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The creation of new alloys with improved qualities has become essential in modern industries for 
high-performance materials. This work’s main objective is to use vacuum arc melting (VAM) to 
synthesize two different high-entropy alloys (HEAs): AlCrFeNiCu and AlCrFeNiCo. The mechanical 
properties, phase composition, grain boundaries, and alloy composition of the HEAs were studied. 
The predominant crystal structure, the Body-Centred Cubic (BCC) phase was obtained for both alloys. 
Significantly, the Co-containing HEA showed a smaller particle size than the Cu-containing HEA, which 
led to a 14.21% increase in microhardness. It indicates that the Co-based HEA will likely perform better 
than the Cu-based HEA in applications prone to abrasion, and indentation, and requiring high hardness 
levels based on the observed microstructure and hardness parameters. According to wear surface 
morphology studies, main effects analysis and ANOVA show that increasing loads and sliding distances 
increase wear rate, whereas sliding velocity has less effect. The best wear rate-reducing parameters 
are 10 N, 0.5 m/s, and 500 m for Cu-containing HEAs, and the same can be predicted using regression 
analysis. The study categorizes the intricate worn surface structure by describing different surface 
properties and wear mechanisms, such as grooves, delamination, adhesive wear, and pitting.
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High Entropy Alloys (HEAs) have been studied extensively in materials science since they consist of multiple 
elements that are present in nearly equiatomic ratios. These alloys generally develop stable solid solutions that 
have a superior performance in mechanical, thermal, and chemical aspects compared to the customary alloys1,2. 
HEAs can be produced using various methods, namely advanced techniques of AM such as Selective Laser 
Melting (SLM) and Directed Energy Deposition (DED) and conventional techniques like Vacuum Arc Melting 
(VAM) and powder metallurgy. The method of synthesis is usually crucial in determining properties such 
as corrosion resistance, ductility, and strength, hence the flexibility of these alloys for miscellaneous uses. In 
particular, VAM has been widely employed in synthesising HEAs with desirable characteristics3. Out of these 
methods, VAM has been widely preferred because it can create HEAs with desired properties such as enhanced 
microstructure and hardness. For instance, Nahmany et al. have illustrated that AlxCrFeCoNi HEAs produced 
by VAM yielded better hardness when electron beam surface remelting was employed to even further increase 
the material properties through fine grains4. Further, other findings by Miracle and Senkov demonstrated that 
the refractory HEAs formed through VAM could attain high micro-hardness and the stable single-phase body-
centred cubic (BCC) phase, which is useful for high-temperature and wear-resistant applications5.

For HEAs, the properties are highly dependent on the elements of the system and the processing technique 
applied. Some of the oxidation and corrosion-resistant elements include aluminum (Al), copper (Cu), and 
chromium (Cr) while the wear resistance and hardness are provided by iron (Fe) and nickel (Ni)6–8. The 
specific choice of the alloying elements has a direct impact on the overall performance, cost, and technological 
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applicability of HEAs. Recent research has been directed to low-cost HEAs comprised of Fe, Mn, Cu, Ni, and 
Al, where an effort has been made to meet the performance criterion, excellent mechanical properties at high 
temperatures, and cost limitation9.

Most of the HEAs create different crystal structures, such as the face-centred cubic (FCC), body-centred cubic 
(BCC), and hexagonal close-packed (HCP) phase. The most typical lattices are the FCC and BCC structures; 
they have the same lattice parameters, and high ductility is characteristic of FCC, whereas BCC has greater yield 
strength, but it is more brittle10. According to the literature, it has been proven that oxidation can be reduced 
when there is a higher purity of aluminum in the AlxCrCuFeNi HEAs thus illustrating how the composition of 
HEAs influences their performance11. HEAs also demonstrated excellent wear resistance at high temperatures, 
depending on the microstructure, grain size, and precipitation.

Researching the wear behaviour of AlCoCrFeNi alloy system has shown improved wear resistance with the 
addition of aluminum in its composition which helps in refining the surface of the alloy and increasing its surface 
hardness. The wear rate of these alloys is therefore inversely proportional to hardness, especially at high loads12. 
Furthermore, the wear behavior is also influenced greatly by temperature, where oxidation wear is most likely 
to occur at 600 °C. This indicates that through the application of AlCoCrFeNi coatings, mechanical properties’ 
improvement is achieved in addition to coating adhesion and anti-friction characteristics13. The leading cause 
of wear prone to the magnesium matrix was abrasive wear, while the AlCoCuFeNi particles conveyed the HEA’s 
capability to resist fatigue wear and it is 45% higher14.

In this context, the present study focuses on two HEA systems: Two of the alloy compositions which are 
AlCrFeNiCu and AlCrFeNiCo were prepared by the VAM technique. These systems are selected according to 
their favourable mechanical and wear resistance characteristics. It is also important to note that Al, Cu, Ni, and 
Co help in the formation of a stable FCC phase and Cr and Fe in the formation of the BCC phase. AlCrFeNiCu 
has a great advantage in being plastic, oxidation resistant, and inexpensive because as there is no cobalt. However, 
its strength remains somewhat lower as compared to that of AlCrFeNiCo. This is superior in strength conditions, 
which are always preferred for high-load conditions. These trade-offs include less plasticity and higher brittleness 
for the AlCrFeNiCo alloy, since the phase is BCC.

This work differs from the prior research on similar HEAs in relation to their microstructure and wear 
behaviour, the present work takes a unique aspect by directly comparing the implications of Cu and Co addition 
at identical experimental conditions. This allows discriminating the distinctive perspective of the role of these 
elements on phase stability, grain refinement, hardness and the wear resistance of HEAs and thus provides the 
necessary information for compositional control and valuable insights for industrial applications. The goals and 
scope are to study the metallurgical properties, phase stability, and mechanical behaviour of these HEAs and to 
discover compositions which would be useful in service in harsh conditions.

Materials and methods
This research specifically focuses on the evaluation of AlCrFeNiCo and AlCrFeNiCu based High Entropy Alloys 
(HEAs) produced by the Vacuum Arc Melting (VAM) method. This technique is heavily used for producing 
alloys in different quantities to obtain precise properties. The key elements such as nickel (Ni), chromium (Cr), 
aluminium (Al), iron (Fe), copper (Cu), and cobalt (Co), are very pure and are protected by the VAM chamber 
(High Vacuum Instruments Ltd.) in an argon atmosphere. Each of these elements has purity levels far above 
99.9 wt%. The VAM was performed inside the electric arc furnace under high vacuum pressures normally falls 
within 10–3 to 10–6  torr. An electric arc necessary for this melting process of alloying elements was created 
using an electrode made from non-consumable tungsten. The melt resulting from such a melting procedure was 
collected in a water-cooled copper crucible and further the ingots. During this process of melting, the impurities 
in the alloy are removed effectively due to their selective vaporization, hence resulting in almost pure alloys. 
Pre-melting and re-melting of raw materials for the elements of choice 3 to 5 times guarantee uniform single-
phase HEA. This cyclic melting process also provides a uniform mixing of elements and guarantees a typical 
microstructure. This current study expounds on the methods as illustrated in Fig. 1.

After the VAM process, the samples were grounded and subjected to a standard metallographic procedure 
including polishing with different SiC abrasive papers and alumina suspension to attain a mirror-like finish. 
This step is essential for the precise microstructural characterisation of prepared HEA samples. Phase structures 
are characterised using Bruker D8 X-ray diffractometer with Cu-Kα source radiation. This device also affords 
the means of moving repeatedly through a 2θ survey from 25° to 90° with a consistency of 0.2  °/min. Thus, 
through the help of EDX (e), it is possible to have a detailed analysis of the alloy and know the content of the 
elements that are in it. Employing Quanta 3D FEG, the EBSD examination for HEA demonstrates the grain size, 
phase composition, Schmid factor, and misorientation angle because of the extensive investigation of the as-cast 
material. The nominal and measured compositions of HEAs are mentioned in Table 1.

To find out the mechanical characteristics of the alloys, more work is carried out. There is the use of the 
Matsuzawa MMT-X device and the method of Vickers micro-hardness testing, which is done by following the 
guidelines of ASTM E384 standard. The averages of six trials are taken, where the load of 100 g was applied for 
15 s for each trial. Wear tests are carried out on the prepared specimens with three varying levels of load, sliding 
speed and sliding distance using a Pin-on-disc tribometer. During the wear test, the D2 Tool steel disk was used 
as a counterpart. The testing process does not employ any lubrication, ensuring that the wear behaviour of the 
material is assessed under dry sliding conditions with an ambient temperature of 27 °C and relative humidity of 
65%, which are commonly encountered in real-world applications. The purpose of these environmental settings 
is to accurately simulate real-life operational conditions and ensure that the experimental findings may be 
applied to real-world situations. A stress sensor is used to measure the specimen’s frictional force. The frictional 
coefficient, an essential parameter that provides insight into the tribological characteristics of a material, must 
be determined through the measurement of the frictional force. Through precise real-time monitoring of the 
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frictional force and frictional coefficient, the software of the tribometer can yield important information on how 
the material reacts to sliding wear in the given circumstances. Wear test parameters and their levels are given in 
Table 2.

It is concluded that the best combination of factors that makes the wear parameters optimum has been 
determined using the Mean Effects method, and the influence of various input parameters on wear has been 
analysed. Observations yielding rankings from the patterns of experimental data can be drawn. An orthogonal 
array has been used for the analysis with the data derived from nine experiments. So, a range of influence of 
process parameters on the wear behaviour of samples was done. The analysis of Variance (ANOVA) method was 
used as a statistical tool to examine and quantify the effect of various parameters on material properties leading 
to wear.

Factors Levels

Load (N) 10 25 40

Velocity (m/s) 0.5 2.0 3.5

Sliding Distance (m) 500 1250 2000

Table 2.  Wear test parametric levels.

 

AlCrFeNiCu AlCrFeNiCo

Element Nominal composition (at%) Measured composition (at%) Element Nominal composition (at%) Measured composition (at%)

Al 20 18.7 Al 20 19.2

Cr 20 19.8 Cr 20 19.5

Ni 20 19.4 Ni 20 20.3

Fe 20 20.7 Fe 20 21.2

Cu 20 21.4 Co 20 19.8

Table 1.  Nominal and measured composition of HEAs.

 

Fig. 1.  Significant steps involved in current research.
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Results and discussion
Phase analysis
The XRD plots of as-cast HEA specimens are displayed in Fig. 2a1 and a2. This technique is critical in making 
the material’s atom-by-atom structure evident to understand its features and applications. From the XRD data, 
it can be concluded that the HEAs under investigation contain FCC as well as BCC forms. Of the HEAs with 
different elements, it can be seen that the structure of the HEAs with Copper (Cu) and Cobalt (Co) elements was 
identified by FCC and BCC peaks, respectively. The XRD analysis pattern for the AlCrFeNiCu high entropy alloy 
shows the existence of the FCC phase. It is evident from the obtained XRD peaks at (111), (200) and (220), the 
dominant FCC phase is confirmed. This is mainly due to the presence of Copper (Cu) and its interaction within 
the HEA alloy. The observed FCC peaks further confirm the structural homogeneity within the chosen alloy 
composition and its atomic arrangement favours the enhanced mechanical properties and stability of the alloy. 
Besides the minor diffraction peaks corresponding to the BCC structure are also seen from the XRD–spectrum 
results, as supported by other studies15.

The diffraction peaks belonging to the BCC phase are (200), (211), and (110) which are exhibited in both the 
fabricated HEAs and thus endorse the conclusion. This is indeed significant knowledge that offers discernible 
proof of the crystal structure that prevails in the materials being studied. With the value of negative mixing 
enthalpy, the observation of the BCC phase can be explained, which is estimated to be −22 kJ/mol. The negative 
value of enthalpy helps in the proper miscibility of different elements within the framework of the alloy and 
gifts the BCC crystal structure with desirable characteristics like alloying16. This case illustrates the role that 
thermodynamical parameters play in the formation of the phases in the HEAs. Hence, the AlCrFeNiCo alloy 
has a comparatively higher microhardness than the AlCrFeNiCu alloy due to the BCC phase. Thus, the unique 
constitution of the newly developed AlCrFeNiCo alloy promotes the development of a body-centred cubic 
(BCC) phase with improved mechanical characteristics, hence the increased microhardness. Another change 
worth mentioning is the secondary phase absence in the developed HEAs. It is missing, as HEAs have inherently 
higher configurational entropy by their nature as alloying systems. APPER has defined configurational entropy 
as the amount of disorder associated with the atomic positioning in a solid solution. Thus, many elements in 
HEAs with equiatomic or nearly equiatomic compositions show a substantial configurational entropy increase. 
This results in the Gibbs free energy decrease and improves the overall stability of the phase that is synonymous 

Fig. 2.  XRD patterns of (a1) AlCrFeNiCu, (a2) AlCrFeNiCo HEAs.
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with solid solutions. Hence, the sub-phase’s absence can be attributed to the solid solution strength, which is a 
result of the high configurational entropy of the HEAs17.

Microstructural characterization
SEM/EDS analysis in Fig. 3 depicts the detailed microstructural examination of AlCrFeNiCu and AlCrFeNiCo-
based HEAs. Microstructural characterization plays an important role in understanding HEA properties 

Fig. 3.  SEM/EDS Analysis (1) AlCrFeNiCu, (2) AlCrFeNiCo: (a) SEM image, (b) EDS Analysis region, (c) 
Elemental point mapping, (d) Elemental area mapping.
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because they exhibit unique properties due to the random distribution of multiple principal elements at near-
equiatomic ratios. The micrographs from the SEM of the AlCrFeNiCu and AlCrFeNiCo at 500 × magnification 
are shown in Fig. 3a₁ and a₂. Surface morphologies of both alloys have appeared to be relatively smooth and fine 
texture indicates the fine-grained microstructural features. Uniformities in the microstructure might be directly 
associated with controlled processing conditions prevailing in alloy fabrication, probably to minimize defects 
like porosity or segregation. From the micrographs, the smoothness and the absence of any phase separation 
or inclusions suggest that the alloying elements have been well integrated at the microscopic levels. However, 
on the surface morphology, the texture seems to be a little more for AlCrFeNiCu (a₁) than AlCrFeNiCo (a₂); 
thus, it may suggest differences in the mode of solidification or phase distribution. This could relate to a better-
developed microstructure of AlCrFeNiCo and therefore fewer phase boundaries initiate superior mechanical 
properties.

EDS analysis help to judge the extent of homogeneity of the elemental distribution and the generation of 
a homogenized fully solid solution phase by establishing a visual of the exact position of each of the elements 
that are in the alloy system. Figures 3b₁ and 3b₂ offer the spot-by-spot elemental distribution in the alloy 
matrices. The composition of AlCrFeNiCu (Fig. 3c1) exhibits Cu at 23.5 at%, Ni at 19.0 at%, Al at 18.9 at%, 
Fe at 19.9 at%, and Cr at 18.7 at%. High-entropy alloys have a homogenous solid solution phase due to their 
equal distribution of elements. The presence of Cu as a significant component would have led to localized phase 
separation, mainly due to its larger atomic radius and different chemical properties. On the other hand, the EDS 
result for AlCrFeNiCo (Fig. 3c2) indicates that the composition of this is primarily composed of Co (21.7 at%), 
Ni (20.4  at%), Al (19.4  at%), Fe (19.5  at%), and Cr (19.0  at%). The replacement of Cu with Co has several 
implications for the alloy’s mechanical and chemical properties. Co forms a solid solution strengthening and 
thus hardening the alloy while enhancing its thermal stability and the corrosion resistance of alloys. This effect 
is truly significant in the case of oxidation and high-temperature environments.

Elemental mappings in Figs. 3d₁ and d₂ show that EDS results are consistent with these results. Colour-coded 
maps provide a spatial distribution of elements across the alloy surfaces. At a microscopic scale, elemental maps 
for Al, Cr, Fe, Ni, and Cu of AlCrFeNiCu (d₁) reveals a uniform distribution, indicative of a well-mixed alloy. 
A slight nonuniform distribution of Cu, often with locally higher intensities in the top-left part of the map, 
may indicate some sort of localized segregation. Precipitates or softer phases formed in the alloy may weaken 
it by forming a rich Cu region, lowering its hardness. Elemental maps for AlCrFeNiCo (d₂) show a uniform 
distribution of all the elements without meaningful signs of segregation. This is important in an elemental 
alloy because it ensures that the mechanical properties are homogeneous throughout the solid solution phase. 
Notable in the Co distribution is its distribution-evenness, which indicates that the substitution of Cu for Co has 
increased the alloy’s homogeneity and improved hardness.

EBSD analysis
The results of the EBSD analysis shown in Fig. 4 shed important light on the grain structure and crystallographic 
orientation of the synthesized HEAs. The grain’s crystallographic orientation within the prepared HEA specimens 
is depicted by the Inverse Pole Figure (IPF) map, which is shown in Fig. 4a. This map aids in the visualization of 
the orientation and distribution of grains, revealing details about the preferred orientations and texture of the 
material. The phase mapping of the HEAs is given in Fig. 4b. The BCC phase is present in the majority of the map 
for the AlCrFeNiCu alloy, whereas the FCC phase is present in smaller areas. These phases show a complicated 
microstructure because of its grain boundary orientation. On the other hand, only the BCC phase is present in the 
AlCrFeNiCo alloy; no other phases are visible. Typically, when alloying atoms with larger differences in atomic 
size are used, they tend to prefer the body-centred cubic (BCC) structure. This preference is due to the reduction 
of lattice distortion and the resulting stabilization, which is one of the main advantages of high-entropy alloys 
(HEA)18,19. That implies a simpler and more homogeneous microstructure than the alloy that contained Cu. The 
distinction in grain size between the HEAs that include Cu and those that contain Co is verified by Fig. 5a. The 
copper-containing alloy exhibits a larger average grain size of 220.75 μm, while the cobalt-containing alloy has a 
smaller average grain size of 116.6 μm. The alloy composition or processing parameters may be to blame for the 
Cu-containing alloy’s higher grain size. The variations in grain size affect the alloys’ mechanical characteristics. 
Given its smaller grain size, the Co-containing alloy is probably going to be harder than the Cu-containing alloy. 
This conclusion is consistent with the microhardness data, indicating that the Co-containing alloy does exhibit 
increased hardness. The increased Gibbs free energy in the Co-containing alloy can be explained by its smaller 
particle size20. This implies that larger energy fluctuations in the Co-containing alloy cause smaller grains to 
develop during the solidification and subsequent processing steps.

According to the analysis of Fig. 6a, the fraction of lower angle grain boundaries (LAGB) with misorientation 
angles ranging from 1 to 15º (represented in red) is significantly lower for both samples than the fraction of higher 
angle grain boundaries (HAGB) with misorientation angles greater than 15º (shown in blue). This observation 
implies that in the Cu-containing and Co-containing alloys, there is a higher prevalence of grain boundary 
misorientations. The grains in the Co-containing alloy exhibit a mono-dispersive nature with equiaxed shapes, as 
evidenced by Fig. 6a2. In contrast, the Cu-containing alloy displays poly-dispersive grains with irregular shapes. 
This difference in grain morphology between the two alloys may stem from variations in their composition 
or processing conditions. Additionally, a little soft Face-Centred Cubic (FCC) structure is seen at the grain 
boundaries in the Cu-containing alloy. This characteristic leads to a decrease in hardness in contrast to the Co-
containing alloy, which is devoid of this kind of structure. Lower hardness may result from the soft FCC phase 
present at the grain boundaries, which can also have an impact on the alloy containing Cu’s overall mechanical 
characteristics. A little rise in the Kernel Average Misorientation (KAM) value is shown in Fig. 7a. This rise is 
associated with increased residual stress and decreased grain boundary cracking. According to these findings, the 
nano-grained structures depicted in Fig. 8a, characterized by uniform size and homogeneous dispersion, exhibit 
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higher Schmid factors. These increased Schmid factors lead to denser structures with enhanced mechanical 
strength and wear resistance21.

Microhardness analysis
The average microhardness values for the as-cast samples of AlCrFeNiCu and AlCrFeNiCo alloys were 415 ± 10.5 
HV and 474.4 ± 8 HV, respectively, according to the microhardness measurements. These results point to a 
significant difference in the two alloys’ microhardness, with the Co-containing alloy showing greater hardness 

Fig. 4.  EBSD analysis (1) AlCrFeNiCu, (2) AlCrFeNiCo: (a) IPF image, (b) Phase Mapping.
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than the Cu-containing alloy. It is noteworthy that for the AlCrFeNiCu22 and AlCrFeNiCo23,24 alloys, the quoted 
hardness values hold true at various loads. This consistency highlights the durability of the observed hardness 
values by demonstrating the accuracy and repeatability of the hardness measurements.

The X-ray diffraction (XRD) data confirms the increase in hardness in the Co-containing alloy is due to 
the BCC phase formation. The AlCrFeNiCo alloy demonstrates enhanced mechanical properties, particularly 
hardness, as a result of the dominant BCC phase present in the alloy, in contrast to the AlCrFeNiCu alloy. This 

Fig. 5.  EBSD analysis (1) AlCrFeNiCu, (2) AlCrFeNiCo: (a) Grain size distribution.
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aligns with the general trend observed in HEAs, where the incorporation of certain alloying elements (Co), 
promotes BCC phase formation, which exhibits superior hardness compared to other crystal structures.

Wear analysis
The conditions mentioned in Table 2 have been selected based on the specifications of the experimental setup. 
The wear rate demonstrates statistical significance for a specific set of wear characteristics in processed samples 
that have been analyzed using ANOVA. The layout and outcomes of the wear experimentation are shown in 

Fig. 6.  EBSD analysis (1) AlCrFeNiCu, (2) AlCrFeNiCo: (a) Grain boundaries.

 

Scientific Reports |        (2024) 14:27398 9| https://doi.org/10.1038/s41598-024-76350-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Table 3 for both HEAs. The experimental results are assessed using regression models to create a mathematical 
model for the ideal wear response25.

Table 4 gives the response table for the mean wear rate. According to the table, load (N) has the greatest 
impact on wear rate, followed by sliding velocity and distance. The wear rate variation is proportionate to the 
stress on the pin surface, according to the application of Archard’s law.

More wear loss results from the higher applied load because of constant contact between the surfaces. As a 
result, increasing the load to create the maximum contact pressure between the material of the counter disc and 

Fig. 7.  EBSD analysis (1) AlCrFeNiCu, (2) AlCrFeNiCo: (a) KAM mapping.
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the test specimen surface raises the temperature at the interface, increasing the wear rate26. Table 4 shows that 
the load at a level of 10 N, sliding velocity at a level of 3.5 ms−1, and sliding distance at a level of 500 m are the 
optimal levels of parameter combinations that yield the lowest wear rate.

Figure 9a1, a2 indicates that the mean response significantly increases as the load applied increases from 10 to 
40 N. This suggests that lower loads may have a positive effect on the wear rate. This indicates that the wear rate 
increases with greater sliding distances, suggesting a strong positive effect of sliding distance on the response. 
The plot shows that the mean response rises with higher sliding velocities, particularly between 2.0 and 3.5 m/s. 

Fig. 8.  EBSD analysis (1) AlCrFeNiCu, (2) AlCrFeNiCo: (a) The Schmid factor.
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This suggests that higher sliding velocities positively influence the response variable, though the increase is more 
gradual compared to the sliding distance. The overall trends and interpretations remain consistent, indicating 
how the factors influence the response variable for both alloys.

According to the interaction plot (Fig. 9b1, 9b2), a parallel line denotes no parameter interaction, whereas 
a nonparallel line denotes a substantial parameter interaction on wear rate. The relationship between load and 
sliding velocity is shown in Fig. 9 to be significant at lower load 10 N and inconsequential at higher loads. It is 
evident from the plots of Fig. 9, that the main effects and interaction plots of AlCrFeNiCo and AlCrFeNiCu 
alloy have the same optimal level statistically. Though it shows a difference from the metallurgical point of view, 
statistically it is the same from the wear rate point of view.

The higher the applied load more the wear rate for all the sliding velocity. The fact that the applied load 
and sliding distance did not significantly interact in Fig. 9 suggests that the lines of interaction were nearly 
parallel except for the load 10 N. Figure 9 illustrates that at higher sliding velocity levels, an increase in sliding 
distance increases the wear rate. As a result, with a high sliding distance and low sliding velocity, the wear rate 
was decreased. Nonetheless, when the sliding distance increased, the wear rate of the high load and high sliding 
velocity combination increased. At any sliding distance, the composite’s minimum wear rate can be found at a 
moderate or least sliding velocity.

A correlation between the input process parameters was established using the regression equation. The 
association between the control parameters considered to achieve the least wear rate is provided by regression 
Eqs. (1 and 2) for Cu and Co-based HEAs, respectively. The wear rate on any specimens can be statistically found 
using the below given regression equations.

	

Wear Rate
(
mm3/ (Nm)

)
= 1.12× 10−4 − 3.9× 10−5Load (N)_10

− 2.2× 10−5Load (N)_25 + 6.1× 10−5Load (N)_40

− 3.5× 10−5Sliding Distance (m)_500− 9.0 × 10−6Sliding Distance (m)_1250

+ 4.4× 10−5Sliding Distance (m)_2000 + 1.5× 10−5Sliding Velocity (m/s)_0.5

+ 5.0 × 10−6Sliding Velocity (m/s)_2.0

− 2.0 × 10−5Sliding Velocity (m/s)_3.5

� (1)

Alloy Level Load (N) Sliding distance (m) Sliding velocity (m/s)

AlCrFeNiCu

1 7.4 × 10–5* 7.7 × 10–5* 1.27 × 10–4

2 9.0 × 10–5 1.03 × 10–4 1.17 × 10–4

3 1.73 × 10–4 1.56 × 10–4 9.2 × 10–5*

Delta 9.9 × 10–5 7.9 × 10–5 3.5 × 10–5

Rank 1 2 3

AlCrFeNiCo

1 6.9 × 10–5* 6.6 × 10–5* 1.15 × 10–4

2 8.3 × 10–5 9.3 × 10–5 1.08 × 10–4

3 1.53 × 10–4 1.46 × 10–4 8.2 × 10–5*

Delta 8.4 × 10–5 7.9 × 10–5 3.3 × 10–5

Rank 1 2 3

Table 4.  Response table for mean wear rate of HEAs. *Optimal level.

 

Load (N) Sliding distance (m) Sliding velocity (m/s)

Wear rate (mm3/Nm)

AlCrFeNiCu alloy AlCrFeNiCo alloy

10 500 0.5 6.785 × 10–5 6.05625 × 10–5

10 1250 2 5.321 × 10–5 5.0615 × 10–5

10 2000 3.5 1.00156 × 10–4 9.705 × 10–5

25 500 2 6.248 × 10–5 5.718 × 10–5

25 1250 3.5 7.5472 × 10–5 6.6696 × 10–5

25 2000 0.5 1.3256 × 10–4 1.23835 × 10–4

40 500 3.5 1.0095 × 10–4 8.17 × 10–5

40 1250 0.5 1.8156 × 10–4 1.609 × 10–4

40 2000 2 2.36675 × 10–5 2.1695 × 10–4

Table 3.  Experimental response for the wear parameter analysis of HEAs.
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Wear Rate
(
mm3/ (Nm)

)
= 1.02× 10−4 − 3.2 x 10−5Load (N)_10

− 1.9× 10−5Load (N)_25 + 5.1× 10−5Load (N)_40

− 3.5× 10−5Sliding Distance (m)_500− 9.0 × 10−6Sliding Distance (m)_1250

+ 4.4× 10−5Sliding Distance (m)_2000 + 1.3× 10−5Sliding Velocity (m/s)_0.5

+ 7.0 × 10−6Sliding Velocity (m/s)_2.0− 2.0 × 10−5Sliding Velocity (m/s)_3.5

� (2)

The ANOVA findings for the wear rate of two different HEAs are displayed in Table 5. It is confirmed that load 
is the most significant parameter, with a contribution of 56.21% and 48.31% for AlCrFeNiCo and AlCrFeNiCu 
alloys, respectively. It is followed by sliding distance with a percentage contribution for AlCrFeNiCo and 
AlCrFeNiCu alloys of 32.41% and 39.03%, respectively. The sliding velocity is the least significant parameter, 
with 6.51% and 7.33% in both HEAs. The R-sq values of 95.12% and 94.68% of the wear rate of AlCrFeNiCo and 
AlCrFeNiCu alloys are found and are given in Table 6. From the R-sq values, it is evident that the parameters 
chosen for the present experimentation are correct and can be utilized in any specimen following the same 
experimental procedures for the conduct of wear analysis. It is understood that the model can predict the 
response with high accuracy for both HEAs as given in the table.

Essentially, a higher R-squared tells you that the independent variable(s) in your model account for a larger 
share of the changes observed in the dependent variable. This translates to a more precise model for predicting 
the dependent variable based on the independent variables. AlCrFeNiCo shows increased microhardness, 
whereas AlCrFeNiCu demonstrates superior wear resistance attributed to the presence of the FCC phase. It 
is capable of absorbing and dissipating greater amounts of energy during wear, which lessens the intensity of 
wear mechanisms like delamination and adhesion. Co plays a crucial role in refining the grain of the processed 
HEA. The AlCrFeNiCo alloy exhibited a smaller average grain size, which increases in microhardness by 14.21% 
than AlCrFeNiCu HEA. These observations highlight the effectiveness of Co in enhancing the strength of the 
alloy and complement current research showing that Co promotes grain refinement and improves mechanical 

Fig. 9.  Wear analysis (1) AlCrFeNiCu, (2) AlCrFeNiCo: (a) Main effect plots for Means, (b) Wear rate 
interaction plots.
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properties. The BCC structure in Co-HEA exhibits significant hardness; however, this increased hardness comes 
at the cost of brittleness, resulting in elevated wear rates under specific conditions.

Worn surface morphology
The study classifies the intricate worn surface morphology of AlCrFeNi-based High Entropy Alloys (HEAs) 
that contain Cu and Co components by describing numerous surface characteristics and wear mechanisms. The 
worn surface morphology provided validation for the mechanisms linked to wear behaviour. It is possible to 
comprehend wear-related features, such as oxide layers, grooves, cracks, delamination, pits, etc., by looking at 
the surface morphology.

Figure 10a1, a2 displays the worn surface morphology of AlCrFeNiCu and AlCrFeNiCo alloys with the highest 
wear rate conditions. Worn surfaces frequently exhibit deep grooves. Deeper grooves are the outcome of harder 
asperities or third-body particles infiltrating the material surface. The sliding velocity and applied load affect 
the depth and width of these grooves; larger loads and velocities cause more noticeable grooving because of the 
increased stress and temperature at the contact locations27,28. Surface layers peel off when subsurface fissures 
spread parallel to the surface, resulting in visible delamination. Increased thermal and mechanical pressures 
weaken the surface layers and the underlying material bonding, making this wear process more common at 
greater loads and sliding velocities. Delamination can significantly accelerate both the wear rate and material 
loss. Adhesive wear is another method of material transfer between touching surfaces. As a result, layers of sticky 
material build on the surface that has worn down. Asperities from one surface cling to the other and spread over 
the area of contact, creating these layers. The material’s characteristics and the operating environment influence 
how adhesive layers form and remain stable. The intricate relationships among the many alloying elements in 
HEAs can help or impede the development of solid adhesive layers29. The worn surface has small, localized 
depressions that suggest pitting. The separation of material fragments, often as a consequence of corrosion or 
subsurface fatigue processes, causes the formation of these pits. Cu and Co additions can change the alloy’s 
resistance to corrosion, which in turn can change the pitting behaviour. Increased stress concentration and the 
promotion of pit initiation are two ways that higher loads and sliding velocities can worsen pitting30,31.

Figure 10b1, b2 illustrates the worn surface shape of the alloys AlCrFeNiCu and AlCrFeNiCo under minimum 
wear rate conditions. The wear mechanism in these HEAs depends on the worn surface oxide layers. The frictional 
heat during sliding raises the temperature at the interface, which may encourage the oxidation of the alloying 
components. The presence of elements such as Cr and Al aids in the development of protective oxide layers. By 
preventing direct metal contact and lowering the wear rate, these oxide layers may serve as a barrier. However, 
high loads and speeds have the potential to wear away the oxide layers, exposing the underlying material to more 
abrasion. Hard asperities or particles that are less deeply buried in the surface are typically abrasive, creating 
shallow grooves on worn surfaces32,33. Additionally, microcracks and fissures on the worn surfaces, point to the 
fatigue wear process. These cracks start because of cyclic loading and recurrent stress concentrations at specific 
surface locations. Larger cracks, which result from the convergence of microcracks, can eventually remove 
material. Because each element has unique mechanical properties that offer varying degrees of resistance to 
fracture formation, the presence of elements such as Co and Cu can affect the behaviour of crack propagation.

The experimental findings demonstrate the connection between the wear mechanisms and the process 
parameters (weight, sliding velocity, and sliding distance). Elevated loads and sliding velocities typically intensify 

Alloy S R-sq R-sq (adj)

AlCrFeNiCu 2.72 × 10–5 95.12% 80.49%

AlCrFeNiCo 2.59 × 10–5 94.68% 78.70%

Table 6.  Mean summary of analysis of variance for HEAs.

 

Sources DF Adj SS Adj MS F-value P value % contribution

AlCrFeNiCu alloy

  Load (N) 2 1.701 × 10–8 8.50 × 10–9 11.52 0.080 56.21%

  Sliding distance (m) 2 9.81 × 10–9 4.90 × 10–9 6.64 0.131 32.41%

  Sliding velocity (m/s) 2 1.97 × 10–9 9.8 × 10–10 1.33 0.428 6.51%

  Error 2 1.48 × 10–9 7.4 × 10–10 4.89%

  Total 8 3.026 × 10–8 100%

AlCrFeNiCo alloy

  Load (N) 2 1.218 × 10–8 6.09 × 10–9 9.07 0.099 48.31%

  Sliding distance (m) 2 9.84 × 10–9 4.92 × 10–9 7.33 0.120 39.03%

  Sliding velocity (m/s) 2 1.85 × 10–9 9.3 × 10–10 1.38 0.420 7.33%

  Error 2 1.34 × 10–9 6.7 × 10–10 5.31%

  Total 8 2.521 × 10–8 100%

Table 5.  Analysis of variance for HEAs.
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surface damage mechanisms such as grooving, delamination, adhesive wear, and pitting, leading to an increased 
wear rate. Conversely, by lessening the severity of these mechanisms, moderate to high sliding velocities (3.5 m/s) 
and high loads (10 N) can minimize wear rate. The regression equations derived from the experimental data 
provide a mathematical explanation of these interactions and aid in process parameter optimization for the 
lowest wear rates of the Cu and Co-based HEAs.

Conclusions
This work examined the microstructure, phases formed, and microhardness of two different vacuum arc melted 
HEAs, AlCrFeNiCu and AlCrFeNiCo. The following is a summary of the present research:

•	 Phase formation X-ray Diffraction (XRD) investigation confirmed that the Cu-containing alloy displayed a 
combined BCC and FCC structure, while both AlCrFeNiCu and AlCrFeNiCo HEAs displayed a combination 
of crystal structures. Conversely, the Co-containing alloy exhibited a mainly BCC crystal structure.

•	 Grain size and microhardness The Cu-containing HEA exhibited a greater average grain size compared to the 
Co-containing HEA. The difference in grain size led to a notable rise in microhardness, with the Co-based 
HEA alloy exhibiting a microhardness increase of 14.21% in comparison to the Cu-based alloy.

•	 Grain morphology The alloy containing cobalt displayed equiaxed grain morphology, which means that the 
grains had a consistent size and shape. The mean grain size of this alloy was determined to be 116.6 μm, sug-
gesting a comparatively finer grain structure in comparison to the alloy containing copper.

•	 The experimental results demonstrate that the wear rate of both AlCrFeNiCo and AlCrFeNiCu HEAs is most-
ly influenced by the load. Higher loads lead to increased wear rates. The optimal conditions for minimising 
wear rate were seen with a load of 10 N, a sliding velocity of 3.5 m/s, and a sliding distance of 500 m. These 
findings suggest that controlling the applied load is crucial for reducing wear. The study shows that this holds 
for both high-entropy alloys (HEAs), however, the HEA including copper has slightly superior wear resist-
ance compared to the HEA containing cobalt.

•	 An analysis of the worn surface morphology of AlCrFeNi-based HEAs containing Cu and Co components 
shows that higher loads (40 N) and sliding velocities (0.5 m/s) worsen wear mechanisms such as grooving, 
delamination, adhesive wear, and pitting, leading to an increased wear rate. On the other hand, lower loads 
(10 N) and higher velocities (3.5 m/s) encourage the development of protective oxide layers, which decrease 
the wear rate.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Fig. 10.  Worn Surface Morphology analysis of HEA alloys (1) AlCrFeNiCu, (2) AlCrFeNiCo: (a) Highest wear 
rate, (b) Lowest wear rate.
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