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1 Introduction
High-entropy alloys (HEAs) or multi-principal-element 
alloys (MPEAs) with various excellent properties and 
unique characteristics have become one of the hot 
research topics in metal materials[1, 2]. Face-centered 
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combination of the fcc, L12, Cu-rich, and η phases in the as-cast state to a fcc+η structure in the heat-treated
state. Meanwhile, the mechanical properties of the heat-treated HEA are significantly improved, with a total 
elongation increasing from approximately 0.9% to 7.5%. The enhanced ductility of the heat-treated alloy can be 
attributed to the strong hindering effect of numerous needle-like η phase at the grain boundaries, which restricts 
crack propagation and dislocation movement. This study develops a novel η-strengthened FeNiCoCuTi HEA, 
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into the phase transformation and strengthening effect of the η-D024 phase. 
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cubic (fcc) structured HEAs are particularly notable 
for their high ductility, outstanding impact toughness, 
attractive strain hardening capacity, and good corrosion 
resistance[3-5]. However, due to the inherent feature of 
the crystal structure, the yield strength of fcc-structured
HEAs, especially polycrystalline HEAs, is usually 
unsatisfactory, making it challenging to meet industrial 
demands[6, 7]. Plentiful studies have focused on 
improving the moderate strength of the fcc-structured 
HEAs, with commonly used strengthening strategies 
including sol id solut ion s t rengthening, grain 
refinement strengthening, precipitation strengthening, 
and heterogeneous strengthening[8-11]. Precipitation 
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strengthening stands out among multiple strengthening 
mechanisms by its remarkable strengthening effect and 
adjustable performance, achievable through simplified alloying 
and heat treatment processes[12, 13].

Numerous reinforcing phases can be introduced into 
single-phase fcc matrix, including ordered fcc-structured L12, 
disordered body-centered cubic (bcc), ordered bcc-structured 
B2, topological closed packed (tcp) structured σ, μ, and Laves, 
ordered hexagonal close-packed (hcp) structured η-D024, 
and so on[14-18]. Among them, ordered L12 phase is the most 
widely used strengthening phase in fcc-structured HEAs, 
which can significantly improve strength without a substantial 
loss in ductility[19, 20]. For instance, Yang et al.[14] reported a 
L12-strengthened Ni-30Co-13Fe-15Cr-6Al-6Ti-0.1B HEA by 
duplex-aging treatment, achieving a remarkable improvement 
of strength and ductility. Conversely, the ordered η-D024 phase, 
which shares the same Ni3Ti-type structure as the L12 phase, 
is generally considered deleterious in fcc-structured alloys[21]. 
In fact, the η-D024 phase with proper distribution and volume 
fraction can also enhance strength under the premise of limited 
ductility reduction[22]. The morphologies of L12 or B2 phases 
typically exhibit equiaxed or near-equiaxed characteristics 
(e.g., spherical, cubic, and rod-like), whereas needle-like η 
phase, distinctively, has a significantly larger aspect ratio with 
pronounced anisotropy. This morphological difference results 
in needle-like η phase having a stronger ability to impede 
dislocation movement than L12 or B2 phases, leading to a 
superior strengthening effect. Since the η-D024 phase typically 
occurs in conjunction with other precipitates, its individual 
contribution to strengthening is rarely isolated or studied[23].

Introducing the η-D024 phase selectively into fcc HEAs 
without concurrent formation of other precipitates remains a 
significant challenge. Based on our previous findings, the L12 

and η-D024 phases can undergo mutual transformation under 
specific thermal or compositional conditions[24]. Therefore, the 
objective of this work is to achieve a microstructure comprising 
fcc and η phases via the combination of tailoring composition 
and simplified heat treatment process. Titanium (Ti) is a crucial 
element to promote the formation of η-D024 phase[25], so a high 
concentration of Ti (10at.%) was involved in the alloy. In the 
present work, a non-equiatomic Fe27Ni27Co26Cu10Ti10 (at.%) 
HEA was proposed. The designed HEA was arc melted to obtain 
the as-cast sample, which was subsequently held at 1,000 °C 
for 4 h to obtain the heat-treated sample. The microstructural 
evolution and phase transformation during the heat treatment 
progress were discussed in detail, and the impact of the sole 
η-D024 phase on the mechanical properties of the FeNiCo 
fcc-structured HEA was systematically investigated.

2 Material and methods
2.1 Materials preparation
The investigated alloy with a nominal composition of 
Fe27Ni27Co26Cu10Ti10 (at.%) was fabricated via magnetic 
levitation melting. Pure bulk metals of Fe, Ni, Co, Cu, and 

Ti with high purity (≥99.5wt.%) were used as raw materials. 
The ingots were remelted at least five times to avoid element 
segregation, and the entire melting process was performed 
under a high purity argon atmosphere. The as-cast samples were 
homogenized at 1,000 °C for 4 h with flowing argon gas to assuage 
elemental segregation during solidification and followed by water 
quenching, then, the heat-treated samples were obtained.

2.2 Microstructure characterization
The phase constitution of as-cast and heat-treated samples 
was identified by X-ray diffractometer (XRD, X’Pert Pro 
PANalytical) using Cu-Kα radiation with a scanning range of 
20°-100°. The electron backscattered diffraction (EBSD, JEOL 
7100F equipped with a field emission gun) measurement with 
an accelerating voltage of 15 kV was conducted to observe the 
average grain size and grain orientation. The microstructure 
of the studied HEA was characterized using scanning 
electron microscopy (SEM, FE-SEM, JEOL, JSM-7800F)
equipped with a backscattering electron (BSE) detector. To 
further investigate the nanoscale microstructural features, 
crystallography, and local chemical composition, high-resolution
transmission electron microscopy (TEM, FEI Talos F200X) 
was employed, equipped with selected area electron diffraction 
(SAED) and energy dispersive spectroscopy (EDS). EDS 
measurement was conducted on the scanning transmission 
electron microscopy (STEM) mode. To accurately investigate 
the chemical distribution at the sub-nanometer scale, atom 
probe tomography (APT, LEAPTM 3000X HR) was employed 
with a acquisition temperature of 70 K, a pulse frequency of 
200 kHz, and a pulse fraction of 15%. The target detection rate 
was set to 0.4%, corresponding to an average of 4 detection 
events per 1,000 pulses. The 3D atomic map reconstruction, 
visualization, and all data analysis were performed using the 
IVAS® 3.6.14 software. The needle-shaped APT specimen 
was fabricated by dual beam focused-ion-beam (FIB, Helios 
Nanolab600/600i).

2.3 Mechanical property testing 
Mechanical properties of the as-cast and heat-treated samples 
were investigated by tensile testing at room temperature. The 
dog-bone shaped tensile specimens with gauge dimensions of 
10 mm×2.5 mm×1.0 mm (length×width×thickness) were 
fabricated by electrical discharge machining. The tensile tests 
were carried out on a Zwick/Roell Z020 universal testing machine
with an engineering rate of 1×10-3 s-1 at room temperature, 
and each sample was repeated at least three times to ensure 
the reliability of the data. After tensile testing, the fracture 
morphology of the tensile specimens was characterized by 
SEM on the secondary electron mode.

3 Results and discussion
3.1 Microstructural evolution
As shown in Fig. 1, XRD patterns of both the as-cast and 
heat-treated Fe27Ni27Co26Cu10Ti10 HEA exhibit two types of 
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diffraction peaks, corresponding to the fcc structure and η 
structure, respectively. The fcc phase exhibits a greater number 
of diffraction peaks and higher peak intensities compared to 
the η phase, indicating that the fcc structure is the predominant 
phase in both the as-cast and heat-treated samples. The EBSD 
phase map and inverse pole figure (IPF) map in Fig. 2 reveal 
that the grains in as-cast Fe27Ni27Co26Cu10Ti10 HEA are equiaxed 
and exhibit a single-phase fcc structure. The lack of observable 
η-phase regions in the phase map [Fig. 2(a)] is likely due to its 
low volume fraction or sub-resolution size, which falls below 
the detection limit of EBSD. Additionally, grain boundaries of 
the as-cast sample are predominantly composed of high-angle 
grain boundaries (HAGBs, higher than 15°) with a minor 
presence of low-angle grain boundaries (LAGBs, 2°-15°). 
The average grain size of the as-cast sample is obtained to be 
approximately 37.3 μm.

Fig. 1: XRD patterns of as-cast and heat-treated 
Fe27Ni27Co26Cu10Ti10 HEA samples

Fig. 2: EBSD phase map (a) and inverse pole figure map (b) of as-cast Fe27Ni27Co26Cu10Ti10 HEA

The microstructure of the as-cast Fe27Ni27Co26Cu10Ti10 HEA 
is presented in Fig. 3. In the low- and high-magnification 
SEM images [Figs. 3(a-b)], the equiaxed grains (grey region) 
and some uncertain phases (white region) near the grain 
boundaries can be visibly observed. When the region near the 
grain boundaries is magnified, a large amount of near-spherical 
precipitates can be observed, as shown in Figs. 3(b-c). Other 
magnified images of the grain boundary [Figs. 3(d-e)] display 
some needle-like phase generated at the grain boundaries. 
The crystal structure of these two phases will be identified by 
TEM and APT analysis in the later section. In contrast, the 
high-magnification SEM image of the transgranular region 
[Fig. 3(f)] manifests the absence of precipitates inside the 
grains. Additionally, the EDS results of the Points 1, 2, and 3 
in Fig. 3 are summarized in Table 1. Point 1, corresponding to 
the grain interior of the as-cast sample, exhibits a composition 
of 30.80at.% Fe, 26.16at.% Ni, 26.42at.% Co, 8.87at.% Cu, 
and 7.75at.% Ti, which is in close agreement with the nominal 
alloy composition. Meanwhile, the EDS results of Points 2 and 3
demonstrate a preferential concentration of Ni-Ti in the needle-like
phase and a slight enrichment tendency of Ni-Cu-Ti in the 
near-spherical precipitates, respectively.

As depicted in Fig. 4(a), the heat-treated Fe27Ni27Co26Cu10Ti10 
HEA exhibits equiaxed grains similar to the as-cast sample, 

while the phase formed near the grain boundaries is different. 
A significant volume of needle-like phases is observed at the 
grain boundaries of the equiaxed grains, fully occupying these 
interfaces and exhibiting a tendency to extend into the grain 
interior. The high-magnification image [Fig. 4(b)] reveals that this 
needle-like phase does not appear along one particular direction, 
instead, it shows randomly distribution in different directions. The 
EDS result of Point 4 (listed in Table 1) reveals that the chemical 
composition of the grain interior after heat treatment does not 
change significantly and remains close to the nominal composition. 
However, Ni and Ti are more obviously enriched in the needle-like 
phase (Point 5) of the heat-treated HEA. The chemical composition 
of the needle-like phase is as follows: Fe: 13.22, Ni: 33.87,
Co: 25.52, Cu: 7.49, Ti: 19.90 (at.%).   

To further investigate the crystal structure, morphology, 
and elemental distribution of multiple phases in the as-cast 
Fe27Ni27Co26Cu10Ti10 HEA, TEM analysis was conducted, as 
shown in Fig. 5. Figures 5(a-b) show the low-magnification 
bright-field (BF) TEM images of the region near the grain 
boundaries, illustrating that the needle-like phase grows along 
grain boundaries into intragranular and can cross two adjacent 
grains. Focusing on the region near the grain boundary, it is 
surprisingly found that some smaller bright white particles 
precipitated together with the near-spherical precipitates are 

As-cast

Heat-treated

2θ (°)
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observed in the TEM image, as shown in Fig. 5(c).
The weak super-lattice diffraction spots in the SAED pattern 

in the inset along the [011] zone axis demonstrate the ordered 
fcc structure. There are also high-density nano-sized spherical 
precipitates within the intragranular, as depicted in Fig. 5(d). 
The corresponding SAED pattern confirms the ordered L12 
structure of these nanoprecipitates in the grain interior and 
their coherent relationship with the fcc matrix.

The specific crystal structure of the needle-like phase is 
further analyzed in Fig. 6. The location of the needle-like phase 
is identified in the BF-TEM image [Fig. 6(a)]. Then, the SAED 
pattern [Fig. 6(b)] corresponding to the selected area, indicated 
by the yellow circle in Fig. 6(a), can be obtained. By comparing 
the standard electron diffraction pattern, the positions of the 
lattice represented by the diffraction spots are calibrated, and the 
crystal structure of the needle-like phase is determined to be the 

Fig. 3: SEM images of as-cast Fe27Ni27Co26Cu10Ti10 HEA: (a) low-magnification image; (b) high-magnification image;
                    (c) magnified image of the sample region marked in (b); (d) magnified image of square region in (a); 
                    (e) magnified image of square region in (d); (f) high-magnification SEM image of grain interior in (d)

Table 1: Chemical compositions (at.%) of as-cast and 
	 heat-treated Fe27Ni27Co26Cu10Ti10 HEA samples 

analyzed by SEM-EDS with analyzed regions 
marked by different numbers in Figs. 3 and 4

Fig. 4: SEM images of heat-treated Fe27Ni27Co26Cu10Ti10 HEA: (a) low-magnification image; (b) high-magnification image

(d) (e) (f)

(a) (b) (c)

+1

+2

+3

(a) (b)

+4

+5

State Point Fe Ni Co Cu Ti

Nominal 
composition - 27 27 26 10 10

As-cast

1 30.80 26.16 26.42 8.87 7.75

2 14.85 29.88 25.17 9.30 20.80

3 21.74 28.43 24.97 10.66 14.20

Heat-treated
4 30.21 25.02 26.93 9.04 8.80

5 13.22 33.87 25.52 7.49 19.90
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Fig. 6: Bright-field TEM image of needle-like η phase in as-cast Fe27Ni27Co26Cu10Ti10 HEA (a) and SAED pattern 
            corresponding to the needle-like η phase (b) 

(b)

(a)

(a)

(b)

(c) (d)

ordered D024-type η phase. Additionally, the small bright white 
particles can be noted to generate in abundance in the interstices 
of large near-spherical precipitates in Fig. 6(a).

Figure 7 shows the HR-TEM image of the as-cast 
Fe27Ni27Co26Cu10Ti10 HEA, focusing on the grain interior. The 
interface between the precipitate and matrix, as shown in Fig. 7(a),
confirming their fully coherent relationship. Figures 7(b) and (c)
exhibit fast Fourier transform (FFT) patterns along the [011] 
zone axis corresponding to the matrix and precipitate, showing 
disordered fcc structure (A1) and ordered fcc structure (L12), 
respectively. HR-TEM image and FFT patterns provide further 
evidence of the “fcc+L12” structure in the grain interior.

The chemical compositions of the fcc matrix, precipitates, 
and η phase in the as-cast sample can be obtained by EDS/TEM
analysis, and the results are summarized in Table 2. The fcc 
matrix is significantly enriched in Fe and slightly enriched 
in Co, while being depleted in Ni, Cu, Ti. In contrast, Ni and 
Ti exhibit a strong tendency to enrich in the precipitates, 
whereas the contents of Fe and Cu in the precipitates are 
pretty low. Interestingly, the η phase shares a similar chemical 
composition with the precipitates. It is also noteworthy that 
the content of Cu in these three phases is extremely low. 
Therefore, it is reasonable to assume that another bright white 
particle may have a very high degree of Cu enrichment.

Fig. 5: Bright-field TEM images of as-cast Fe27Ni27Co26Cu10Ti10 HEA: (a) and (b) low-magnification images; 
                          (c) and (d) high-magnification images closed to grain boundary (c) and grain interior (d) with 
                          corresponding SAED patterns  
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3D APT reconstruction near the grain boundaries in the 
as-cast Fe27Ni27Co26Cu10Ti10 HEA quantitatively illustrates the 
elemental partitioning of the constituent atoms, as depicted in 
Fig. 8. Figure 8(a) shows a 3D Ti-Cu map and two interfaces 
highlighted by 20at.% Ti and 50at.% Cu iso-concentration 
surface, respectively. The 20at.% Ti iso-concentration map 
delineates the outline of the large near-spherical precipitates near 
the grain boundaries, while the 50at.% Cu iso-concentration 
surface represents the outer contour of the small bright white 
particles. Two 1D concentration-depth profiles taken along the 
length direction of the cylinder “b” and “c” in (a) are displayed 
in Figs. 8(b) and (c), respectively. The chemical compositions 
of the fcc matrix, precipitates, and bright white particles in the 
as-cast sample are summarized in Table 2. It can be concluded 
that Ni (43.70at.%) and Ti (23.75at.%) are enriched in the 
large near-spherical precipitates, while the fcc matrix contains 
comparatively higher Fe (49.94at.%), as shown in Fig. 8(b). 

In contrast, the bright white particle exhibits an extremely 
high content of Cu (87.55at.%) and a slight Ni (9.14at.%), 
with almost no other constituent elements (Fe: 0.89at.%, 
Co: 0.75at.%, Ti: 1.67at.%). This elemental distribution 
confirms that the conjecture presented in the previous section is 
well-founded and consistent with the experimental observations.

The chemical compositions of the fcc matrix and precipitates 
obtained by the APT method are consistent with the EDS/TEM 
results. Combined with the SAED pattern in Fig. 5(c), it can 
be determined that the large near-spherical precipitates near 
the grain boundaries are ordered L12 precipitates. According to 
the previous research, the stoichiometry of the L12 precipitates 
could be regarded as (Ni,Co)3Ti[12, 13]. The bright white particle 
contains almost 90at.% Cu, which can be approximately 
considered a pure Cu particle. The Cu atoms exhibit a 
disordered fcc structure, indicating that the Cu-rich bright
particles are fcc-structured. The diffraction spots corresponding 

Fig. 7: HR-TEM of as-cast Fe27Ni27Co26Cu10Ti10 HEA: (a) HR-TEM image of spherical precipitate and fcc matrix; (b) FFT of 
matrix, showing disordered fcc structure; (c) FFT of precipitate, showing ordered fcc structure (L12)

(a) (b)

(c)

Table 2: Chemical compositions (in at.%) of as-cast and heat-treated Fe27Ni27Co26Cu10Ti10 HEA samples analyzed by 
TEM-EDS and/or APT

State Measure 
method Phase Fe Ni Co Cu Ti

As-cast

EDS/TEM fcc matrix 41.95±2.45 19.33±2.33 29.54±1.35 5.52±0.82 3.66±0.42

EDS/TEM Precipitate 7.46±1.09 39.74±0.18 27.36±0.99 4.56±0.80 20.88±0.85

EDS/TEM η 8.62±1.35 37.68±3.00 27.22±2.79 5.61±0.66 20.78±0.79

APT fcc matrix 49.94±1.95 17.46±1.48 29.09±1.78 1.10±0.40 2.41±0.59

APT Precipitate 6.05±0.87 43.70±1.83 25.49±1.61 1.01±0.38 23.75±1.57

APT White particle 0.89±0.79 9.14±3.66 0.75±0.67 87.55±4.28 1.67±0.89

Heat-treated
EDS/TEM fcc matrix 30.59±1.31 23.18±0.42 26.00±0.46 10.49±1.71 9.74±0.88

EDS/TEM η 8.09±0.50 37.72±0.45 23.85±0.35 5.54±0.18 24.80±0.43
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  Fig. 8: APT analysis revealing elemental distributions across interfaces in as-cast Fe27Ni27Co26Cu10Ti10 HEA: 
	 (a) 3D Ti-Cu map and two interfaces highlighted by 20at.% Ti and 50at.% Cu iso-concentration surfaces, 

respectively; (b) and (c) 1D compositional profiles taken along the length direction of the cylinder “b” 
and “c” in (a), respectively

(a) (b) (c)

to the Cu-rich particles are overlapped with the fcc matrix, 
resulting in the “fcc+L12” structure illustrated by the SAED 
pattern in Fig. 5(c). In summary, the as-cast Fe27Ni27Co26Cu10Ti10 
HEA consists of the fcc matrix with L12 nanoprecipitates in the 
intragranular, and needle-like η phase, large near-spherical L12 
precipitates, and Cu-rich particles near the grain boundaries.

Figure 9 shows representative TEM images of the heat-treated
Fe27Ni27Co26Cu10Ti10 HEA near the grain boundaries. Some 
needle-like phases along various directions are embedded 
within the matrix, as shown in Fig. 9(a). The SAED pattern 
presented in Fig. 9(b) along the [011] zone axis corresponds 
to a disordered fcc structure without weak superlattice spots, 
suggesting no precipitates within the fcc matrix. A typical 
η-D024 structure is illustrated by the SAED pattern [Fig. 9(c)] 
along the [1120] zone axis, indicating the crystal structure of 
the needle-like phase.

T h e e l e m e n t a l d i s t r i b u t i o n o f t h e h e a t - t r e a t e d 
Fe27Ni27Co26Cu10Ti10 HEA is characterized by high-angle 
annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image and its corresponding EDS elemental 
mapping (Fig. 10). It can be observed that Ni and Ti have a 
strong tendency to enrich in η phase, while all constituent 
elements exhibit homogenous distribution in the fcc matrix. 
Therefore, the absence of elemental segregation in the fcc 
matrix confirms that no precipitate is formed. Furthermore, the 
EDS/TEM results (Table 2) reveal a η-type phase with a detailed 
composition of 8.09at.% (Fe), 37.72at.% (Ni), 23.85at.% (Co), 
5.54at.% (Cu), 24.80at.% (Ti), which is consistent with the 
chemical composition of the η phase in the as-cast HEA. Based 
on previously reported studies, the needle-like η phase presented 
in both the as-cast and heat-treated HEAs can be classified as a 
Ni3Ti-type intermetallic with the D024 structure[26]. In conclusion, 
the heat-treated Fe27Ni27Co26Cu10Ti10 HEA is composed of a fcc 
matrix with an amount of η phase.

Figure 11 shows the HR-TEM image and FFT patterns of 
the needle-like phase and matrix. Figure 11(a) demonstrates 
that the interfacial relationship between the elongated side of 
needle-like phase and matrix is fully coherent. Figures 11(b)

 Fig. 9: TEM image of heat-treated Fe27Ni27Co26Cu10Ti10 HEA: (a) bright-field TEM image; (b) SAED pattern of fcc 
matrix; (c) SAED pattern of needle-like η phase

(a) (b)

(c)
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Fig. 10: HADDF-STEM EDS mapping of heat-treated Fe27Ni27Co26Cu10Ti10 HEA, showing that component elements 
are uniformly distributed in fcc matrix, whereas needle-like η phase is Ni-Ti rich

 Fig. 11: HR-TEM of needle-like phase in heat-treated Fe27Ni27Co26Cu10Ti10 HEA: (a) HR-TEM image of needle-like 
phase and matrix; (b) FFT patten of needle-like phase, showing η-D024 structure; (c) FFT pattern of matrix, 
showing fcc structure

(c)

(a) (b)

and (c) show the FFT patterns corresponding to needle-like
η phase and fcc matrix, respectively. HR-TEM results further 
validate that the heat-treated alloy displays a structure 
composed of fcc and η phases, without any additional phase.

The EDS/TEM and APT results indicate that the chemical 
compositions of the L12 precipitates and needle-like η phase are 
highly consistent, both of which display a noticeable tendency 
to enrich Ni, Co, and Ti (Table 2). This elemental enrichment 
tendency can be explained by the difference in mixing enthalpy 
between the constituent elements. The more negative mixing 
enthalpy of Ni-Ti (-35 kJ·mol-1) and Co-Ti (-28 kJ·mol-1) atom 
pairs promote the formation of the (Ni,Co)3Ti-type phase with 
ordered structure such as L12 and D024

[27].
The existence of the Cu-rich particles precipitated near the 

grain boundaries in the as-cast HEA could be due to the positive 
mixing enthalpy between Cu and other components, for example, 
Cu-Fe: 13 kJ·mol-1, Cu-Co: 6 kJ·mol-1, and Cu-Ni: 4 kJ·mol-1.

Although the Cu-Ti atom pair has a negative mixing enthalpy, 
its value (-9 kJ·mol-1) is still apparently higher than the Ni-Ti
and Co-Ti atom pairs, thus, Ti preferentially assists the 
nucleation of the L12 precipitates[26, 28]. The large, near-spherical
L12 precipitates formed in the vicinity of grain boundaries 
consume nearly all available Ti, leading to the depletion of 
Ti in the surrounding matrix and the subsequent formation of 
small, bright white particles enriched in Cu, which appear as 
nearly pure Cu regions between the L12 precipitates. These 
Cu-rich particles then act as heterogeneous nucleation sites to 
accelerate the formation of L12 precipitates, culminating in a 
dense co-precipitation structure[29].

The distorted atomic arrangement at the interface gives 
grain boundaries higher energy than the transgranular, and this 
high-energy state encourages the grain boundaries to lower 
the nucleation energy barrier of the precipitates by providing 
additional driving force[30]. Additionally, solute atoms at the 
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grain boundaries have enhanced diffusivity due to interface 
reaction, promoting their aggregation into clusters or new 
phases[31, 32]. Grain boundaries are the interfaces between 
grains with different orientations in polycrystalline materials. 
They can also be regarded as crystal defects and often serve as 
heterogeneous nucleation sites[33]. Therefore, multiple phases, 
including L12 precipitates, Cu-rich particles, and needle-like 
η phase, are generated near the grain boundaries of the as-cast 
Fe27Ni27Co26Cu10Ti10 HEA.

Based on the above microstructure analysis, it can be 
concluded that a significant phase transformation occurs in 
Fe27Ni27Co26Cu10Ti10 HEA after heat treatment at 1,000 °C 
for 4 h. Specifically, the microstructural evolution can be 
summarized as fcc+L12+Cu-rich+η phases to fcc+η phases. The 
L12 precipitates and Cu-rich particles may dissolve into the fcc 
matrix or transform into η phase during the high-temperature
heat treatment. The specific reasons for the disappearance of 
the L12 precipitates and Cu-rich particles in heat-treated HEA 
are discussed below.

The L12 and η-D024 structures are related by different stacking 
sequences of identical close-packed ordered planes[34, 35]. The 
η-D024 phase exhibits an atomic arrangement of ABACABAC 
along the [0001]η direction, whereas the orders of the 
close-packed plane of the L12 phase follow the ABCABC 
law along the [111]L12 direction. The atomic plane with an 
interface orientation relation of (0001)η//(111)L12 provides the 
necessary condition for the transformation of the L12 and 
η-D024 structures[24]. Another essential condition for the crystal 
structure transition from L12 to η-D024 is the extrinsic stacking 
faults (ESFs) caused by the climb of Frank dislocation 
partials[34]. Even if the above necessary conditions are fulfilled, 
sufficient driving force is still required to realize the L12 to 
η-D024 phase transition. As is well known, the lattice misfit 
between the η phase and fcc matrix is significantly larger 
than fcc and L12 with complete coherency, resulting in larger 
strain energy of the η phase. Additionally, the thermodynamic 
driving force offered by the high-temperature heat treatment 
facilitates the phase transformation.

The η-D024 phase forms at the expense of the L12 phase, and 
shares the same chemical composition, (Ni, Co)3Ti, as that 
of the L12 phase. This leads to a deficiency of the constituent 
elements necessary for the nucleation of L12 phase and lowers 
the degree of supersaturation in the fcc matrix, making it 
more difficult for the formation of L12 phase. Furthermore, 
the abundant needle-like η phase precipitated at the grain 
boundaries plays a key role in adsorbing and storing the 
impurities and defects, which decreases the interfacial energy 
and defect density in the grain boundary region[25, 36]. As a 
consequence, both the reduction in heterogeneous nucleation 
sites and the driving force increase the difficulty of nucleation. 
Therefore, when the η-D024 phase fully occupies the grain 
boundaries, the formation of other phases (L12 precipitates and 
Cu-rich particles) is strongly suppressed. Moreover, the η-D024 
phase can effectively pin the grain boundaries, thus inhibiting 
grain boundary migration from the kinetics perspective. This 

decrease in the grain boundary migration rate also suppresses 
the nucleation of the precipitates near the grain boundaries[37].

3.2 Mechanical properties
Figure 12 displays the tensile engineering stress-strain curves 
of the as-cast and heat-treated Fe27Ni27Co26Cu10Ti10 HEA at room 
temperature. The specific values of the mechanical properties, 
including the yield strength (σ0.2), ultimate tensile strength 
(σUTS), and total elongation, are summarized in Table 3. The 
as-cast HEA exhibits a notable strength-ductility trade-off, with a 
superior yield strength of 1,020 MPa, yet a poor total elongation 
of 0.9%. Compared to the as-cast HEA, the heat-treated HEA
demonstrates significantly improved ductility, with a total 
elongation increasing to 7.5%. Meanwhile, the sacrifice in the 
strength of the heat-treated HEA remains within acceptable 
limits, the yield strength and ultimate tensile strength are 
662 MPa and 925 MPa, respectively.

 To further investigate the mechanical behavior during 
tensile deformation, the fracture morphology of both the as-cast
and heat-treated samples after tensile tests is illustrated in 
Fig. 13. As displayed in Fig. 13(a), a large cleavage facet 
can be observed in the as-cast sample. Figure 13(b) presents 
the fracture morphology in the region near grain boundaries, 
where thin, elongated cleavage facets in multiple directions 
coincide with the needle-like η phase (indicated by the yellow 
dash line). This observation demonstrates that the cracks 
propagate along the η phase during tensile deformation. The 
dense shallow dimples shown in Fig. 13(c) are associated 
with the dispersive distribution of the L12 precipitate within 
the grains of the as-cast sample. Studies have indicated that 
when the size of dimples is comparable to the spacing of 

Fig. 12: Representative tensile engineering stress-strain   
              curves of as-cast and heat-treated   
              Fe27Ni27Co26Cu10Ti10 HEA samples at room 
              temperature

Table 3: Yield strength (σ0.2), ultimate tensile strength (σUTS) 
and total elongation of as-cast and heat-treated 
Fe27Ni27Co26Cu10Ti10 HEA samples

Alloys σ0.2 (MPa) σUTS (MPa) Total 
elongation (%)

As-cast 1,020±10.6 1,040±11.2 0.9±0.2

Heat-treated 662±6.5 925±8.8 7.5±0.5
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the inclusions, the η phase may promote the formation of 
microvoids. Consequently, cracks tend to propagate through 
the weak interfaces with relatively low cohesion forces[18]. As a 
result, the as-cast samples experience premature brittle fracture 
during the tensile process.

As manifested in Figs. 13(d-e), different from the as-cast 
sample, the fracture morphology of the heat-treated sample 
exhibits significantly denser, more multidirectional, and 
elongated cleavage facets. These cleavage facets, which exhibit 
shapes complementary to the needle-like η phase, intersect with 
each other and completely cover the entire fracture surface. In 
the enlarged SEM image [Fig. 13(f)], a small amount of dimples 
can be observed in the gap between the thin and long cleavage 
facets. The high-density needle-like η phase in different 
directions can intercept each other, effectively preventing the 
expansion of plastic deformation-induced cracks. 

The heterogeneous co-precipitation structure near the grain 
boundaries in the as-cast HEA is detrimental to the ductility, 
which is the primary cause of premature brittle fracture. After 
high-temperature heat treatment, the co-precipitation structure 
near grain boundaries transforms into a dense, interconnected 
network of needle-like η phases that are intricately interspersed.
The η phase exhibits an ordered Ni3Ti-type hcp structure, and 
has a specific orientation relationship with the disordered fcc 
phase, that is, {1111}fcc//{0001}η and [011]fcc//[1120]η

[38]. The 
interfacial relationship between the η phase and fcc phase 
can be classified into two types: the non-coherent interface 
corresponding to the tip of the η phase, and the coherent 
interface associated with the macroscopically elongated 
side[27]. The tip of the η phase, which features a non-coherent
interface, acts as the growth front of the phase due to its 
higher interfacial energy. As a result, the phase grows 
preferentially along the macroscopically elongated direction, 
and this interfacial characteristic contributes to the needle-like 

Fig. 13: Fracture morphologies of HEA samples after tension tests: (a), (b) and (c) as-cast; (d), (e) and (f) heat-treated

morphology of the η phase.
The needle-like η phase greatly influences the mechanical 

properties of the heat-treated HEA. At the macro level, the 
needle-like η phase can deflect cracks during propagation, 
leading to the formation of more zigzag and jagged cracks. 
This deflection process consumes more energy, making it 
harder for cracks to continue propagating[39, 40]. From the micro 
perspective, the η/fcc interface with a certain degree of lattice 
mismatch enables the η phase to serve as the dislocation source 
to generate new dislocations as strain increases[41]. Meanwhile, 
the needle-like η phase contributes to pinning the interface and 
impede the movement of dislocations. Compared to classical 
equiaxed or near-equiaxed precipitates, such as spherical, 
cubic, and rod-shaped particles, needle-like precipitates 
exhibit anisotropic interactions with dislocation motion due 
to their high length-diameter ratio and preferential alignment 
along specific crystallographic directions. When dislocations 
glide perpendicular to the long axis of needle-like precipitates,
the effective hindrance length increases, forcing dislocations 
to undergo extensive bending or looping. If dislocations move 
parallel to the long axis, they accumulate densely owing to 
the continuous distribution of needle-like precipitates[36]. 
In contrast, classical precipitates exhibit random spatial 
distributions and interact with dislocations in an isotropic, 
point-like manner, featuring shorter bypass paths and 
smaller hindrance ranges. The macroscopic effect on cracks 
and microscopic effect on dislocations of the needle-like η 
phase synergistically affect the mechanical behavior of the 
heat-treated HEA.

As discussed above, the needle-like η phase can strongly 
hinder the crack propagation and dislocation movement, 
contributing to the improvement of the ductility. Furthermore, 
the fcc matrix also exerts a substantial influence on improving 
the ductility of the heat-treated alloy. Unlike the fcc+L12 

(a)

(d)

(b)

(e)

(c)

(f)
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structure in the grain interior of the as-cast HEA, the heat-treated 
HEA exhibits a single-phase fcc-structured matrix without any 
precipitates. The ordered L12 nanoprecipitates exhibit higher 
hardness and strength than the fcc matrix; thus, the single-phase 
fcc matrix exhibits superior ductility to the fcc matrix containing 
L12 precipitates. The softer single-phase fcc structure
possesses greater dislocation storage capacity and load 
bearing capacity, which is also conducive to enhancing the 
ductility of the alloy[42]. In summary, the phase transformation 
from fcc+L12+Cu-rich+η phases in the as-cast HEA to 
fcc+η phases in the heat-treated HEA significantly improves 
the comprehensive mechanical properties of the materials, 
highlighting the strengthening effect of the sole η phase in 
fcc-structured HEAs.

4 Conclusions
In this work, the as-cast and heat-treated Fe27Ni27Co26Cu10Ti10 
HEA samples were successfully designed and fabricated. 
The microstructural evolution, phase transformation, and 
mechanical behavior were systematically investigated. Based 
on the studies carried out, the main findings are as follows:

(1) The microstructural evolution could be summarized as 
fcc+L12+Cu-rich+η phases in the as-cast HEA to fcc+η phases 
in the heat-treated HEA. The formation of the L12 and Cu-rich 
phases is significantly suppressed during high-temperature heat 
treatment. The phase transition between the L12 and η-D024 

phases is also analyzed in detail.
(2) The mechanical properties of the heat-treated HEA are 

significantly improved compared to the as-cast HEA, and the 
total elongation increases from 0.9% to 7.5%. At the same 
time, the yield strength and ultimate tensile strength remain at 
662 MPa and 925 MPa, respectively. The needle-like η phase 
affects the mechanical behavior by impeding crack expansion 
and dislocation movement. Additionally, the soft single-phase
fcc-structured matrix also contributes to the increase in 
ductility.

This work sheds light on understanding the strengthening 
mechanisms of the sole η-D024 phase in the fcc-structured HEAs, 
providing a new approach for enhancing mechanical properties 
and broadening the research potential of precipitate-strengthened 
alloys.
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