain 

size tend to improve corrosion resistance by forming denser passive films. 
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2 Material and methods 

In this study, AlTiZrNbVCr HEA powder (99.8% purity) with a grain size of 45 µm was 

selected, mixed and homogenized for 8 hours in a 3D tubular mixer (T2 GE). The mixed 

powder was prepared through the LASER using a LENSTM 850R system with a 1 KW IPG 

fibre while the laser melt was deposited on a titanium substrate of 6.5 mm (thickness). The 

processing parameters were set as in Table 1. Each sample was characterised with a JEOL 

JSM-6510 scanning electron microscope (SEM) equipped with an energy dispersion 

spectrometer (EDS). The X-ray diffraction system used was an Analytical XPERT-PROX 

with a radiated CU-Ka and λ=1.54056Å. A nanoindentation test was conducted using a 

diamond pyramid Berkovich indenter via the Oliver-Pharr method to determine the hardness 

properties of the HEAs [32, 33]  A simulation of solidification and SEM images using a 

computational tool (ATEX -software) to analyse the microstructural images was carried out. 

To determine the passivation behaviour of AlTiZrNbVCr HEA at room temperature, 

potentiodynamic polarization experiments were carried out using the electrochemical system 

(computer-controlled auto-lab potentiostat, PGSTAT302). A scanning rate of 1 mV. s⁻¹ in a 

solution of 3.5 wt.% NaCl at room temperature was recorded. The experiment was performed 

with a three-electrode configuration cell system for an hour under atmospheric control 

(nitrogen gas) so as to prevent the effect of oxidation. In this case, AgCl/Ag and platinum 

rods were used as reference electrodes and counter electrodes, respectively, and the fabricated 

sample was used as the working electrode. Before and after analyses, the samples were 

washed with distilled water, degreased with acetone, and air (dried). Using a working 

electrode, a sample with a surface area of 100 mm² was exposed to electrolytes for 20 hours 

during the electrochemical test. 
 

Table 1. Laser parameters used in the melting processes. 

 

3 Result and discussion 

3.1.1 SEM analysis 

A laser power of 360 W significantly affects the temperature of molten pools and depth, 

as well as the microstructure and mechanical characteristics of alloys. Therefore, a higher 

Sample  Chemical 

Composition 

Laser 

Power, 
(W) 

Scan 

Speed 
(mm/s) 

Hatch 

Spacing 
(mm) 

Layer 

Thickness 
(mm) 

Laser 

Spot 
size 

(mm) 

Energy 

Density/
mm3 

A 
Al10.77Ti46.98

V12.39Nb14.16

Zr11.23Cr4.47  

300 10.16 0.660 0.30 1.35 149 

B 
Al10.07Ti53.16

V11.22Nb11.87

Zr9.32Cr4.36 

360 8.64 0.660 0.30 1.35 186 

C 
Al8.56Ti46.46V

12.39Nb17.84Zr

10.48Cr4.27 

300 8.64 0.660 0.30 1.35 175 

https://doi.org/10.1051/matecconf/202541707005MATEC Web of Conferences 417, 07005 (2025)

2025 RAPDASA-RobMech-PRASA-AMI Conference

3



 

 

energy melting typically leads to a large columnar grain structure because of the increased in 

energy input, thereby creating a larger and deeper melt pool. In contrast, remelting generates 

more layers, thus, promoting epitaxial grain growth and a refined microstructure. At 360W 

(8.64 mm/s), a solid solution BCC matrix with a B2 secondary phase will evolve. In this case, 

the melting efficiency was increased, resulting in a more uniform and homogeneous 

microstructure with fewer cracks. 

 In solidification processes, the temperature gradient typically represents the most rapid 

temperature increase and is usually aligned with the direction of heat flow towards the melt, 

thereby corresponding to the direction of grain growth in the solidified microstructure.  

SEM images of HEAs shown in Fig. 1 revealed that their solidification rate (rapid cooling) 

increases with a reduction in temperature gradient, thereby forming a transitional columnar 

grain. With the increase in temperature gradient. The thermal energy generated by deposition 

increased the crystallization of the HEA microstructure, while the previously generated 

thermal energy enhanced the deposited layer of the molten metals of HEA. This change will 

enhance bonding between layers, reduce porosity, and also improve phase formation and 

grain growth. Sample 1A displayed a relatively coarse, irregular texture with isolated light 

and dark regions. In addition, there is evidence of a porous and dendritic solidification 

structure with multiple phases present. Sample 1B shows some texture features with roundish 

in a well-separated region. The bright spots indicate the presence of secondary BCC phases 

that nucleate within the matrix. Sample 1C presents a uniform, fine-grained structure with a 

dense honeycomb pattern. This structure is typical of spinodal decomposition in BCC+B2 

phases. Moreover, the structure is uniform due to the rapid solidification that occurs [34]. 

 

 

Fig. 1. SEM images (A, B, C and D) of the microstructure of AlTiZrNbVCr HEA.  

 

The extremely rapid cooling caused uneven contraction in the HEAs, generating internal 

stresses.  In microscopic analysis, the grain boundary changes its orientation with respect to 

neighbouring grains. In this case, mapping of crystallographic orientation was carried out to 

determine the position and characteristics of grain boundaries. The structure that evolved 

exhibits a significant change in the grain boundary plane, which is inclined perpendicular to 

the growth direction. There is segregation of solute composition at the grain boundary due to 

the depletion of some light elements such as Al, Ti, and V. The strong repulsive interaction 

of other elements in the solid solution with aluminium promotes depletion at the grain 

boundary [35]. Some inhomogeneous segregation patterns of solute composition occur at the 

grain boundary plane. Most BCC elemental compositions were enriched with dendritic cores, 

and the B2 elements are segregated into intermetallic regions. A B2 phase intermetallic is 

separated and formed during the solidification, this is because B2 phases have little solubility 

in the BCC phase [36]. 

 

https://doi.org/10.1051/matecconf/202541707005MATEC Web of Conferences 417, 07005 (2025)

2025 RAPDASA-RobMech-PRASA-AMI Conference

4



 

 

 Figure 2 illustrates the distribution of constituent elements Al-Ti-Zr-Nb-V-Cr overlaid 

onto the SEM image. A mapping of elemental composition was determined using the energy-

dispersed spectroscope (EDS) on the as-built alloys (from laser melting and deposition).  

 

Fig. 2. SEM-EDS elemental mapping images of Al-Ti-Zr-Nb-V-Cr HEA. 

 The micrograph depicts SEM-EDS images of elemental maps for HEAs, which illustrate 

the spatial distribution of the chemical compositions of aluminium, titanium, zirconium, 

niobium, vanadium, and chromium. A visible structure made up of polygonal grains 

separated by well-defined grain boundaries was featured. While some observed contrast 

variation within grains indicates the presence of compositional inhomogeneities at the sub-

grain level.  

 In the elemental mappings, the compositional elements (AlTiZrNbVCr) have a very 

uniform distribution of their constituent elements. Furthermore, there is no discernible 

segregation, precipitate, or elemental clustering. This suggests that the alloys are 

homogeneous and probably single-phase. Additionally, the principal elements are well 

distributed, and no evidence of phase separation was observed. One advantage of this 

structural HEA is that the structural HEA provides enhanced mechanical properties and 

corrosion resistance due to the absence of chemical segregation. Its uniformity suggests that 

high hardness and wear resistance are also attainable. 

3.1.2 Fast Fourier Transform (FFT) analysis  

In the analysis of microstructures, there may be some complex SEM images with intricate 

features that may not clearly be visible but will require a high resolution in order to analyse 

crystal orientation and other features. In this case, the computational software tool ATEX, 

Digital Micrograph (DM), was used. The SEM micrographs (Fig. 3) of the HEAs were 

analysed to explore the underlying characteristic length scale of dendrite, and the SEM 

images obtained were transformed into a Fast Fourier Transform (FFT) processing (Fig. 4A). 

https://doi.org/10.1051/matecconf/202541707005MATEC Web of Conferences 417, 07005 (2025)

2025 RAPDASA-RobMech-PRASA-AMI Conference

5



 

 

 

Fig. 3. SEM-EDS elemental mapping images of a dendrite in the HEAs. 

 

 Moreover, the typical size of the dendrite structure was sparsely visible because of a mix 

of different wavelengths in the power spectrum and intensity profile, which was caused by  

background noise and a weak frequency signal.  
 

 

Fig. 4 A Fast Fourier Transform applied to the processing of a dendrite in the HEAs. 

  

 Nonetheless, a rotational average process was applied to enhance the noises and signals. 

As such, evidence of scattering at the peak with each characteristic frequency was displayed. 

Besides, the results show the BCC crystal grew along the crystallographic direction.  

As shown in Fig. 4B, the FFT power spectrum exhibits strong symmetry and bright spots, 

which is corroborated by the rotationally averaged FFT in Fig. 4C. This correspondence 

aligns with the axis of the BCC structure, thereby indicating a spatial alignment within the 

dendrite. The characteristic length scale of the dendrite structure (Fig. 4D) was determined 

to be LC 192µm. This length of the dendrite (dendrite arm spacing) has a significantly effect 
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on the mechanical performance of fabricated sample of HEAs. Densification of dendrite 

boundaries serves as an impedance to dislocation movement; as such, it enhances both yield 

strength and hardness. Therefore, any alloy with a refined structure usually displays better 

plastic strain, and this can be attributed to the uniform distribution of secondary phases and 

fine microstructures.   

3.1.3 Crystallographic and phase analysis of HEAs 

 

The diagram presents an X-ray diffraction pattern (Fig. 5) that analyses the 

crystallographic structure and phase composition of HEA. Each crystalline phase produces 

characteristic diffraction peaks at specific angles according to Bragg’s law. These diffraction 

peaks are labelled with Miller indices (101, 211, 202, 220, 110, 114, 200, and 222). All 

samples showed metallic phases of Ti, Al₃Ti, and Al₉Cr₄, which were predominantly 

characterized by BCC crystal phases with the highest intensity at 46.259°, 40.153°, and 

38.537°, corresponding to the (202), (114), and (200), while the respective interplanar 

distances were 3.3010 Å, 38.610 Å, and 2.9500 Å, respectively. Sample A displayed 

diffraction peaks with broader features, illustrating the reduced crystallinity. Sample B shows 

a sharp, intense peak; this sharpness is an indication of a well-crystallised and possibly single-

phase. Samples B and C are identical and exhibit the same single phase with greater 

crystallinity.  A sharp, intense peak in sample C, coupled with its consistent regularity, is an 

indication of a highly crystalline structure with a single phase. As a result, the arrangement 

of atoms is well-ordered, and this is evidence of a high purity and uniform composition. 

 
Fig. 5 XRD Spectrum of AlTiZrNbVCr HEA illustrating the phase evolution of BCC in samples A, B, 

and C. 
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3.1.4 Nano hardness 

Figure 6 illustrates the relationship between applied load and indenter displacement during 

the nanoindentation test. Each curve consists of three distinct phases, such as loading, dwell 

time at peak load, and unloading. All three samples display a smooth increase in force with 

depth of up to about 400 mN and 1400 nm indentation depth. Sample A has the highest 

hardness and elastic modulus amongst the three and also exhibits greater elastic recovery and 

less permanent deformation, signifying a higher wear-resistance microstructure. Sample B 

displayed an intermediate mechanical response. This enhancement arises from interface 

strengthening, facilitated by element diffusion and structural transformation. Likewise, Song, 

Junhan, et al. (2024) [37] hold the view that diffusion and structural transformation can 

improve the strength of HEAs while sample C showed the lowest stiffness and hardness and 

exhibited the highest plastic deformation under the same maximum load, thus indicating the 

lowest elastic modulus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.6.  Nanoindentation load displacement curves Al-Ti-Zr-Nb-V-Cr of the HEA deposit. 

3.1.5 Corrosion resistance 

The results in Fig. 7 show a stable value after measuring an open-circuit potential (OCP) of  

-0.5V for 15 min. The passivation region in NaCl was formed as a result of the presence of 

chromium [38]. The presence of Al in AlTiZrNbVCr HEAs matrix reduces the density of 

HEA since it is a low-density element. Aluminium is also at a lower stage in the galvanic 

series when compared to other elements in HEAs [Cr, Nb, Ti, Zr and V (noble)], and therefore 

it is feasible that Al atoms may preferentially be release from the solid solution which 

contains more noble elements in an aqueous NaCl environment. 
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Fig. 7. Potentiodynamic polarization curves of AlTiZrNbVCr in NaCl solution at room temperature. 

 

The polarization curves for samples A, B, and C reveal their behaviour in a corrosive 

environment, based on current density (A/cm²). Sample C exhibited a very low current 

density across a wide range of potentials, with its anodic current sharply increasing only at 

approximately 1E-9 A/cm², indicating high corrosion resistance. Conversely, samples A and 

B displayed high current densities at similar potentials, suggesting a higher corrosion rate 

and lower corrosion resistance due to their anodic current occurring at much higher current 

densities. 

 The Tafel equation is expressed as follows:          

 

                                                      𝜼 =  ±𝑨 𝒍𝒐𝒈𝟏𝟎 (
𝒊

𝒊𝟎
)                                             (1) 

 

Where η denotes overpotential in V, A indicates Tafel slope in V, i is the current density 

(A/m²), i₀ is expressed as exchange current density in A/m², and +/- indicates an anodic and 

cathodic process 

 The symbols in Table 2, representing the cathodic (βC), anodic (βa), and Tafel slope, 

respectively, the corrosion potential (Ecorr,) the corrosion current (Jcorr), the polarization 

resistance (Rp), and the corrosion rate (Rcorr). The Tafel extrapolation graphs were generated 

from corrosion (rate) tests performed. This test was performed using ASTM G3 to achieve 

the Tafel extrapolation graph [39]. The average corrosion current density values (Icorr) for 

both the anodic slope (βa) and cathodic slope (βc) and the corrosion potential (Ecorr) were 

calculated from the Tafel extrapolation. 

 

                                                                                 𝑅𝑃 =
1

𝐽𝐶𝑂𝑅𝑅
(

 𝛽𝐶 𝛽𝑎

2.3𝛽𝐶+𝛽𝑎
)                                             (2) 

                        

                           

                                                                𝑅𝐶𝑂𝑅𝑅 = 𝐽𝐶𝑂𝑅𝑅 (
𝐾 𝑥 𝐸𝑊

𝑑 𝑥 𝐴
)                                     (3) 
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Table 2 Anodic and cathodic slope. 

 

 The corrosion resistance increases from samples A, B, and C, where sample C has the 

highest corrosion resistance when compared with the other two samples. The addition of the 

Nb element composition in Sample C, compared to Samples A and B, significantly improves 

corrosion resistance. This is because a higher Nb content usually promotes the formation of 

a stable, dense oxide (Nb₂O₅) film on the alloy's surface. These films act as a protective layer 

against corrosive media, thus preventing further oxidation and material degradation. The 

presence of vanadium, titanium, chromium, and aluminium in oxide form (Al₂O₃, TiO₂, and 

V₂O₃) also supports the film's stability and integrity. 

4 Conclusion 

Our study examined the hardness, microstructure, and corrosion resistance of 

AlTiZrNbVCr high entropy alloys. 

Images obtained from SEM analysis revealed that HEAs solidify faster at a lower temperature 

gradient. But as the temperature gradient increases, the thermal energy generated by 

deposition also increase because a large difference in temperature drives more intense heat 

flow from the hottest region to the cold region. As such it promotes the crystallization of the 

HEA microstructure.  

 The Fast Fourier Transform (FFT) SEM processing image shows that the BCC crystal 

grew in the crystallographic direction as shown in the distinct symmetry and bright spots. 

The result shows that sample A has the highest hardness and wear-resistant microstructure 

when compared with the other samples (B and C). Thus, the laser power and energy density 

significantly impacted the mechanical properties of the HEA tested.  

 The presence of aluminium composition in the HEAs helps stabilise the solid solution of 

a BCC structure. These alloys exhibit a high corrosion resistance due to the characteristic 

nature of each element that facilitates the formation of a passive layer due to the presence of 

Al and Cr that form a stable oxide (Al₂O₃ and Cr₂O₃).  Since the passivation was spontaneous 

even at standard temperature and pressure (STP). Therefore, sample A exhibits a low 

corrosion rate when compared with other samples B and C, and this was attributed to the 

formation of a protective passive film.  
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