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Abstract 

 High entropy alloys (HEAs) are being explored as prospective substitutes for high temperature 

structural components. These HEAs are typically fabricated using conventional techniques like 

arc melting, mechanical alloying etc., but these routes exhibit a wide range of limitations. Direct 

laser deposition (DLD) process (an additive manufacturing technique) generates complex 

products from metal powder by selectively melting alloy powder in successive layers. The 

present study shows the development of HEAs namely Al0.3CoCrFeNi, Al0.7CoCrFeNi 

possessing crystal structures face-centered cubic (FCC) and FCC plus body-centered cubic 

(BCC) respectively using direct laser deposition (DLD) technique. HEA plates of the above-

mentioned alloys were fabricated using DLD technique. In the present work, microstructures, 

mechanical (mainly hardness) and cyclic oxidation behaviors at 1100 ̊C of developed HEAs have 

been investigated. Microstructural studies revealed FCC and FCC+BCC structures respectively, 

for Al0.3CoCrFeNi and Al0.7CoCrFeNi alloys with corresponding hardness of 170HV and 

380HV. Cyclic oxidation studies were performed on the HEAs at a temperature of 1100 ̊C for 

200 h. Both the HEAs displayed quasi parabolic oxide growth after an initial sharp growth slope.  

Over the studied oxidation period, the mass gain for HEA Al0.3CoCrFeNi was greater than for 

Al0.7CoCrFeNi. Each oxidized HEAs forms an external Cr2O3 scale with Al2O3 subscale formed 
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beneath, but the thickness and continuity of oxide layers vary according to Al content. Increased 

Al content enhanced the oxidation resistance of the HEA. 
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1. Introduction 

High entropy alloys (HEAs), also known as multi-component materials, primarily comprises of 

at least four to five prominent mixing elements with concentration ranging between 5-35 at% [1-

3]. Multiplicity of high entropy alloys leads to various properties, which are different from 

conventional alloys. Four ‘core effects’ are often used to describe HEAs: lattice distortion, 

sluggish diffusion, high entropy and cocktail effects. “Sluggish diffusion” was proposed as one 

of the core effects in HEAs. However, recent investigation by utilizing using tracer diffusion and 

inter-diffusion techniques has shown that the diffusion in HEAs need not be assumed sluggish. 

These diffusion measurements have been limited only to HEA cast alloys [3], a proper 

investigation for HEAs formed after mechanical alloying and consolidation through different 

manufacturing technique is required. Opposite to the traditional phase rule prediction, the high 

entropy of mixing for HEAs results in the formation of stable solid-solution phases rather than 

complex phase microstructures consisting of inter-metallic [3, 4] avoiding thereby the drawbacks 

of conventional or traditional multi-component alloys. Several studies over various high entropy 

alloy systems have been summarized [2, 5, 6]. Yang and Zhang [5] utilized this database to 

ascertain the stability of solid solution phases under some conditions: an atomic size difference 

(δ<6.6%) and a factor that includes the effect of entropies and enthalpies of mixing and 

constituent melting points (Ω>1.1). Other investigators have associated the emergence of solid 

solutions in HEAs to electronegativity [7] and valence electron concentration [8]. 

HEAs exhibit several alluring properties such as excellent corrosion, oxidation, thermal 

softening and wear resistance along with high strength, hardness, ductility and low inter-

diffusion. These properties are beneficial in various applications like aero-engine components, 



refractory coatings, molds, tools [9-11]. The properties and the crystal structure of HEAs 

considerably confide in its composition and processing routes. A series of manufacturing 

techniques such as spark plasma sintering, vacuum arc melting, annealed cold rolling and high-

pressure torsion etc., have been utilized to manufacture high performance HEAs in bulk form 

with considerable investment in resources and time [12-16].  

HEAs have also been deposited in the form of surface coating via selective laser melting [17], 

welding [18, 19], direct laser deposition [20-23], additive manufacturing (AM) [24-25] and 

thermal spraying [26]. The aforementioned routes are most unlikely to provide an industrially 

suitable solution for the manufacturing and use of HEAs. HEAs are relatively a multiplex system 

with demanding stringent controls, where its potential interests need to overcome the inherent 

complexity. With this in view, it appears that AM, which expedite a superior level of localized 

process control and results in an accelerated solidification cooling rate, can be thought as suitable 

and emerging manufacturing route for HEAs as an advanced and strategic engineering material. 

Thus, the present work was carried out with utmost aims: to exhibit the feasibility of 

manufacturing HEAs via an AM route and to study the microstructure and microhardness of a 

five-component AlCoCrFeNi HEA produced by AM, which only a few authors have reported yet 

[20-25]. 

High entropy alloys can be used in various high temperature applications, where the oxidation 

behavior of the alloys becomes critical. Works have been reported on the oxidation behavior of 

various HEA systems [27-30].  If not all, most of the results reported on the oxidation behavior 

of HEA systems pertain to conventionally fabricated, i.e. non AM test specimens. Reported 

results in the same studies show that HEAs have higher oxidation resistance when compared to 

conventional alloys. However, there is no research done on oxidation of HEAs synthesized 

through the direct laser deposition process for a five-component AlCoCrFeNi HEA produced by 

AM. Taking into consideration, the emerging popularity and potential applications of the HEAs 



in various fields, a study onto its oxidation behavior is required. Thus, the present research also 

has been carried out to elucidate the microstructures and mechanisms of oxidation in 

AlxCoCrFeNi HEA produced by AM. 

In the present study Al0.3CoCrFeNi and Al0.7CoCrFeNi HEAs were manufactured through direct 

laser deposition from elemental powder mixtures. A novel two stage process was adopted to 

develop two types of  AlxCoCrFeNi HEA systems. In the first stage, the individual powders were 

sieved and intelligently mixed in the planetary ball milling without balls, followed by DLD 

processing route on the next stage. This integrated step is a novel route established by the 

authors. Since the processing route is new, none of the researchers have studied any kind of 

analysis, including the oxidation behavior of any type of HEAs system. Therefore, the authors 

have tried to understand the feasibility of this integrated manufacturing route along with its 

impact on oxidation behavior. 

Microstructural characterization study was performed to verify the crystal structures and phases 

formed with the existing literature. Cyclic oxidation tests were performed on the synthesized 

HEAs to study their oxidation behavior at high temperature. The research also presents and 

compares the microstructure growth of two HEAs developed during oxidation at 1100 ̊C. 

Oxidation mechanisms are also postulated and discussed.      

2. Experimentation   

  

The HEAs with nominal compositions of AlxCoCrFeNi (x=0.3 and 0.7) i.e. Al0.3CoCrFeNi and 

Al0.7CoCrFeNi were fabricated using direct laser deposition (DLD). A DLD apparatus was used 

for synthesizing AlxCoCrFeNi HEAs from elemental powder: Al, Co, Cr, Fe and Ni (Jedee 

enterprise Mumbai, purity>99%, size varying from 30-120 µm).  

The commercially purchased powders are of random shapes and their sizes vary in the range of 

around 30-120 microns. Initially, all the five powders were sieved individually in a planetray ball 

mill (model no. DECO-PBM-V-2L-C). Thereafter, powder mixtures were prepared in a planetary 



ball mill without the use of high energy balls in order to avoid powder size reduction and 

mechanical alloying. All the five elements were weighed in specific proportions and powder 

mixtures were prepared in such a way that they form Al0.3CoCrFeNi and Al0.7CoCrFeNi blends. 

This prepared blend were again sieved in a planetary ball mill to maintain uniformity of the 

powder mixture. 

Fig. 1 represents the blended powder along with its EDS, showing that the powders are more or 

less uniformly mixed and distributed within the powder mixture. These powder mixtures were 

then passed through a hopper system at a feed rate of 1.5 g/min, scan rate of 15 mm/s and under 

the laser powers of 350 W for the first two layers, 300 W for the  next two layers and 250 W for 

further layers. The HEAs were deposited on a stainless-steel substrate of 5 mm thickness. The 

dilution from the first deposits on the base stainless steel was negligible, even though higher 

laser power was used, and wasn’t passed over to the successive build layers. It may be mentioned 

that a higher laser power (350W) in the first layer was required to make the first layer stick to the 

cold substrate.   

 Microstructural analysis was done on both HEA samples. Sample of width 1 cm were cut from 

the parent samples for the analysis. The samples were cut in a direction perpendicular to the 

direction of processing. The cut samples were initially ground aggressively using silicon carbide 

(SiC) 400 to 3000 emery grades, followed by 1 µm diamond abrasive paste at the end. Samples 

were electro-polished using an electrolyte whose composition was 80% methanol and 20% per-

chloric acid. Electro polishing was carried out under a voltage of 15 V for a period 30 seconds. 

SEM system equipped with secondary electrons (SE)/ backscattered electrons (BSE), energy 

dispersive X-ray spectroscopy (EDS) and electron backscatter diffraction (EBSD) detectors was 

used for microstructural characterization and chemical composition analysis of HEA samples. 



X-ray diffraction (XRD) profiling was performed for determining the phases of HEAs. The 

crystallographic phases were identified using monochromatic Cu (K-alpha) radiation over a 

scanning range of 20◦<2θ<90◦. 

The hardness of the samples was determined using the microhardness instrument (Vickers test). 

The test load used for measuring hardness was 500 gf for dwell time of 15 seconds. The hardness 

was measured in such a way that hardness is calculated along all the additive manufactured 

layers. The hardness was measured at 30 different points on each sample along two sections, 

with 15 points in each section.  

A cyclic oxidation test was carried out on both HEA samples in static air at 1100 oC in an 

alumina tubular furnace. The total oxidizing time of 200 hours was considered to be adequate to 

allow steady state oxidation. Each cycle consisted of 10-hour heating at 1100 ̊C followed by 20 

minutes cooling time at room temperature. Both the HEA samples were polished with 1000 

grade emery paper followed by 2000 grade emery paper and cleaned with ethanol to remove the 

grits. Prior to oxidation test, the dimensions of the samples were measured using digital Vernier 

callipers having least count of 0.01 mm to compute their surface areas. Then both the HEA 

samples were placed in alumina boats which were cleaned with ethanol to remove the dust 

particles. Prior to placing the samples in tubular furnace, weighing of the samples was done 

along with alumina boats. The successive weighing of the samples was done along with the boat 

to take the spilled scales into the consideration for the weight change measurements. Further, 

thermogravimetric analysis (TGA) test was carried out  by using Perkin Elmer DSC in order to  

analyze the effect of  Al content on the oxidation resistance of AlxCoCrFeNi (X=0.3,0.7). For 

this, both HEAs were heated from room temperature to 1100 ̊C under the normal atmosphere at a 

heating rate of 20 ℃/min. 



The surface of oxidized samples was analyzed by SEM at various intervals. The samples were 

also examined by XRD. The cross-section of the oxide scales formed was analyzed through 

SEM. The phases formed during oxidation were characterized by XRD. 

 

3. Results 

 

3.1 Phase Constitution and Microstructural analysis 

 

The XRD patterns of two HEAs manufactured by the AM route are shown in Fig. 2. Peaks 

corresponding to the FCC and BCC were identified. The XRD spectra for low Al content HEA 

(Al0.3CoCrFeNi), showed formation of a FCC phase. Whereas, the incorporation of more Al 

effectively stabilizes the BCC structure, thereby generating a duplex FCC+BCC phase in 

Al0.7CoCrFeNi alloy. The phase analysis in this study is in accordance with other investigations 

pertaining to similar alloys synthesized using arc melting [12-13] and laser processing [20-25]. 

Representative SEM images of both HEA produced by DLD are shown in Fig. 3. The FCC 

Al0.3CoCrFeNi solid solution alloy exhibited a coarse columnar structure, as can be clearly 

observed from Fig. 3 (a). The image clearly reveals that a single FCC solid solution phase is 

formed. The SEM morphology of FCC-BCC Al0.7CoCrFeNi  alloy i.e. Fig. 3 (b), phase contrast 

appears in the image indicating that two phases are formed. SEM morphology indicted 

generation of a coarse dendritic grain structure with the primary growth arm perpendicular to the 

direction of laser scan. The coarse dendritic grain structure consisted of FCC phase in the 

dendrites and BCC phase distributed in the inter-dendritic region. 

SEM-EDS was utilized to qualitatively investigate the compositional distribution across the 

microstructure of both HEAs. Fig. 4 and Fig. 5 displays EDS for both HEAs. From both the 

figures, it can be observed that elements such as Al, Co, Fe, and Cr more or less verify with the 

ideal atomic percentage while atomic percentage of Ni in the HEA appears more than that in the 

ideal case. The powders as shown in Fig. 1 did not have optimized morphology, i.e. spherical. Of 



all powders, Ni had a near uniform grain distribution between 30 to 80 microns. Preliminary 

experiments with the blended powders showed the impossibility of fabricating the walls due to 

the large spectrum of powder grains. The powders clogged the nozzle and the overall flow of the 

powders was erratic. The powder blends were then sieved to 30-90 microns, leaving smaller and 

bigger particles of powder outside the usable range. This concerned mostly powders of Fe, Al, 

Cr, CO. This probably reduced the amount of Al, Fe, Cr, Co in the composition of walls with 

subsequent higher Ni contents.  

The white region in Fig. 3 (b) and Fig. 5 i.e. on the EDS of Al0.7CoCrFeNi corresponds to FCC 

phase, whereas the darker region correlates to BCC phase. The EDS for white region indicated 

by spot 4 in Fig. 5 displayed higher amount of Cr, Co and Fe. Whereas corresponding to this the 

EDS of the darker region i.e BCC phase (Spot 3, Fig. 5) is enriched in Al and Ni. Cr and Al 

displayed the most significant segregation to FCC and BCC phases respectively. The range/ 

amount of composing elements in both phases can be observed from Fig. 7, EDS elemental map 

of Al0.7CoCrFeNi. 

The Fig. 6 and Fig, 7 represents an elemental mapping of the HEA Al0.3CoCrFeNi and 

Al0.7CoCrFeNi respectively. Elemental maps give us the information about the distribution of 

elements in the high entropy alloy. Elemental mapping images show the distribution of all the 

elements and then the distribution of individual elements within the alloy. Fig. 6 reveal that all 

the elements are distributed uniformly within the region for and there is no coagulation of 

elements at any place within the alloy. Hence, indicating formation of single phase, i.e. FCC in 

HEA Al0.3CoCrFeNi. With an increase of the Al content from 0.3 to 0.7, a small fraction of 

intercellular BCC phase was observed in the FCC matrix due to solidification segregation of Al 

and Ni, as seen from Fig. 7. 

Figure 8 corresponds to EBSD analysis of both of the high entropy alloy sample. EBSD scans 

revealed that there is a proper diffusion in between the consecutive deposited layers. Both HEAs 



have been developed though the AM route, where alloy powders were selectively melted in 

successive layers to generate bulk component. But still due to proper diffusion of multi-

component alloy powder during the manufacturing process, it’s hard to distinguish successive 

layers. This illustrates one of the advantages of using AM as a processing route for HEAs. Fig. 

8(a) displays the EBSD scan of Al0.3CoCrFeNi. The alloy appears to have long elongated grains 

oriented in the direction of <001>.  Fig. 8(b) shows the EBSD scan of Al0.7CoCrFeNi.This alloy 

also appears to have long elongated grains, but an equal number of grains oriented in different 

directions, i.e. <001>,<111> and <101>. 

The variation of hardness values along the layer by layer deposited direction is represented in the 

Fig. 9. The measured hardness of Al0.3CoCrFeNi was lying in the range of 140HV-205HV, with 

an average hardness of around 170HV, Fig. 9 (a). Similarly, for the alloy Al0.7CoCrFeNi the 

hardness was found to be in between 262HV-509HV. The average value of hardness was around 

380HV, Fig. 9 (b). 

 
3.2 Oxidation Study 

 

3.2.1. Oxidation Kinetics 

 

The oxidation rates of both HEAs were calculated at 1100 ̊ C in static air for 200 h.  Fig. 10 

displays normal mass gain (mg/cm2) curve and as well parabolic plot during cyclic oxidation at 

1100 ̊ C. As observed, the mass changes for HEA Al0.3CoCrFeNi increased with duration. 

Whereas HEA Al0.7CoCrFeNi, exhibited initial mass gains that slowed down with time. The 

mass gain for HEA Al0.3CoCrFeNi and Al0.7CoCrFeNi at the end of 200 h are found to be 1.1 

mg/cm2 and 0.485 mg/cm2 respectively. Clearly from Fig. 10 (a), the mass gain for HEA 

Al0.3CoCrFeNi was observed to be higher as compared to Al0.7CoCrFeNi during the entire 

duration of oxidation study. Hence, better oxidation resistance at 1100 ̊ C in static air for 200 h 

was found with HEA Al0.7CoCrFeNi as it had quite low overall mass gain. It is evident from the 



plot that the both HEAs initially followed a transient stage, with subsequent parabolic behavior 

thereafter. An analysis of mass gain curves suggests that no trace of spallation of oxides during 

the measurement, as there was no notable drop-offs on the mass gain curve during the cyclic 

oxidation. Fig. 11 shows thermogravimetric analysis (TGA) for both HEA Al0.3CoCrFeNi and 

Al0.7CoCrFeNi. In TGA, the weight of both HEAs was measured over time as 

the temperature changed from room temperature to 1100 ̊C. It can be observed from Fig. 11, that 

weight gain for HEA Al0.3CoCrFeNi (0.08488 mg) is nearly 27% higher than that of 

Al0.7CoCrFeNi (0.06193 mg). Hence, TGA analysis also proves that oxidation resistance for 

HEA Al0.7CoCrFeNi to be superior as it had quite low weight gain compared to HEA 

Al0.3CoCrFeNi. 

The parabolic rate constants Kp was determined from the slopes of (∆W/A) 2 versus time (t) Fig. 

10 (b), where ∆W/A is the mass gain per unit area, and t is the oxidation time in seconds. The Kp 

value for the HEA Al0.3CoCrFeNi and Al0.7CoCrFeNi are 1.7 ×10-12 and  3.8×10-13 respectively. 

It can be observed that the higher Al content HEA Al0.7CoCrFeNi resulted in the lower value of 

Kp as compared to HEA Al0.3CoCrFeNi. Kp can be considered as a measure of oxidation 

resistance for any alloy, a lower value signifies higher protection to oxidation. Table 1 

summarizes the values of Kp for different high entropy as well conventional alloys obtained by 

various researchers [28,30]. The oxidation kinetics i.e parabolic constant of both AM HEAs was 

lower than that of other HEAs developed by various researchers through conventional routes. 

 
3.2.2. Oxide Scale Morphology 

 

Fig. 12 and Fig. 13 displays the surface morphology of various oxide scales formed on the 

surface of HEAs Al0.3CoCrFeNi and Al0.7CoCrFeNi respectively, oxidized at 1100 ̊C for 

different duration. SEM micrographs of oxide scales for Al0.3CoCrFeNi (Fig. 12) displays an 

irregular characteristic with a plenty of nodules and rough oxide crystallites formed on the 



surface. However, SEM micrographs of the oxide scale morphology developed on 

Al0.7CoCrFeNi (Fig. 13) were dissimilar than that developed on Al0.3CoCrFeNi surface. The 

oxide scales formed were dense, with fine polyhedral oxide crystallites. 

The EDS analysis of  the scale of both HEAs after 20 h duration, Fig. 12 (a) & 13 (a) shows 

oxides of Cr and Al as the main constituents and supports the possibility of formation of spinels 

of mixed oxides due presence of small amount of Ni, Fe and Co. The black region on a scale 

indicates formation of Al2O3, whereas white region indicates Cr2O3 oxide layer on the oxidized 

surface. With the increase in duration, the surface of the oxidized sample for both HEAs is 

covered with higher amount of Cr2O3 oxide scale while the Al2O3 oxide decreases Fig. 12 (b) & 

13 (b). This indicates the formation of several layers of oxides on the surface with Cr2O3 oxide 

being formed as an external layer while Al2O3 as an internal layer beneath Cr2O3 oxide scale. 

Comparatively higher percentage of Cr2O3 oxide scales are formed on the oxidized 

Al0.3CoCrFeNi (Fig. 12 (c))  surface than that developed on the surface of Al0.7CoCrFeNi, Fig. 

13 (c). 

3.2.3 Cross-section morphology of oxide scales 

 

Fig. 14 (a-c) represents cross-sectional SEM micrographs of the oxide scale morphology 

developed on Al0.3CoCrFeNi at 1100 ̊C for 20, 100 and 200 h respectively. Based on inspection, 

the Al0.3CoCrFeNi formed an external Cr2O3 oxide layer along with a discontinuous Al2O3 

internal subscale. As observed in Fig. 14 (a), after 20 h of oxidation, an intermittent outward 

Cr2O3 oxide layer developed on the Al0.3CoCrFeNi HEAs surface along with an interior subscale 

composing of coarse Al2O3 precipitates. With duration, the thickness of the external Cr2O3 oxide 

layer and coarsening of Al2O3 precipitates increased as can be noticed from Fig. 14 (b-c).  Fig. 

14 (c) shows the EDS quantitative analysis of cross-section morphology for Al0.3CoCrFeNi at 

various locations. EDS analysis clearly reveals the top scale to be rich in Cr and O, indicating the 



formation of Cr2O3 oxide layer. Whereas, subscale was enriched in Al and O. Below the subscale 

of Al2O3, an Al and Cr depleted region existed.  

Fig. 15 displays representative SEM images of cross-section morphology for Al0.7CoCrFeNi 

after oxidation at 1100 ̊ C for 20, 100 and 200 h respectively. SEM micrographs of oxidized HEA 

after 20 h (Fig. 15 a) exhibited a thin discontinuous layer of Cr2O3 oxide along with minor Al2O3 

precipitates. After 100 h duration, the Al2O3 precipitates coarsened highly, with an indication of 

the formation of a thick layer on further oxidation, as observed from (Fig. 15 b). Upon further 

oxidation the coarsened Al2O3 precipitates developed into a continuous thick layer beneath a thin 

external Cr2O3 scale after 200 h of oxidation, as shown in (Fig. 15 c). EDS analysis clearly 

reveals the thin top scale to be rich in Cr and O, indicating the formation of Cr2O3 oxide layer. 

Whereas, thick subscale was enriched in Al and O. Below the subscale of Al2O3, an Al depleted 

region existed, but high enough Al concentration (5.95 at. %) in its composition to further form 

Al2O3. High amount of Al present in the Al0.7CoCrFeNi HEA lead to the formation of a thick 

Al2O3 oxide layer, which provided superior oxidation resistance in comparison to low Al content 

Al0.3CoCrFeNi HEA. 

3.3.4. Phase Analysis by XRD 

 

XRD analysis was also performed to identify phases formed in both HEAs after the cyclic 

oxidation test. XRD patterns of the Al0.3CoCrFeNi and Al0.7CoCrFeNi HEA after cyclic 

oxidation after 20 h and 200 h duration of oxidation are shown in Fig. 16.  For Al0.3CoCrFeNi 

HEA its FCC, Cr2O3, Al2O3, NiO and NiCr2O4 spinel peaks are observed. Whereas, in case of 

Al0.3CoCrFeNi,  an additional peak of BCC phases was observed.  

 
4. Discussion 

 

4.1. Microstructure of additive manufactured HEAs 

 



Additive manufacturing (AM) is a complex net-shaping method. It involves a processing 

technique which follows from a ‘line’ to a ‘layer’ and then to a ‘bulk’. AM initially begins with a 

single line scanning, these multiple scan lines produce a layer. Then layer by layer deposition 

leads to bulk formation of material. The densification extent is an elemental feature that decides 

various mechanical properties of AM produced components. Near full density parts made from 

metals, alloys and blended/composite powders can now be manufactured under the optimized 

processing parameters. Hence, optimized parameters were selected during additive 

manufacturing of both high entropy alloys in the present study. The bulk formation of HEAs 

through AM route in the present study, was obtained via layer by layer deposition. No cracks or 

pores were formed in the manufactured HEA components. Similar observation can also be made 

from Fig. 3, i.e. EBSD analysis of two high entropy alloys Al0.3CoCrFeNi and Al0.7CoCrFeNi. 

EBSD scans reveal that there is a proper diffusion in between the consecutive deposited layers. It 

is difficult to identify interface between the two consecutive deposited layers.  In general, fast 

quenching becomes necessary as HEA may endure different phase changes while steady cooling 

owing to decrement in the thermodynamic driving force at modest temperatures. Additionally, 

the expeditious quenching rate regulates the diffusion process of elements and hence, hinders 

nucleation and generation of the brittle intermetallic compounds, thereby retaining the HEA 

phases. The XRD patterns of additive manufacturing HEAs (Fig. 2) clearly demonstrates the 

above. These all clearly demonstrate the AM as an efficient method for manufacturing HEA in 

bulk form. 

 

The microstructural variation of the AlxCoCrFeNi HEA system can be elucidated by phase 

change occurred due to lattice distortion [31]. The strain generated in lattice 'ɛ' can be 

demonstrated by: 

 



ɛ = | a – a0 |/ a0 
 
Where, ‘a0’ and ‘a’ are the lattice constant for perfect crystal and actual alloy without distortion. 

Because of higher atomic radius of Al, the strain in lattice notably rises with Al inclusion. As 

BCC is not a closely pack structure, it is likely that phase change from initial FCC to BCC 

happens to minimize the lattice distortion generated by a mismatch in the atomic size of the 

composed elements. In the present investigation, Al0.3CoCrFeNi HEA revealed only single FCC 

phase. But with the inclusion of Al, a combination of both FCC and BCC phases formed. 

Additionally, Guo et al. [7] suggested an empirical condition for phase stability of HEA on the 

basis of the atomic mismatch (δ), valence electron concentration (VEC) and the electronegativity 

difference (∆χ) and deduced that VEC imparted the optimum evidence for stability of various 

phases. VEC estimates that single FCC phase forms for VEC ≥8 whereas, only the BCC phase 

would exist for VEC < 6.68 and FCC+BCC co-exists for the intermediary VEC range. The above 

mentioned stability criterion are calculated and correlated with other HEAs in the prior studies, 

Fig. 17.  

In the present study, a moderate laser beam scanning speed of 15 mm/s was considered in order 

to provide proper mixing of various elemental phases formed metal pool under the laser beam. In 

comparison with conventional casting and arc melting methods, the above scanning speed can 

still be considered for much higher solidification rates. A decrement in grain size is to be 

expected at such elevated solidification rates, resulting in an increase of microhardness [24, 32, 

33]. Previous literatures have observed that microhardness of samples formed by AM to be 

higher than that of conventional methods such as casting and arc melting [21,22]. 

The average microhardness of Al0.3CoCrFeNi was observed to be around 170HV, Fig. 9 (a). 

With the increase in Al content, the average microhardness of HEA increased. The average 

microhardness of Al0.7CoCrFeNi was found to be around 380HV, Fig. 9 (b).  The Al0.3CoCrFeN 

alloy possesses a FCC crystal structure making it less resistant towards localized plastic 



deformation thereby showing lower hardness, whereas Al0.7CoCrFeNi alloy possess a FCC+BCC 

structure. The BCC structure consists of reduced number of dislocation slip systems compared to 

FCC phase. The formation of the additional BCC phase imparts hardness in the alloy formed.  

Previous studies concluded that, this rise in hardness is because of the addition of Al, which 

results in severe lattice distortion due to its large atomic size [34] and larger negative enthalpy of 

mixing [35] associated with it.  Among all elements, the atomic size of Al is largest. The addition 

of Al inevitably precedes to distortion of the lattice. The strain energy related to lattice distortion 

increases the overall free energy of the HEA lattice. This lattice distortion further restricts the 

movement of dislocations and also results in a noticeable solid solution strengthening effect. It is 

well familiar that the chemical blending enthalpy of Al-Cr, Al-Fe, Al-Co and Al-Ni are -6, -10, -

24 and -30 KJ/mol respectively. Whereas, the mixing enthalpy for Co-Ni, Ni-Fe, Co-Fe, Cr-Fe, 

Cr-Co and Cr-Ni are 17, 12, 13, 13, 8 and 3 KJ/Mol respectively [7]. The above data indicates 

that the collaborative force of Al element with other elements is substantially higher with respect 

to the collaborative force of other elements in HEA. The distortion of HEA lattice and 

augmentation of bond strength of Al with other elements in HEA possibly results in increased 

hardness.  

 
4.2. Oxidation Mechanism of HEAs 

 
Alloys that are purposefully utilized in high-temperature oxidizing conditions solely depends on 

the generation of an exterior oxide scale, which imparts resistance to hot corrosion and oxidation. 

This oxide scale to be beneficial, it must be thermodynamically, chemically and mechanically 

stable. Traditionally, these highly oxidation tolerant alloys have been composed to configure 

slow developing, adherent and continuous scales containing Al2O3, Cr2O3 etc. oxide scales. Most 

commercially available nickel based superalloys have been developed to generate Al2O3 oxide 

scales. These oxide scales emerge steadily at slower rates, are thermodynamically stable, and 



renders much superior protection in aggressive environment than that of Cr2O3 oxide scale. In 

contradistinction, the heat resistant stainless steels that are popularly used for chemical 

processing and energy production are designed to form Cr2O3 oxide scale [36,37]. It’s been 

already outlined that high entropy alloys exhibit superior protection to oxidation and corrosion as 

compared to conventional alloys [38]. This improved resistance can be ascertained to tendency 

of HEAs towards slower diffusion property, enhanced damage tolerances and higher composition 

of oxide-generating elements.   

Upon oxidation of  HEA AlxCoCrFeNi consisting of five different elements, may result in the 

initial formation of nuclei comprising of all elements, probably metal oxides: NiO, Cr2O3, CoO, 

Al2O3, Fe2O3 and with the possible evolution of spinels: NiCr2O4, NiAl2O4 on the oxidized 

specimen surfaces. The thickness and durability of these oxide layers depend mostly on chemical 

composition and environmental condition.  

XRD patterns of the oxide scale formed on the surface of oxidized Al0.3CoCrFeNi (Fig. 16 a and 

16 b) after cyclic oxidation in air at 1100 ̊C exhibits phases of metal oxides: Al2O3, NiO and 

Cr2O3 along with formation of mixed spinel-type oxides of NiCr2O4. The major oxides being 

Cr2O3 and Al2O3 with other oxides found to be minor amount. Upon exposure to atmosphere at 

high temperature, three reactions occur on the surface of Al0.3CoCrFeNi HEAs: 

 
2Al(alloy)   + 3/2 O2 = Al2O3 
2Cr(alloy)   + 3/2 O2 = Cr2O3 

Ni(alloy) + 1/2 O2 = NiO 
 
In the beginning, Al oxidizes to Al2O3 before any other element due to relatively high negative 

free energy of formation of oxides. This leads to the formation of internal Al2O3 oxide scale 

during the start of oxidation. The EDS analysis and line scan on a surface oxide scale of 

Al0.3CoCrFeNi HEA after 20 h duration, Fig. 18 shows oxides of Cr and Al as the main 

constituents and supports the possibility of formation of NiO and spinels of mixed oxides due 



presence of small amounts of Ni. The black region of oxide scale indicates formation of Al2O3 

which being internal layer, whereas white region indicates Cr2O3 oxide layer on the oxidized 

surface. The XRD pattern of such HEAs also shows the presence of mixed spinel-type oxides of 

NiCr2O4 upon oxidation. The oxide particles of Cr2O3 become integrated into the NiO oxide 

scale, reacting with the surrounding oxides. This results in the dissolution of Cr ions into the NiO 

lattice until either saturation of the NiO with Cr ions and the emergence of NiCr2O4, given by 

following equation: 

NiO + Cr2O3 = Ni Cr2O4 

 
These metal oxides and spinel nuclei get scattered all over the HEAs surfaces, due to their fast 

formation, need not to be in equilibrium with the HEA. As oxidation proceeds, the further 

development and stability of various oxide layers generated much depends upon the composition 

of the HEAs. Due to the high negative free energy of Al, initially it oxidizes easily than other 

elements. But these oxides (Al2O3 scales) emerge steadily at slower rates and are 

thermodynamically stable than any other oxide formed. Further, the presence of  lower amount 

of Al in Al0.3CoCrFeNi HEA prevents selective oxidation of Al which retards the oxide growth 

and prevents the formation of continuous oxide layer of Al2O3.This is evident from the cross-

sectional SEM micrographs of the oxide scale morphology developed on Al0.3CoCrFeNi, 

indicating formation of precipitates of Al2O3 oxide scale, which thickened with further oxidation. 

With Cr been having second highest negative free energy of formation and Al acts as a “getter” 

resulting in the formation of a thick layer of Cr2O3 oxide scale. Al acts as a “getter” for oxygen 

by oxidizing internally to form Al2O3. Hence, enabling the Cr to diffuse up to the Al0.3CoCrFeNi 

HEA surface to give an external layer of Cr2O3 oxide scale. With an increased oxidation 

duration, subsequent depletion of Al below the oxide scale and as well the selective oxidation of 

Cr were further enhanced. This results in almost all of Cr below the oxide scale to diffuse into 

the HEAs surface to form a thick continuous layer of Cr2O3 oxide scale in Al0.3CoCrFeNi HEA, 



as evident from Fig. 14 (b) and (c). The high concentration of nuclei on HEA surface and 

negative free energy of both Cr2O3 and Al2O3 prevented other oxides from dominating the 

oxidation behavior. 

The XRD results of Al0.7CoCrFeNi HEA (Fig. 16 c and 16 d) reveal the presence of various  

phases such as Al2O3, NiO and Cr2O3 along with formation of mixed spinel-type oxides of 

NiCr2O4. The early oxidation behavior of Al0.7CoCrFeNi HEA i.e. at 20 h of duration was found 

to be similar to that of Al0.3CoCrFeNi HEA. This is can be corroborated through Fig. 19, which 

shows the EDS analysis and line scan on an oxide scale of Al0.7CoCrFeNi HEA after 20 h of 

oxidation. With an increasing oxidation duration, the Al2O3 precipitates formed during 20 h 

tends to form a discontinuous layer, as observed from the Fig. 15 b. The HEA also displayed a 

thin sub-layer of metal enriched in oxygen between the external Cr2O3 and Al2O3 scales. The 

Fig. 15 b also exhibits the presence of the Al rich layer just beneath Al2O3 scales. With further 

oxidation (200 h) of Al0.7CoCrFeNi HEA, the oxidation enriched metal layer eliminated and 

discontinuous Al2O3 oxide scales formed in the previous stage (100 h) became a thick continuous 

oxide scale. The HEA Al0.7CoCrFeNi composed of high enough Al concentration in its 

composition to promote selective oxidation of Al, which resulted in the generation of a 

continuous thick Al2O3 layer underlying beneath a thin external layer of Cr2O3. 

Butler et al [30] proposed that the mechanism for high entropy alloys consisting Ni-Cr-Al 

elements could be established based on the theory suggested by Giggins-Pettit [39] for Ni-Cr-Al 

alloys oxidation, Fig. 20. Theory provided oxide maps for the Ni-Cr-Al alloy system. The oxide 

maps are qualitative in nature, exhibiting the outline of both experimental and empirical 

observations of the alloy system. Theory segregated the oxide maps into three regions: 

 

a. Group I correlates to dilute alloys where Al and Cr composition are too short, generate a 

continuous oxide layer of Al2O3 or Cr2O3 in the alloy system. Rather, the exterior oxide 



scales comprised of Ni2Al2O4, NiCr2O4 and NiO phases combined with internal oxidation 

of Al. 

b. Group II belongs to alloy system with high amount of Cr, but with the relatively less Al 

composition, which results in selective oxidation of chromium, generating an exterior 

Cr2O3. In this region, an internal oxide subscale of Al2O3 layer is formed just beneath the 

external scale because of internal oxidation of Al. The oxidation procedure in this regime 

is mostly governed by the diffusional buildup of the outermost Cr2O3 oxide layer. 

c. Group III pertains to alloy system consisting of large concentration of Al and Cr, thereby 

resulting in selective oxidation of Al to generate a thick continuous Al2O3 layer with or 

without Cr2O3 oxide layer. The oxidation procedure in this region is dictated by the 

diffusional formation of a thick Al2O3 oxide layer. 

 

In the present investigation, the oxidized Al0.3CoCrFeNi HEA formed a thick outer Cr2O3 oxide 

scale along with a discontinuous, interior Al2O3 layer, Fig. 14. The oxidized Al0.3CoCrFeNi HEA 

displayed microstructures that resemble Group II alloys. The long-term oxidation performance of 

HEAs much relies upon Al and/or Cr contents on its subsurface along with extent of elemental 

dispersion caused due to oxide scale formation. As observed from Fig. 14, EDS on the cross-

section of Al0.3CoCrFeNi sample oxidized at 1100 ̊C for 200 h, exhibited an Al and Cr depletion 

layer just beneath the internal Al2O3. Rise in the depletion layer lowers the ability of HEA to 

reform a protective oxide scale. In consequence, the depleted region may develop lower 

protective oxide scales in the presence of oxygen environment. On the basis of microstructural 

analysis, the oxidized Al0.7CoCrFeNi HEA is inconsistent with Group III alloy. It’s because of 

the formation of a thin external Cr2O3 oxide scale with an underlying very thick continuous 

Al2O3 layer. The EDS of oxidized Al0.7CoCrFeNi HEA just beneath the Al2O3 layer, Fig. 15 

displays presence of Al approximately 6 at. % all across the cross-section morphology, 



indicating absence of the Al depletion layer which was observed in case of oxidized 

Al0.3CoCrFeNi HEA. The amount of the Al present below the oxide scale is well within the limit 

to yield appropriate oxidation resistance in HEA.  

An examination of the mass changes (Fig. 10), demonstrated that the oxidation of Al0.3CoCrFeNi 

and Al0.7CoCrFeNi HEAs occurred initially via transient stage followed by parabolic stages. 

During the transient stage of oxidation, nuclei of various oxides (mostly NiO and spinels) 

formed, which lead to development of thin layer of oxide scales all over the surface of both 

HEAs. Once these oxide scales become continuous, diffusion within the alloy resulted in the 

emergence of a sub-scale below the transient oxide scales comprising of Al2O3 and Cr2O3 oxide 

layer. This is followed by a transformation from transient stage to parabolic stage. Ultimately, at 

this stage growth of protective Al2O3 and Cr2O3 oxide scales occurred. The further state 

(thickness and position) of these oxide scales mostly dependent on the alloy composition. This 

behaviour of both Al0.3CoCrFeNi and Al0.7CoCrFeNi HEAs is in consistence with some of the 

other well-examined oxidation behaviour of model Co-Cr-Al, Fe-Cr-Al and Ni-Cr-Al alloy 

systems [36]. The parabolic rate constant (Kp) value for the HEA Al0.3CoCrFeNi and 

Al0.7CoCrFeNi was found to be 1.7 ×10-12 and 3.8×10-13 respectively. The Kp for both HEAs in 

this study were observed to be within the domain of 10-11 -10-13, which is similar to the values 

determined for Group II and Group III Ni-Cr-Al alloys [37]. 

The prevailing tendency of rise in Al content and decreased mass changes in HEA considered in 

present study corresponds to the formation of Al2O3 sub-scale. It was observed that both HEAs 

investigated in present work formed an exterior Cr2O3 oxide layer. However, high Al content led 

to the formation of thin outer Cr2O3 oxide layer and may further generate a thick continuous 

underlying Al2O3 sub-scale. It is presumed that the above aspect increases the oxidation 

resistance in high Al content alloys. 

 



 
5. Conclusions 

 

It is concluded that direct laser deposition is a versatile method in order to manufacture high 

entropy alloys with additive manufacturing process. Two AlxCoCrFeNi HEA with different Al 

content (x=0.3 and 0.7) were fabricated using the additive manufacturing technique. The 

microstructure and mechanical properties of the direct laser deposited samples were compared. 

Oxidation study of additive manufactured samples was carried out in a static atmosphere at 

temperature 1100 ̊C. Microstructural characterization of both oxidized HEAs was investigated. 

The results can be summarized as follows:  

a. The FCC Al0.3CoCrFeNi HEA exhibited a coarse columnar structure, whereas the 

FCC+BCC HEA (Al0.7CoCrFeNi) showed a coarse dendritic grain structure. This change 

in crystal structure was a result of increase in aluminum concentration. 

b.  The increased Al content resulted in increased microhardness. The average 

microhardness of Al0.3CoCrFeNi was observed to be around 170HV, whereas for 

Al0.7CoCrFeNi it was found to be around 380HV.  

c. The oxidation rate for both HEAs increased with duration and showed a parabolic 

growth after an initial transient stage. The mass gain for HEA Al0.3CoCrFeNi was higher 

as compared to Al0.7CoCrFeNi during the entire duration.   

d. The parabolic rate constant (Kp) value for the HEA Al0.3CoCrFeNi and Al0.7CoCrFeNi 

was found to be 1.7 ×10-12 and 3.8×10-13 respectively. The Kp value for both HEAs was 

observed to be within the domain of 10-11 -10-13, which were comparable to those of Ni-

Cr-Al alloys. 

e. Cyclic oxidation of the HEAs at temperature 1100 ̊C in the static atmosphere promoted 

the formation of Cr2O3, Al2O3, NiO and NiCr2O4 oxides on the oxidized surface of 

HEAs. 



f. For low content Al HEA i.e. Al0.3CoCrFeNi, an exterior, thick oxide layer of Cr2O3 

formed along with discontinuous Al2O3 sub-scale in the form of coarse precipitate. 

Cross-section morphology of Al0.3CoCrFeNi sample oxidized at 1100 ̊C for 200 h, 

showed an Al and Cr depletion layer just beneath the internal Al2O3 scale. Rise in the 

depletion layer lowers the ability of HEA to reform a protective oxide scale. 

g. With the increase in Al content (Al0.7CoCrFeNi,) the thickness of Cr2O3 oxide scale was 

reduced for oxidized HEAs. As expected, the Al0.7CoCrFeNi HEAs developed a 

continuous Al2O3 scale, whose thickness increased with longer oxidation duration, 

thereby enhancing its oxidation resistance.  
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Table 1 The values of the parabolic constants for various HEAs 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

ALLOY Kp (g2cm-4s-1) TEMPERATURE REFERENCE 

Al0.3CoCrFeNi 1.7 ×10-12 1100 ˚C Present Work 

Al0.7CoCrFeNi 3.8 ×10-13   

Al8(NiCrCoFe)92 2.5 ×10-12 1050 ˚C [28] 

Al10(NiCrCoFe)90 1.8 ×10-12   

Al12(NiCrCoFe)88 4.6 ×10-13   

Al15(NiCrCoFe)85 4.6 ×10-12   

Al10Cr22.5Co22.5Ni22.5Fe22.5 1.1 ×10-11 1050 ˚C [30] 

Al20Cr25Co25Ni25Si5 5.1 ×10-15   

Al15Cr10Co35Ni35Si5 3.6 ×10-12   



 
 
  
 
 
 
 
Fig 1: SEM images of powder mixtures with corresponding EDS  (a) Al0.3CoCrFeNi and (b) 

Al0.7CoCrFeNi. 

Fig 2: XRD patterns of HEAs (a) Al0.3CoCrFeNi (b) Al0.7CoCrFeNi. 

Fig 3: BSE images of (a) Al0.3CoCrFeNi  (b) Al0.7CoCrFeNi. 

Fig 4: Elemental Compositions at 7 different places on HEA Al0.3CoCrFeNi  

Fig 5: Elemental Compositions at 7 different places on HEA Al0.7CoCrFeNi 

Fig 6: Element maps of the HEA alloy Al0.3CoCrFeNi. 

Fig 7: Element maps of the HEA alloy Al0.7CoCrFeNi. 

Fig 8: EBSD analysis of two high entropy alloys (a) Al0.3CoCrFeNi (b) Al0.7CoCrFeNi. 

Fig 9: Hardness plots along the two sections of the two HEAs (a) Al0.3CoCrFeNi (b) 

Al0.7CoCrFeNi. 

Fig 10: Mass change patterns of the two HEAs Al0.3CoCrFeNi and Al0.7CoCrFeNi (a) normal 

plot and (b) parabolic plot. 

Fig. 11: TGA for two HEAs Al0.3CoCrFeNi and Al0.7CoCrFeNi 

Fig. 12: SEM micrographs of the oxide scale morphology developed on Al0.3CoCrFeNi at 

1100 ̊C for (a) 20 h (b) 100 h and (c) 200 h with corresponding EDS. 

Fig. 13: SEM micrographs of the oxide scale morphology developed on Al0.7CoCrFeNi at 

1100 ̊C for (a) 20 h (b) 100 h and (c) 200 h with corresponding EDS. 

Fig. 14: Cross-sectional SEM micrographs of the oxide scale morphology developed on 

Al0.3CoCrFeNi at 1100 ̊C after (a) 20 h (b) 100 h and (c) 200 h with corresponding EDS. 



Fig. 15: Cross-sectional SEM micrographs of the oxide scale morphology developed on 

Al0.7CoCrFeNi at 1100 ̊C after (a) 20 h (b) 100 h and (c) 200 h with corresponding EDS. 

Fig 16: XRD patterns of surface on oxidized HEAs (a) Al0.3CoCrFeNi for 20 h (b) 

Al0.3CoCrFeNi for 200 h (c) Al0.7CoCrFeNi for 20 h and (d) Al0.7CoCrFeNi for 200 h. 

Fig. 17: Correlation of various phases with respect to valence electron concentration.  

Fig. 18: (a) Line scan (b) corresponding selected area EDS of the surface oxide scale 

morphology developed on Al0.3CoCrFeNi at 1100 ̊C for 20 h. 

Fig. 19: (a) Line scan (b) corresponding selected area EDS of the surface oxide scale 

morphology developed on Al0.7CoCrFeNi at 1100 ̊C for 20 h. 

Fig. 20: Schematic diagram showing the oxidation mechanisms of the Ni-Cr-Al based on 

Giggins-Petit theory [39]. 
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Fig. 19. 
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