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A B S T R A C T

A complete columnar-to-equiaxed transition was achieved in an AlCoCrFeNi high-entropy alloy (HEA) coating by 
employing mechanically blended elemental powders during laser cladding. To assess the influence of micro
structure on aging behavior, coatings produced from mixed powder (MP-HEA) and gas-atomized pre-alloyed 
powder (GP-HEA) were subsequently investigated after aging at 550 ◦C. While both conditions exhibited a BCC 
+ B2 dual-phase structure with spinodal decomposition features, the MP-HEA showed a fully equiaxed and 
significantly refined grain structure. The refined microstructure was accompanied by a much finer spinodal 
modulation (~7.5 nm vs. ~30 nm), resulting in superior mechanical performance. The MP-HEA reached a 
hardness of 747 HV, 18.6% higher than the GP-HEA, and exhibited increased compressive yield strength (1013 
MPa) together with improved fracture resistance. The results demonstrate that powder feedstock design provides 
an effective strategy to tailor microstructure and achieve simultaneous enhancement of hardness and fracture 
resistance in HEA coatings.

1. Introduction

Although high-entropy alloys (HEAs) can exhibit superior perfor
mance over conventional metals, the difficulties associated with their 
processing and the high production costs can limit their use as bulk 
materials. In this context, their application as coatings or thin films 
represents an attractive alternative, enabling the exploitation of their 
surface-related properties while reducing material consumption. Several 
studies have demonstrated the suitability of HEAs as protective coatings, 
highlighting their potential for increased hardness, reduced wear vol
ume, and enhanced corrosion resistance, in addition to other advantages 
[1–6].

Among the available techniques for producing HEA-based coatings, 
laser cladding has emerged as a particularly promising approach due to 
its compositional flexibility, strong metallurgical bonding, and ability to 
generate dense coatings with refined microstructures [1–6]. Notwith
standing these advantages, the solidification conditions inherent to the 
process, characterized by steep thermal gradients and directional heat 

extraction into the substrate, tend to promote the formation of columnar 
dendritic grains [7]. Such microstructures often lead to anisotropy and 
increased susceptibility to solidification cracking [8]. Therefore, grain 
refinement, ideally via a transition from columnar to equiaxed growth, 
is essential to obtain structurally sound clads with enhanced hardness 
and improved tribological performance.

Homogeneity in terms of chemical composition, particle size, and 
morphology of the powder feedstock has been shown to strongly influ
ence the grain size and microstructural morphology formed during so
lidification in laser-processed materials [9–11]. In a previous study [12], 
we demonstrated that two markedly distinct microstructures could be 
obtained in the AlCoCrFeNi HEA under identical processing conditions, 
depending on whether pre-alloyed powder or mechanically blended 
elemental powders were used. Specifically, samples produced using 
mechanically blended elemental powders exhibited a complete 
columnar-to-equiaxed transition (CET). In the present work, we show 
that this complete CET leads to a substantial increase in hardness while 
simultaneously improving fracture resistance in aged samples, which is 
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particularly relevant for tribological applications.

2. Experimental procedures

AlCoCrFeNi coatings were fabricated by laser cladding onto Q235 
low-carbon steel using two powder feedstocks: a mechanically blended 
elemental mixture and a gas-atomized pre-alloyed powder (Taier, 
Anhui, China). Deposition was performed on an RFL-C6000 semi
conductor laser system using identical processing parameters (laser 
power of 2.4 kW, spot size of 4 mm, and scanning speed of 8 mm s− 1). 
The coatings are hereafter designated as MP-HEA (mechanically mixed 
powder) and GP-HEA (gas-atomized pre-alloyed powder). Additional 
details regarding the powder characteristics are provided in Ref. [12]. 
Owing to inevitable substrate dilution, the resulting clad compositions 
were similar under both conditions but shifted toward AlCoCrFe2Ni 
[12].

Post-deposition aging was performed at 450-800 ◦C for 2 h. Phase 
analysis was conducted by X-ray diffraction (XRD, Bruker D8 Advance, 
Cu-Kα). Microstructural characterization was carried out using visible- 

light microscopy (VLM, Zeiss Axio Vert.A1), scanning electron micro
scopy (SEM, Quanta-450), and transmission electron microscopy (TEM, 
Tecnai G2 F20 S-TWIN). Vickers hardness was measured under 4.9 N 
with a dwell time of 20 s. Crack patterns generated under a 294 N load 
were used for qualitative fracture resistance assessment. Compressive 
stress-strain behavior was evaluated by instrumented nanoindentation 
(G200) in accordance with the testing standard GB/T 39635-2020 [13].

3. Results and discussion

Fig. 1(a and b) present VLM images of the cross-sectional micro
structures in the as-deposited condition. The GP-HEA coating is mainly 
composed of coarse columnar grains aligned along the heat flow direc
tion, which transition to equiaxed grains toward the top of the coating. 
This behavior is expected, as the temperature gradient to growth rate 
ratio (G/R) decreases during the advancement of the solid-liquid inter
face, favoring the CET. In contrast, the MP-HEA coating displays a fully 
equiaxed and significantly refined grain structure throughout the 
coating thickness. This demonstrates the importance of powder 

Fig. 1. Cross-sectional VLM micrographs of the as-deposited coatings: (a) GP-HEA and (b) MP-HEA. Schematics illustrating solidification under (c) homogeneous and 
(d) compositionally fluctuating melts. (e) XRD patterns of the AlCoCrFeNi coatings after aging at 550 ◦C. Microstructures after aging: (f) GP-HEA (VLM micrographs) 
and (g) MP-HEA (secondary electron SEM micrographs).
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feedstock characteristics and their ability to induce a complete CET.
As discussed in detail previously [12], incomplete chemical ho

mogenization arising from the use of elemental powders, combined with 
specific laser parameters (i.e., heat inputs insufficient to promote full 
mixing), can result in spatial compositional fluctuations throughout the 
melt. During solidification of a chemically homogeneous liquid, as 
achieved here using the pre-alloyed powder (GP-HEA), the liquidus 
temperature (TL) increases away from the solid-liquid interface due to 
conventional solute gradients caused by solute pile-ups (for partition 
coefficient k < 1). This leads to constitutional supercooling, as sche
matically shown in Fig. 1c. However, the high thermal gradients typical 
of laser processing reduce the constitutionally supercooled region, fa
voring columnar growth.

In a melt with compositional fluctuations, on the other hand, the 
solute gradients can be much stronger and spatially distributed, forming 
regions with higher and lower local TL. This can promote erratic 
nucleation behavior, as the advancing solid-liquid interface may 
encounter regions with lower TL ahead, locally reducing the driving 
force for solidification. Under such conditions, sufficient undercooling 
can develop in adjacent regions with higher TL, enabling nucleation. 
This solidification scenario is schematically illustrated in Fig. 1d, where 
local variations in TL are represented by constant minimum and 
maximum values for simplicity. If alternating high- and low-TL regions 
are relatively uniformly distributed throughout the melt, several 
nucleation events can occur, thus impeding the development of 
columnar grains, which likely explains the observed complete CET. 
Furthermore, as a result of the increased nucleation rate, the CET is 
accompanied by a significant reduction in grain size.

The XRD patterns of the coatings aged at 550 ◦C (Fig. 1e) reveal the 
same phase constitution, characterized by a majority of BCC phase with 
secondary ordered B2 phase. The presence of the (100) superlattice 
reflection provides clear evidence of B2 ordering. It should be 
mentioned that the coatings aged at 550 ◦C were selected for detailed 
microstructural characterization because this condition yielded the 
highest hardness, as shown later. The absence of additional diffraction 
peaks indicates that complete melting and alloying of the mixed 
elemental powders occurred during laser processing. Furthermore, after 
aging at 550 ◦C, the overall grain morphology remained almost un
changed compared to that shown in Fig. 1(a and b), as illustrated in 
Fig. 1f for the GP-HEA coating.

Fig. 1(f and g) exhibit the resulting microstructures after aging at 
550 ◦C for the GP-HEA and MP-HEA coatings, respectively. The grain 
boundaries and interdendritic regions of the MP-HEA (Fig. 1g) appear 
decorated with Cr-rich precipitates, as confirmed by the SEM energy- 
dispersive X-ray spectroscopy (EDS) point analysis, with semi- 
quantitative results presented in Table 1. The aging treatment did not 
promote long-range diffusion, because the compositions reported in 
Table 1 follow trends similar to those obtained in the as-deposited 
condition [12]. It is interesting to note that differences in composition 
between points A and B (representing, respectively, grain boundar
ies/interdendritic areas and grain interiors) are more pronounced in the 
MP-HEA coating. This may be indirect evidence of compositional fluc
tuations in the melt, since there is no partitioning-based mechanism that 
would account for such differences if both HEA coatings had originated 

from a chemically homogeneous liquid, given they were processed 
under the same laser parameters.

TEM microstructures (Fig. 2) reveal similar features for both HEA 
coatings aged at 550 ◦C. In Fig. 2(a–c), selected area electron diffraction 
(SAED) patterns for the GP-HEA confirm the coexistence of BCC and B2 
phases. Scanning transmission electron microscopy with energy- 
dispersive spectroscopy (STEM-EDS) elemental maps show pro
nounced solute partitioning, most likely associated with spinodal 
decomposition, where two compositional domains develop a fine grid- 
like pattern: one enriched in Al, Co, and Ni, and the other in Cr and 
Fe. This chemical modulation arises from the highly negative mixing 
enthalpy of Ni-Al (− 22 kJ/mol) and Co-Al (− 19 kJ/mol) pairs [14]. 
Consequently, during phase separation, Al, Co, and Ni segregate forming 
the B2 phase via uphill diffusion, while Fe and Cr form the disordered 
BCC phase [15]. The spinodal decomposition in the GP-HEA has a 
characteristic width of ~30 nm. Although the grain-boundary regions 
lack the grid-like morphology, decomposition occurs there as well, 
establishing an alternating banded structure with the Cr-rich BCC phase 
centrally located.

Fig. 2(d–f) illustrate the atomic arrangement of the B2 phase in the 
MP-HEA, where atoms of distinct sizes form an ordered, alternating 
configuration, as clearly shown in the Inverse Fast Fourier Transform 
(IFFT) image in Fig. 2e and consistent with previous studies [16]. 
STEM-EDS maps highlight a key distinction between the HEAs: solute 
partitioning in the MP-HEA is much finer, with a characteristic width of 
~7.5 nm, roughly 25% of that in the GP-HEA. Even when materials are 
heat treated under exactly the same conditions, small differences in 
composition and/or compositional distribution (see Table 1) can still 
lead to noticeably different microstructural features. This is because 
composition directly affects two key aspects of phase separation: the 
thermodynamic driving force (how strongly the system ‘wants’ to 
separate, reflected in the curvature of the free energy) and diffusion 
kinetics (how quickly atoms can rearrange). Together, these factors 
determine the characteristic length scale, i.e., the wavelength of spino
dal decomposition. While other influences cannot be completely 
excluded, the observed trend aligns well with this 
composition-dependent behavior.

Fig. 3a presents the evolution of hardness with aging temperature. 
The MP-HEA reaches a maximum hardness of 747 HV at 550 ◦C, which is 
18.6% higher than the 630 HV achieved by the GP-HEA at the same 
aging temperature. Inset micrographs from higher-load indentations 
(296 N) reveal slight cracks in the GP-HEA, whereas the MP-HEA ex
hibits none, demonstrating the synchronous improvement in hardness 
and fracture resistance. Fig. 3(b and c) exhibit the nanoindentation load- 
displacement curves of these samples and their corresponding stress- 
strain curves. The MP-HEA exhibits higher hardness (H) and elastic 
modulus (E). The higher H3/E2 ratio of the MP-HEA (Table 2) indicates 
greater coating fracture resistance [17]. It is important to mention that 
indentation cracking and the H3/E2 ratio are not direct measures of the 
intrinsic fracture toughness, although they provide a comparative 
indication of fracture resistance under localized loading and are widely 
used in coating characterization, where conventional fracture toughness 
testing is not feasible. As shown in Fig. 3b, the MP-HEA requires higher 
loads to reach equivalent indentation depths, confirming its superior 
mechanical strength.

Nanoindentation compressive yield strength (YS) and power-law 
hardening exponent (n) are 741 MPa and 0.261 for the GP-HEA, and 
1013 MPa and 0.233 for the MP-HEA (Table 2). The exponent n char
acterizes the strain hardening capacity of the alloy. The lower n 
observed for the MP-HEA indicates that plastic deformation occurs with 
a smaller increase in stress [18]. According to the Kocks-Mecking 
framework [19], strain hardening arises from the evolution of disloca
tion density, which results from the balance between two competing 
processes during plastic deformation: the storage of dislocations and 
their dynamic recovery (annihilation). At the early stages of deforma
tion, dislocation storage dominates, leading to an increase in dislocation 

Table 1 
Typical chemical compositions of different regions (points A and B in Fig. 1(f and 
g)) in the MP-HEA and GP-HEA coatings aged at 550 ◦C, as determined by SEM- 
EDS.

Sample/Position Composition (at%)

Al Co Cr Fe Ni

GP-HEA A 16.8 15.4 15.4 36.1 16.3
B 18.0 16.2 15.0 35.0 15.8

MP-HEA A 4.8 18.2 44.5 26.5 6.0
B 18.9 18.6 13.3 29.4 19.8
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density and thus higher strain hardening. As deformation proceeds, 
however, the growing dislocation density enhances annihilation pro
cesses, so that the recovery rate progressively approaches the storage 
rate. This ultimately leads to a saturation of dislocation density and a 
corresponding decline in strain hardening. A similar tendency has been 
widely observed in nanostructured materials [20]. In such systems, the 

high density of interfaces limits the space available for dislocation 
accumulation and promotes recovery mechanisms, resulting in an 
earlier saturation of strain hardening. In the present case, the refined 
spinodal structure (~7.5 nm) in the MP-HEA introduces a high density 
of coherent BCC/B2 interfaces. These interfaces act as frequent barriers 
to dislocation motion, effectively reducing the dislocation mean free 

Fig. 2. TEM characterization of the AlCoCrFeNi coatings aged at 550 ◦C: (a-c) GP-HEA and (d-f) MP-HEA.
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path and limiting dislocation storage. Consequently, dynamic recovery 
becomes significant at lower strains, leading to earlier saturation of 
strain hardening. This mechanism is consistent with, and likely accounts 
for, the observed lower strain hardening exponent (n) in the MP-HEA 
coating. Meanwhile, columnar grains in the GP-HEA coating, with 
their specific crystal orientation, are more prone to intergranular 
cracking during deformation, despite the lower strength/hardness.

4. Conclusions

The results demonstrate that powder feedstock characteristics 
strongly influence the microstructure. A complete CET can be achieved 
in the AlCoCrFeNi HEA by employing a mixed-powder feedstock during 
laser cladding. The induced grain refinement, together with the finer 
spinodal decomposition, significantly improves the mechanical response 
of the MP-HEA, as evidenced by increased hardness, compressive yield 
strength, and fracture resistance. The simultaneous improvement of 
these properties highlights mixed-powder processing as an effective 
strategy for the development of high-performance coatings.
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