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Abstract: Eutectic high entropy alloys (EHEA) with an exceptional combination of 
strength and ductility are promising candidates as advanced structural materials. 
However, achieving an optimal balance between the properties in additively 
manufactured EHEAs is an outstanding challenge. In this work, 
Ni30Co30Cr10Fe10Al18W2 EHEA was additively manufactured using the laser powder 
bed fusion (LPBF) technique. In the as-fabricated state, it exhibits a dual-phase nano-
lamellar structure consisting of FCC/L12 and B2 phases. Post-fabrication heat 
treatments were explored for modulating microstructure and, in turn, enhancing the 
mechanical properties, so as to achieve an optimum balance between strength and 
ductility. Upon heat treatment at 750 °C for 1 h, part of the B2 phase transformed into 
FCC, with the appearance of the tungsten-rich precipitates inside the B2 phase. The 
average interlayer spacing of the FCC/L12 lamellae increased to 124 nm, while that of 
B2 lamellae decreased to 86 nm, resulting in an alloy with an ultimate tensile strength 
(UTS) of 1811 MPa, although the strain to failure (εf) decreased to 2%. Upon increasing 
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the heat treatment temperature to 1000 °C, the average interlayer spacings of the FCC 
and B2 phases increased to 210 and 187 nm, respectively, which resulted in a more 
balanced mechanical behavior with UTS and εf of 1332 MPa and 9.3%, respectively. 
This study provides an effective approach for microstructural modulation and 
enhancement of mechanical properties of LPBF fabricated EHEA via post-fabrication 
heat treatment, offering insights for developing future high-performance alloys for 
advanced structural applications. 
 
Keywords: Eutectic high entropy alloys, LPBF, phase modulation, mechanical 
properties, post heat treatment 
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1. Introduction 

The demand for high-performance alloys for structural applications in the 
aerospace, automotive, and energy industries is perennial [1]. However, conventional 
approaches in alloy design can no longer meet the requirements for the fast iterations 
in complex and high-performance materials development. In this context, a novel alloy 
design concept, high entropy alloy (HEA), which was initially proposed by Yeh et al. 
[2] and Cantor et al. [3] and involves five or more elements in approximately equal atomic 
ratios, attracted considerable attention. Due to their unique composition and 
microstructures, HEAs can offer exceptional properties such as high fracture toughness 
[4-6], good oxidation resistance [7, 8], outstanding corrosion and hydrogen embrittlement 
resistances [9-12], and superior irradiation resistance [13, 14]. 

While single-phase HEAs with the face centered cubic (FCC) crystal structure 
exhibit superior plasticity [15], it comes at the cost of strength. In contrast, single-phase 
body centered cubic (BCC) HEAs offer high strength but are limited in terms of 
ductility [16]. Achieving an optimum combination of high strength and ductility in an 
alloy with a single solid solution phase remains a key problem in achieving high 
performance HEAs. To address the conflict between the strength and ductility, Lu et al. 
[17] developed eutectic high entropy alloys (EHEA). The AlCoCrFeNi2.1 EHEA that 
involves both the FCC/L12 phase and B2/BCC phase provides an alternative in 
balancing strength and ductility. Subsequently, hypoeutectic AlCoCrFeNi2.0 and 
hypereutectic AlCoCrFeNi2.2 have been developed, which demonstrate exceptional 
strength and ductility [18]. 

The microstructure evolution involving elemental segregation, precipitate 
formation and phase transformation in HEAs is highly dependent on the cooling rate 
during the manufacturing process [19, 20]. The solidification rates in conventional 
approaches used for the HEA fabrication, including arc-melting [21], vacuum induction 
melting [22, 23], and spark plasma sintering [24], are typically less than 100 K/s [25]. 
Strikingly, laser powder bed fusion (LPBF), a widely studied additive manufacturing 
technology, can provide a high cooling rate that ranges between 104 and 106

 K/s [26, 27]. 
Prior works on the LPBF AlCoCrFeNi2.1 EHEA show an ultrafine-grained 
microstructure in it, compared to that in the as-cast sample, implying strong grain 
refinement during the rapid solidification intrinsic to the LPBF process [28]. Lan et al. 
[29] found that the average grain size in the XZ plane of as-built sample decreases with 
an increase in the volumetric energy density (VED). Guo et al. [30] observed that the 
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transition in eutectic morphology from the lamellar to the cellular structure can be 
enforced by decreasing VED. These studies show that tailoring of the microstructures–
and hence mechanical properties–of EHEAs is possible using LPBF [31]. 

Furthermore, Small amounts of Mo and W can be dissolved in EHEA [32-34], 
enhancing the lattice distortion that is typical of HEAs, and further increasing the tensile 
strength to over 1200 MPa [35]. Yang et al. [36] obtained an ultrafine eutectic structure in 
Ni30Co30Cr10Fe10Al18W1Mo1 using LPBF with a few alloying additions. The sizes of 
eutectic lamellae and colonies range from 150–200 nm and 2–6 μm, respectively, 
leading to an ultimate tensile strength (UTS) of over 1400 MPa at room temperature. 
For comparison, the as-cast Ni30Co30Cr10Fe10Al18W2 EHEA only has a UTS of 1266.5 
MPa [35]. Process optimization and microstructural evolution of as-cast and as-built 
EHEAs have been widely studied.  

However, the rapid cooling rates inherent to LPBF often result in non-equilibrium 
characteristics that may not always lead to an optimal mechanical performance [37, 38]. 
As a result, post-fabrication heat treatment becomes crucial for further tuning the 
microstructure and optimizing the mechanical performance of EHEAs. Heat treatments 
can induce phase transformations, precipitate formation, and microstructural 
coarsening, which can be exploited judiciously for balancing strength and ductility [39]. 
Moreover, heat treatment helps enhance the phase stability, relieve residual stresses, 
and refine the critical microstructural features such as lamellar spacing, resulting in 
improved mechanical properties. Previous studies have demonstrated that the post-
fabrication heat treatments significantly improve the mechanical performance of HEAs 
[40, 41]. 

In this work, a dual-phase nano-lamellar Ni30Co30Cr10Fe10Al18W2 EHEA was 
fabricated using LPBF. The effects of heat treatment temperatures ranging from 750 to 
1000 °C on the microstructures and mechanical properties were systematically 
investigated. Related microstructural mechanisms such as structural stability, phase 
transformation, and coarsening have been studied. Precipitation and dissolution 
behaviors of L12 precipitates within the FCC phase and W-rich nanoparticles within the 
B2 phase have been revealed, as well as the consequent hardening and softening 
phenomena. It thus provides an alternative in the customization of microstructure and 
mechanical properties of LPBF fabricated EHEAs by post fabrication heat treatment 
process, which can be promising in high performance EHEAs development. 
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2. Materials and methods 

2.1 Powders 
The pre-alloyed powder of Ni30Co30Cr10Fe10Al18W2 EHEA was prepared through 

vacuum induction gas atomization. Characterization using a MIRA 3 high-resolution 
scanning electron microscope (SEM, TESCAN, Czech Republic) indicates that the 
powder has good sphericity with only a few satellite particles attached on the surface 
(Figure 1a). The particle size distribution was analyzed using a laser particle size 
analyzer (Microtrac S3500, US) and the results are shown in Figure 1b. The D10, D50, 
and D90 of the powders are 18.23, 32.31, and 55.71 μm, respectively. An energy 
dispersive X-ray spectroscopy (EDS) instrument, attached to the SEM, was utilized for 
elemental mapping of the powder, as shown in Figures 1c and 1d. The elements are 
found to be uniformly distributed without any obvious macroscopic segregation. The 
chemical composition (in at.%) of the powder is listed in Table 1. 

 

 
Figure 1 Ni30Co30Cr10Fe10Al18W2 EHEA powder. (a) SEM image, (b) Powder size distribution, (c) 
SEM image of selected particle, (d) EDS elemental mapping of the particle in (c). 
 
 
 



 
 

6 
 

 
Table 1 Chemical compositions (at.%) of the Ni30Co30Cr10Fe10Al18W2 EHEA powder 

Ni Co Cr Fe Al W 

31.22 30.33 9.84 9.87 16.86 1.89 

 

2.2 Sample preparation 
The Ni30Co30Cr10Fe10Al18W2 EHEA samples were fabricated using a TruPrint 

1000 3D printer (TRUMPF, Germany), as shown in Figure 2a. The printer is equipped 
with a Nd: YAG fiber laser, which can generate a maximum laser power of 200 W with 
a spot diameter of 80 μm. High purity argon gas was used as the protective atmosphere 
during fabrication to maintain minimum oxygen content (below 200 ppm) inside the 

printing chamber. A 5 × 5 mm2 checkerboard scanning strategy was employed to 

suppress cracking and reduce stress. An angle of 67° between successive layers was 
used to control the anisotropy [42], as illustrated in Figure 2b. A polished 316 stainless 
steel with a diameter of 98 mm was used as the substrate. 

The volumetric energy density (VED) has been used as a direct parameter to 
describe the incident laser energy, which can be calculated as[43]: 

 sE P / ( ht )ν=  (1) 

where P is the laser power, νs is the scanning speed, h represents the hatch spacing, 

and t is the layer thickness. These parameters determine the solidification conditions 
during printing and the resulting grain morphology, thus affecting the relative density 
of the fabricated samples. By conducting the parameters optimization process, the 
optimal combination (laser power: 120 W, scanning speed: 1100 mm/s, hatch spacing: 
0.07 mm, layer thickness: 0.02 mm, VED: 77.92 J/mm3) was then decided based on the 
sample having the highest density of 99.73%. These parameters were then used to build 
samples with dimensions of 30×14×5 mm3 for subsequent microstructural 
characterizations and mechanical tests. After printing, the samples were annealed at 
temperatures of 750, 800, 900, and 1000 °C for 1 h with a heating rate of 20 °C/min, 
followed by water quenching. 
 
2.3 Microstructural characterization 

Phase identification of the specimens was performed using a D8 ADVANCE Da 
Vinci X-ray diffractometry (XRD, Bruker, Germany), equipped with a Cu target X-ray 
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source. The diffraction angle range was from 10° to 90° with a scanning speed of 5°/min. 
XRD was performed on the surface of the sample is normal to the build direction (BD). 
The morphologies and compositions of the specimens were characterized using SEM 
equipped with EDS, backscattered electron (BSE), and electron backscatter diffraction 
(EBSD) detectors. For SEM, specimens were all vibratory-polished to obtain mirror 
finish of surface and eliminate residual stress from mechanical polishing. For 
transmission electron microscope (TEM) sample preparation, selected specimens were 
mechanically polished to a thickness of less than 60 μm and then punched into 3 mm 
circular discs. The samples were further thinned to approximately 40 nm using ion 
milling. The microstructures and precipitates were then characterized with a Talos 
F200X TEM (Thermo Fisher Scientific, USA). 

Tensile tests were performed using a servo-hydraulic 810 MTS testing machine 
(MTS Corp., USA). The tensile strain was measured using an ARAMIS v6.1 digital 
image correlation (DIC, GOM Optical Tech., Germany). Uniaxial testing was 
conducted at a strain rate of 10−3 s−1 at room temperature, with three repeated tests for 
each condition. The dimensions of the dog-bone-shaped tensile specimens were 24 mm 
in length, 10 mm in width, and 1 mm in thickness. The gauge length and width are 8 
and 2 mm, respectively (Figure 2c). The tensile test direction is normal to BD, as 
illustrated in Figure 2d. 

 
Figure 2 LPBF fabricated EHEA samples. (a) Optical image of the as-built EHEA samples. (b) 
Schematic of scanning strategy for LPBF. (c) Geometry and dimension of the specimen for tensile 
test. (d) Schematic illustration of tensile specimen direction with respect to the build direction. 

3 Results 

3.1 Phase distribution and microstructures 
Figure 3a shows the XRD spectra obtained on the pre-alloyed 

Ni30Co30Cr10Fe10Al18W2 EHEA powder and on the as-built EHEA sample. In both the 
cases, FCC and BCC dual-phase structures, with intense (111) diffraction peak for the 
FCC phase and (110) diffraction peak for the BCC phase, were observed [44]. Based on 
previous reports, the Ni30Co30Cr10Fe10Al18W2 EHEA consists of FCC and B2 phases [35, 
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45, 46]. Although it is difficult to judge whether there are ordered L12 or B2 phases from 
current XRD, it is still possible that the L12 precipitates are embedded within the FCC 
matrices at a nanoscale size [44] and that the BCC phase is a NiAl-type ordered 
intermetallic (B2). This will be further explored in the subsequent TEM analysis. 

The pole figure distributions obtained using EBSD reveal the maximum intensity 
of multiples of uniform density (MUD) value of 23.02 for the FCC/L12 phase and 28.28 
for the BCC/B2 phase, as shown in Figure 3b. These high MUD values indicate a strong 
texture in the as-built sample, which can lead to anisotropic tensile properties. The 
interface between the FCC and BCC phases can also be defined by the Kurdjumov-
Sachs (K-S) orientation relationship, specifically <011>FCC/L12 // <111>BCC/B2 and 
{111}FCC/L12 // {011}BCC/B2. Generally, this specific orientation can be observed in dual-
phase steels, which is known to minimize the lattice mismatch and thereby reduce the 
interfacial energy [47]. Figure 3c further shows the phase map from the side view 
(surface parallel to BD), where eutectic structures with alternating lamellae of the 
FCC/L12 (red, 31.9 vol.%) and BCC/B2 (blue, 68.1 vol.%) phases appear. The yellow 
line in Fig. 3c indicates the K-S orientation relationship between the two phases. 
Additionally, the inverse pole figure map shows a preferential growth orientation of 
<001>//BD for FCC/L12 and <101>//BD for BCC/B2, which is consistent with the 
XRD results shown in Figure 3a. 

Typical lamellar microstructures with eutectic colonies exhibiting various 
crystallographic orientations are confirmed along BD. In Figure 3e, the eutectic 
colonies grow towards the directions perpendicular to the local melt pool boundary, as 
sketched by the white dashed line, which aligns with the direction of thermal gradient. 
While the fine lamellae (FCC/L12 phase, dark in Fig. 3f) and the coarse lamellae 
(BCC/B2 phase, bright in Fig. 3f) can be observed, it should be noted that such dual-
phase lamellar eutectic structures are much finer than those of the as-cast alloy and 
comparable with the those reported in the LPBF AlCoCrFeNi2.1 EHEA [35, 48]. 
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Figure 3 (a) XRD spectra of as-built Ni30Co30Cr10Fe10Al18W2 EHEA sample and the pristine powder. 
(b) Pole figures of FCC/L12 and BCC/B2 phases. (c) Phase map and (d) IPF map of as-built EHEA 
along building direction. (e) SEM image of the cross-section. (f) Magnified SEM image of selected 
region in (e). 

 
The scanning TEM (STEM) image in Figure 4a shows that the average thicknesses 

of the FCC and BCC lamellae are around 89 ±17 and 174 ±28 nm, respectively. The K-
S orientation relationship can also be verified by the semi-coherent interface and the 
corresponding selected area electron diffraction (SAED) pattern (upper right of Figure 
4a). It is known that the segregation of Fe and W can be relatively weakened due to the 
high cooling rates (104–106 K/s) that prevail during the LPBF process [49]. The EDX 
results indicate that the BCC phase is enriched in Al and Ni but depleted in Co, Cr, and 
Fe, whereas the FCC phase is enriched in Cr and Co but depleted in Al and Ni (Figures 
4b–d). Notably, the SAED pattern demonstrates weak superlattice spots in both FCC 
and BCC phases. It implies that the FCC phase contains the ordered L12 phase, and the 
BCC phase is a NiAl-type ordered intermetallic B2 phase (Figures 4e–f) [46]. 
Unexpectedly, there is no obvious elemental segregations in the FCC versus L12 phases, 
which may be attributed to the rapid cooling rate during the solidification process. The 
B2 phase, on the other hand, possesses enriched Ni and Al and is a NiAl-type ordered 
intermetallic [35]. 
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Figure 4 (a) STEM image of as-built Ni30Co30Cr10Fe10Al18W2 EHEA sample and typical semi-
coherent interface with the corresponding SAED pattern. (b) TEM image and (c) EDX line scanning 
of as-built EHEA with mixed phases. (d) EDX elemental mapping of Al, Ni, Co, Cr, Fe, W. (e) 
Bright field STEM image of FCC/L12 phase and corresponding EDX elemental mapping. (f) Bright 
field STEM image of B2 phase and corresponding EDX elemental mapping. 
 

3.2 Effects of heat treatment 
It is known that the rapid cooling rate during LPBF process results in the formation 

of non-equilibrium microstructures. By precisely controlling the heating and cooling 
processes during heat treatment, uniform and stable microstructures can be expected, 
thus improving the mechanical performance of the LPBF alloys. Figure 5 shows the 
XRD spectra of the samples after annealing at 750, 800, 900, and 1000 °C for 1 hour. 
All the samples exhibit a dual-phase structure consisting of the FCC and B2 phases. 
Specifically, a noticeable shift to lower angles of the FCC (220) peak after heat-
treatment at higher temperatures can be observed, indicating an increase of lattice 
parameters as well as lattice distortion. 
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Figure 5 (a) XRD spectra of LPBF fabricated samples after heat treatment at different temperatures. 
(b) Enlarged XRD spectra at selected position of FCC phase in (a). 

 
Figures 6a1–d1 show the BSE images of samples parallel to BD after heat treatment 

at different temperatures. Alternating lamellar structure with bright (FCC phase) and 
dark (B2 phase) contrast can be observed. The color differentiation between these two 
phases is attributed to the variation in elemental distribution. The bright nanoparticles 
are W-rich precipitates (based on the EDS results). Notably, the ultrafine lamellar 
structures are almost retained after heat treatment at 750 °C for 1 h, which is similar to 
those in the as-built sample in Figure 3e. When the annealing temperature is increased 
to 800 °C, coarsening initiates in both the FCC and B2 phases. A notable microstructure 
transformation occurs with further coarsening and spheroidization of both phases at 
900 °C. The lamellae become highly irregular and dispersed, indicating an increased 
atomic mobility and element diffusion rate across the phase boundaries at this 
temperature. When the sample is heat-treated at 1000 °C, equiaxed grains are observed, 
suggesting a near-equilibrium state. Interestingly, the tungsten-rich precipitates are no 
longer observed in 1000 °C heat-treated sample. 
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Figure 6 BSE, EBSD, and SEM-EDS images of the as-built samples after heat treatments at different 
temperatures: (a) 750 °C for 1 h, (b) 800 °C for 1 h, (c) 900 °C for 1 h, (d) 1000 °C for 1 h. Note 
that the BSE, EBSD, and SEM-EDS images for same smple are not at the same location or 
magnification. 

 
The EBSD results displayed in Figures 6a2–d2 further reveal that the heat-treated 

Ni30Co30Cr10Fe10Al18W2 EHEA samples consist of FCC and B2 phases. After heat 
treatment at 750 °C for 1 h, the volume fraction of FCC phase is 69.4%, which is double 
that in as-built sample (31.9% in Figure 3c), while the volume fraction of B2 phase is 
20.6%. Upon increasing the heat treatment temperature to 1000 °C, however, the 
volume fraction of FCC phase gradually decreases, which is consistent with the result 
in literature [50]. Based on the EDS elemental mapping results, stronger element 
segregation occurs in the heat-treated samples at higher temperatures, which can be 
ascribed to accelerated atomic diffusions at elevated temperatures [50]. Similar to the 
case of the as-built sample, FCC phase is enriched in Co, Cr, Fe, and W, while the B2 
phase is enriched in Al and Ni. Notably, phase transition from FCC to B2 occurs after 
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heat treatment at 800 °C for 1 h. When the temperature is increased to 1000 °C, phase 
segregation is enhanced significantly. This indicates that the intense atomic diffusion 
can significantly promote elemental segregation within the alternating lamellae at 
elevated temperatures. 

 
3.3 Mechanical properties 

The representative engineering stress-strain curves of the as-built and heat-treated 
samples are presented in Figure 7a. The as-built sample does not show a distinct yield 

behavior; its UTS and strain to failure (εf) are 1549 MPa and 5.2%, respectively. After 
heat treatment, markedly different mechanical properties are obtained. Specifically, the 
UTS increases to 1811 MPa after heat treatment at 750 °C for 1 h, though the elongation 
decreases to 3.2%. When the heat treatment temperature is 800 °C, the alloy achieves a 
UTS of 1575 MPa with an elongation of 7.35%, indicating simultaneous improvements 
in both strength and ductility. However, when the heat treatment temperature is above 
800 °C, the elongation increases with temperature, while the UTS decreases. Figure 7b 
shows the Vickers hardness of as-built and heat-treated samples (750-1000 °C) is 454, 
626, 477, 431, and 417 HV. The highest hardness is achieved after heat treatment at 
750 °C with an increase of 37.9% compared to the as-built sample. The evolution in 
hardness is consistent with that in UTS. 

 
Figure 7 (a) The engineering stress-stain curves at room temperature of the as-built and annealed 
samples; (b) The Vickers hardness values at room temperature of the as-built and annealed samples. 
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Table 2 Tensile properties of the as-built and heat-treated samples 

Alloy 
Yield strength 

(MPa) 
Ultimate tensile 
strength (MPs) 

Elongation 
(%) 

As-built - 1549(±12) 4.7(±1.1) 

750°C-1h 1355(±10) 1811(±18) 3.2(±0.6) 

800°C-1h 1246(±6) 1575(±16) 5.2(±1.5) 

900°C-1h 1035(±6) 1408(±10) 7.35(±1.9) 

1000°C-1h 976(±9) 1332(±14) 9.8(±2.1) 

 
The fractured surfaces after tensile testing were characterized by using SEM, as 

shown in Figure 8. It can be observed that all the fractured surfaces of as-built and heat-
treated samples exhibit fine trench-like morphologies with fine dimples, which is the 
typical fractographic feature in HEAs with dual-phase eutectic structure [51]. During 
tensile deformation, the highly ductile FCC/L12 phase becomes thin, forming an 
upward edge. Conversely, the B2 phase is more brittle, resulting in the formation of the 
trench bottom [18, 28]. Notably, the fine dimples in the fractographs indicate the typical 
ductile fracture, which are formed by plastic deformation and local necking. Therefore, 
a mixed ductile and brittle fracture pattern occurs with the coexistence of dimples and 
trench-like morphology. 



 
 

15 
 

 
Figure 8 The fracture surface morphology of as-built and heat-treated samples 
 

4 Discussion 

4.1 Microstructure evolution 
Figure 9 illustrates the microstructures of as-built Ni30Co30Cr10Fe10Al18W2 EHEA 

sample from different observing orientations. It is known that the growth direction of 
eutectic structure within the melt pool aligns with the direction of maximum heat flux 
during the printing process[28]. During the LPBF process, grains grow perpendicular to 
the melt pool boundary, which follows the thermal gradient direction and hence exhibits 
a typical columnar epitaxial growth. Specifically, a cell-like microstructure constituted 
by B2 blocks and thin FCC networks can be observed along the melt pool boundary in 



 
 

16 
 

the top surface of the as-built sample (Figures 9b and c). Correspondingly, a typical 
lamellar structure with eutectic colonies exhibiting various crystallographic 
orientations appears on the side of the as-built sample (Figures 9d and e). 

 
Figure 9 (a) The pseudo-3D microstructure of the as-built sample by SEM. SEM images of the 
microstructures close to the melt pool boundaries on the (b) top and (d) side surfaces of the as-built 
samples. (c) and (d) are the magnified SEM images of local microstructures selected in (b) and (d), 
respectively. 
 

It is known that the high cooling rates of LPBF can bring about non-equilibrium 
solidification, leading to solute trapping within both FCC/L12 and B2 phases. During 
the solidification process, one phase of the eutectic alloy initially forms from the liquid, 
with its interface acting as nucleation site for the other phase. This process leads to the 
formation of lamellar structure through symbiotic growth of two phases [50]. It has also 
been observed that the B2 phase can act as the nucleation site for FCC phase (Figure 
10), since the mixing enthalpy between Al and Ni is the most negative one (amongst all 
the constituent element binary combinations), facilitating the formation of AlNi phase 
[52, 53]. The FCC phase, on the contrary, is enriched in Co, Cr, Fe, and W, all of which 
share similar atomic radii and strong chemical compatibilities with each other [54]. 

In the B2 phase of the as-built sample, a modulated structure resulting from the 
spinodal decomposition has been identified, which is consistent with observations in 
several alloys within the Al–Co–Cr–Fe–Ni alloy system [55, 56]. Ren et al. [57] are the first 
to confirm the presence of compositional modulation within the B2 lamellae of the 
AlCoCrFeNi2.1 alloy produced via LPBF. They proposed that the rapid and extreme 
solidification conditions characteristic of the LPBF process led to diffusion-limited 
solidification, resulting in supersaturated solid solutions. This, in turn, promotes 
spinodal decomposition within the B2 phase. Guo et al. [40] further suggested that the 
modulated structure significantly contributes to the strengthening of the AlCoCrFeNi2.1 
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alloy, primarily through a mechanism known as spinodal hardening. This hardening 
arises from periodic fluctuations in lattice strain and shear modulus, induced by 
spinodal decomposition. These fluctuations create increased resistance to dislocation 
motion, thereby enhancing the overall strength of the alloy. 

 
Figure 10 STEM analyses of the B2 phase. (a-c) HAADF STEM image of as-built sample. (d-i) 
EDX elemental mapping of Al, Ni, Co, Cr, Fe, W, respectively. 
 

4.2 Microstructures of the heat-treated EHEAs 
As evidenced in Figure 6, the microstructure of as-built sample changes 

significantly after heat treatment at 750 °C for 1 h, where the majority of dislocations 
arising from the LPBF process were eliminated (Figure 11). The SAED patterns display 
superlattice spots in both the FCC and BCC phases, indicating that the FCC phase 
contains ordered L12 precipitates, while the BCC phase is in an ordered B2 phase, same 
as as-built sample (Figure 11a). An increase in the average interlayer spacing of the 
FCC/L12 lamellae from 89 ±17 nm to 124 ±23 nm can be observed in the annealed 
sample, while the spacing of B2 lamellae decreases from 174 ±28 nm to 86 ±15 nm, as 
compared to those in the as-built sample (Figure 11b). Furthermore, the EDS mapping 
shows distinct elemental segregations between FCC/L12 and B2 phases, which is 
attributed to the interface migration at elevated temperatures (Figures 11c and d). 
Notably, the W-rich precipitates appear in the B2 phase, which could provide additional 
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strengthening effect [50]. As shown in Figure 11e, the average volume fraction of the 
nanoscale ordered L12 precipitates is around 10 ±1.76% due to elemental segregation 
within FCC/L12 phases. HRTEM image reveals that these nanoscale L12 precipitates 
exhibit a fully coherent crystallographic relationship with FCC phase. Strikingly, there 
is no elemental segregation within the B2 phase, which is the same as as-built sample 
(Figure 11f). 

 
Figure 11 TEM analysis of the Ni30Co30Cr10Fe10Al18W2 EHEA sample after heat treatment at 750 °C 
for 1 h. (a) TEM image of heat treated EHEA sample with corresponding SAED patterns. (b) EDX 
line scanning along selected position in (a). (c, d) TEM and EDX elemetal mapping of selected heat 
treated EHEA sample. (e) STEM and HRTEM of FCC/L12 phase with corresponding EDX 
elemental mapping. (f) STEM and HRTEM of B2 phase with corresponding EDX elemental 
mapping. 

 
In a sharp contrast, heat treatment at a higher temperature of 1000 °C for 1 h results 

in the complete disappearance of the ordered L12 precipitates, as evidenced by the 
absence of any additional superlattice spots in the SAED pattern in Figure 12a. The 
average interlayer spacings of both the FCC and B2 phases increase to 210 ±25 and 187 
±19 nm, respectively (Figure 12b). All the W-rich precipitates are eliminated as well, 
leading to an uniform elemental distribution in the disordered FCC and B2 phases, 
despite the pronounced elemental segregation between these dual-phase lamellae 
(Figure 12c-d). 
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Figure 12 TEM analysis of the Ni30Co30Cr10Fe10Al18W2 EHEA sample after heat treatment at 
1000 °C for 1 h. (a) TEM image of heat treated EHEA sample with corresponding SAED patterns. 
(b) Enlarged TEM image in selected region in (a). (c) EDX line scanning along selected position in 
(b). (d) EDX elemetal mapping of (b). (e) STEM and HRTEM of FCC phase with corresponding 
EDX elemental mapping. (f) STEM and HRTEM of B2 phase with corresponding EDX elemental 
mapping. 

 
The overall microstructural features of the as-built and heat-treated samples are 

schematically illustrated in Figure 13. Initially, the interlayer spacings of FCC/L12 
phase and B2 phase are 89 ±17 and 174 ±28 nm, respectively. These interlayers with 
very fine spacing, which is due to the rapid cooling rates inherent to LPBF [26], 
contribute significantly to the high strength of the as-built material by introducing 
numerous phase boundaries that impede dislocation motion [30]. However, the shortened 
mean free paths for dislocation glide can also restrict plastic deformation, adversely 
affecting ductility. Following the heat treatment at 750 °C for 1 h, the interlayer spacing 
of FCC/L12 phase increases to 124±23 nm, and that of B2 phase decreases to 86±15 
nm, accompanied by the presence of W-rich nanoparticles within B2 phase. The 
increase in FCC/L1₂ interlayer spacing may reduce the number of phase boundaries, 
possibly decreasing the strength due to fewer obstacles for dislocation motion. 
Moreover, the L1₂ nanoparticles grow larger and the formation of W-rich nanoparticles 
introduces precipitation hardening, both of which increase the yield strength [50]. 
Furthermore, after heat treatment at 1000 °C for 1 h, microstructures become coarser 
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without the formation of precipitates. The interlayer spacing becomes 210 ±25 nm for 
the FCC phase and 187 ±19 nm for the B2 phase. The coarsening of the interlayer 
spacing leads to a reduction in the phase boundary area and the disappearance of the 
strengthening precipitates, allowing dislocations to move more freely and hence, results 
in a reduced strength. However, the reduced obstruction to dislocation movement could 
enhance ductility due to increased capacity for plastic deformation [57]. The significant 
changes in phase distribution, interlayer spacing, and elemental segregation of as-built 
EHEA are then annealing temperature determined. 

 
Figure 13 Schematic illustration of microstruture evolution mechanisms for as-built samples and 
heat treated samples. 
 

4.3 Strengthening mechanisms 
As demonstrated in Figure 7, the LPBF Ni30Co30Cr10Fe10Al18W2 EHEA exhibits 

high strength and ductility, which can be attributed to two primary strengthening 
mechanisms. Firstly, the ultrafine eutectic structure in the as-built EHEA because of the 
rapid solidification. Such refined microstructure results in a superior mechanical 
performance, serving as the primary crucial strengthening mechanism. Secondly, the 
dislocation mobility is resisted by the highly coherent FCC/B2 phase boundaries, 
resulting in enhanced strength. During tensile deformation, the back stress is generated 
by the phase boundaries can also improve the tensile strength. Additionally, there are 
extensive dislocation slips, stacking faults (SFs), and Lomer-Cottrell (L-C) locks during 
deformation within FCC phase. These combined mechanisms of grain refinement and 
dislocation movement hindering contribute to the exceptional mechanical performance 
of the as-built Ni30Co30Cr10Fe10Al18W2 EHEA. 

It is known that grain refinement is a widely used method to increase the strength 
of materials. By reducing the average grain size, the number of grain boundaries in the 
material increases. These grain boundaries act as strong pinning points to dislocation 
movement, which is a primary mechanism of deformation in metals. This relationship 
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between grain size and strength is described by the Hall-Petch equation[58]: 

 1/ 2
G yk∆σ λ−=  (2) 

Where ky is the Hall-Petch coefficient, for which the value of 371 MPa μm1/2 from the 
Al0.1CoCrFeNi system is used [59].  

The contribution from dislocation strengthening in the FCC/L12 and B2 phases 
can be expressed using Bailey-Hirsch equation [60]: 

 1/ 2
D M Gb∆σ α ρ=  (3) 

where ΔσD is the strengthening contribution from dislocations. M represents the 
orientation Taylor factor with 3.06 for FCC phase and 2.87 for B2 phase [61, 62]. α is a 
constant, which is 0.2 for FCC phase and 0.24 for B2 phase [63, 64]. G is the shear 
modulus, which is 76.9 GPa for FCC phase and 80 GPa for B2 phase [62, 65]. b is the 
magnitude of Burgers vector for a full dislocation, which is 0.255 nm for FCC phase 
and 0.248 nm for B2 phase [50, 66]. ρ is the dislocation density, which can be 
approximated as the density of geometrically necessary dislocations (GNDs), ρGND. 
Based on the EBSD measurement, ρGND can be calculated as [67]: 

 GND
2

b
θρ
µ

=  (4) 

where θ is the local mis-orientation angle from the EBSD data, and μ is the step size 
(40 nm). 

The overall dislocation strengthening can be estimated by [63]: 

 D FCC FCC B2 B2f fσ σ σ= +  (5) 

where σD represents the total strength due to dislocation strengthening. fFCC and fB2 are 
the volume fractions of FCC and B2 phases, respectively. σFCC and σB2 are the 
contribution strength of the dislocation strengthening in the FCC and B2 phases, 
respectively. 

In addition to those strengthening mechanisms mentioned, the nano-precipitates 
within both FCC and B2 phases also contribute significantly to the mechanical 
properties strengthening, especially in heat-treated samples. The overall increase in 
strength due to precipitation strengthening can be estimated as [63]: 

 p FCC FCC B2 B2σ ν ∆σ ν ∆σ= +  (6) 

where vFCC and vB2 are the volume fraction of FCC and B2 phases, respectively. ΔσFCC 
is the contribution of L12 precipitates to the strength of FCC phase, and ΔσB2 is the 
contribution of W precipitates to the strength of B2 phase. 



 
 

22 
 

The precipitates in the matrix enhance the strength of alloy by impeding the 
movement of dislocations, and this is known as precipitation strengthening. Based on 
the interaction between the precipitates and dislocations, precipitation strengthening 
can be divided into two main categories: the Orowan bypass mechanism (Δσorw) and 
shearing mechanisms (Δσshearing) [68]. However, these two mechanisms cannot coexist. 
The type of precipitation strengthening is determined by the resistance of dislocation 
slip. Ultimately, the mechanism with smaller resistance is the precipitation 
strengthening effect: 

 p orw shearingmin( , )∆σ ∆σ ∆σ=  (7) 

The Orowan bypass mechanism typically occurs in precipitates that are larger in 
size or incoherent with the matrix, which can be described as [63]: 

 m
orw

p

0.4Gb ln( 2r / b )M
1 v

∆σ
λπ

=
−

 (8) 

where v is the Poisson’s ratio, taken as 0.25. The modified radius rm is given by 
rm=(2/3)0.5r, where r is the average radius of precipitates. The spacing of precipitates 

(λp) is given by 𝜆𝜆𝑝𝑝 = 2r𝑚𝑚(�𝜋𝜋/4𝑓𝑓 − 1), where f is the volume fraction of precipitates. 

The shearing mechanism, on the contrary, typically occurs in precipitates that are 
relatively small in size or coherent with the matrix. Coherency strengthening (ΔσCS), 
modulus strengthening (ΔσMS) and ordering strengthening (ΔσOS) are three types of 
strengthening mechanisms as: 

 3/ 2 1/ 2
cs c

rfM ( G ) ( )
0.5Gbε∆σ α ε=  (9) 

 
3m 13/ 2 1/ 2 2

MS
2 f r0.0055M( G ) ( ) ( )
G b

∆σ ∆
−

=  (10) 

 1/ 2APB
os

3 f0.81M ( )
2b 8
γ π∆σ =  (11) 

where εc is the constrained lattice parameter mismatch, expressed as εc=2/3ε with ε 
taken as 0.084% for the L12 precipitate in FCC matrix [69]. G is the shear modulus with 
76.9 GPa for FCC [65]. ΔG =|G-Gp| represents the shear modulus mismatch between the 
precipitate and matrix, where Gp is 90.2 GPa for the L12 precipitates [70]. The constant 
m is 0.85 [71]. The anti-phase boundary energy γAPB for the L12 precipitate is 175 mJ/m2 

[70]. The mean particle size r is 1 nm and 1.9 nm for the L12 precipitates in as-built and 
heat-treated samples at 750 °C for 1 h, respectively. The relative volume fraction of 
precipitates within the matrix (f) is 10% and 15% for L12 precipitates of as-built and 
heat-treated samples, respectively. 
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The calculated results of Δσorw, ΔσCS, ΔσMS, and ΔσOS for precipitation strengthening 
are summarized in Table 3. The strengthening of L12 nanoparticles calculated via the 
shearing mechanism is less than that of the Orowan bypass mechanism, indicating that 
the shearing mechanism should be the effective mechanism for L12 precipitate. Notably, 
the Orowan bypass mechanism is an effective mechanism for W-rich precipitate. 
Therefore, the final strengthening of L12 precipitates in the FCC matrix is in 142.8 MPa, 
while the strengthening of W-rich precipitates in the B2 matrix is in 102.8 MPa.  

Above all, the yield strength of both as-built and heat-treated 
Ni30Co30Cr10Fe10Al18W2 is predominantly governed by the refined nano-lamellar 
structure. The yield strength is further enhanced by the pre-existing dislocations, the 
ordered L12 structures, and W-rich precipitates. Consequently, the overall yield strength 
of EHEA can be represented as follows: 

y 0 G D pσ σ ∆σ ∆σ ∆σ= + + +                         (11) 

where σ0 is the intrinsic lattice friction stress, which takes the value of 95 MPa from 
Al0.3CoCrFeNi [72]. The results indicate that fine grain strengthening is the predominant 
mechanism for the overall strengths in both the as-built and heat treat samples.  

The results of overall strengthening are summarized in Table 3. The 750 °C 
annealed sample shows better strength than as-built because of more precipitation 
strengthening. 
Table 3 Contribution of different strengthening mechanisms to yield strength of as-built and heat-

treated samples 

 
ΔσG 

(MPa) 
ΔσD 

(MPa) 
Phase 

Δσorw 

(MPa) 
ΔσCS 

(MPa) 
ΔσMS 

(MPa) 
ΔσOS 

(MPa) 
σy 

(MPa) 

As-
built 

723.4 395.5 
FCC  7.2 60.6 291.8 

1142.6 
B2     

750 809.6 352.9 
FCC  10.9 91.9 442.6 

1291.3 
B2 142.8    

1000 588.8 264.6 
FCC     

853.4 
B2     

 
In summary, the high yield strength of the Ni30Co30Cr10Fe10Al18W2 EHEA 

produced using LPBF is primarily attributable to the fine nanolamellar structure that 
forms due to the rapid solidification process inherent to L-PBF (723.4 MPa) and is 
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further strengthened by the existing dislocations (395.5 MPa) and ordered L12 phases 
(23.7 MPa). After the heat treatment at 750 °C, the contributions from grain refinement 
and dislocation strengthening are 809.6 and 352.9 MPa, respectively. The precipitation 
strengthening of the L12 and W-rich precipitates is 128.8 MPa, which enhance the yield 
strength to 1291.3 MPa. However, when heat treated at 1000 °C, both the coarsening 
of interlayer spacing and the dissolution of precipitates occur, leading to a lower yield 
strength of 853.4 MPa. 

 
4.4 Deformation mechanisms 

To elucidate the deformation behavior of both the as-built and heat-treated sample, 
the scanning TEM (STEM) and HRTEM were conducted, as illustrated in Figure 14. In 
comparison with the as-built sample, the activation of stacking faults (SFs) and Lomer-
Cottrell (L-C) locks is more pronounced in the heat-treated sample at 1000 °C. Previous 
studies on Ni40Co20Fe10Cr10Al18W2 [50] indicated that Al and Ni are the elements 
associated with high stacking-fault energy (SFE). During the heat treatment process, 
atomic diffusion and element partitioning occur, resulting in decreased Al and Ni 
contents in the FCC phase. Consequently, the heat-treated FCC phase exhibits a lower 
SFE compared to that in the as-built sample. The K-S orientation relationship between 
the FCC and B2 phases creates a semi-coherent interface, indicating that the 
deformation behavior of the FCC phase is significantly influenced by the B2 phase [73, 

74]. This interaction leads to increased stress concentration at the FCC/B2 interfaces, 
which promotes stress-induced martensitic transformation (SIMT) in the B2 phase, 
enhancing its work-hardening ability and strength [59]. Additionally, the formation of 
SFs at the interface induces further stress[75], accelerating dislocation nucleation and 
multiplication in the B2 phase, thereby contributing to its work-hardening capacity. 
Furthermore, heat treatment may impact the stability of the B2 phase by altering its 
interface with the FCC phase [30, 76]. Improved interface stability can reduce stress 
concentration, enhance overall mechanical performance, and prevent premature failure 
of the B2 phase. 

Moreover, during heat treatment, lamellar structure becomes significantly 
coarsened and all precipitates are dissolved, leading to a further reduction in effective 
stress and back stress. As a result, the elongation of material increases with increasing 
heat-treatment temperature. 
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Figure 14 TEM images of deformed microstructures in as-built sample and heat-treated sample. 
 

5. Summary 

Ni30Co30Cr10Fe10Al18W2 EHEA was successfully fabricated using LPBF, 
demonstrating a high UTS. Effects of heat treatment on microstructures and mechanical 
properties are systematically studied, where the main conclusions are: 

(1) The microstructures of as-built sample exhibit a typical epitaxial growth from 
the fusion line with featured columnar grains. Two phases of FCC/L12 and B2 can be 
observed. The volume fractions of FCC/L12 and B2 phases are 31.9% and 68.1%, 
respectively. The interlayer spacing is approximately 89±17 nm for FCC and 174±28 
nm for B2. 

(2) Heat treatment at 750 °C for 1 h results in the transformation of B2 matrix into 
FCC matrix. The volume fractions of FCC/L12 and B2 phases are 82.2% and 17.8%, 
respectively. Within the B2 phase, tungsten-rich precipitates are observed. As the 
temperature increases, the microstructures coarsen, accompanied with increased 
lamellar spacing in the eutectic structure. After heat treatment at 1000 °C for 1 h, 
depletion of super lattice L12 and tungsten-rich precipitates occur. 

(3) As-built sample shows no distinct yield strength and UTS of 1548 MPa with 
elongation of 5.2%. After heat treatment at 750 °C for 1 h, the UTS increases to 1811 
MPa, whereas the elongation decreases to 2%. After heat treatment at temperatures 
above 800 °C for 1 h, both UTS and elongation are improved. When temperature is 
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elevated to 1000 °C, the UTS decreases, but the elongation increases significantly to 
9.32%. 

(4) The tensile fractography of as-built and heat-treated samples indicates a mixed 
fracture mode, which exhibits a fine trench-like morphology with some fine dimples, 
showing both ductile and brittle behaviors. 

These investigations provide insights for advancing the additive manufacturing of 
high-performance EHEAs. Microstructural tuning through heat treatment can result in 
the successful optimization of mechanical properties of EHEAs, which can pave the 
way for their potential applications in aerospace and automotive engineering. 
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