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Abstract 

Achieving an optimal balance between ductility and strength in high-entropy 

alloys (HEAs) remains a significant challenge. In this study, a series of eutectic high-

entropy alloys (EHEAs) with the nominal composition of Ni35Mn25Ti18-xFe12+xCo10 (x 

= 0, 2, 3, 4, 6; at.%) were prepared by arc melting under an argon protection. All alloys 

exhibit a heterogeneous microstructure composed of FCC and B2 dual-phase structures, 

which undergo sequential phase evolution: from dual- phase to hypoeutectic, followed 

by near-eutectic, and ultimately hypereutectic with increasing Fe content. Notably, the 

Ni35Mn25Ti18-xFe12+xCo10 alloy exhibits a nearly complete lamellar eutectic structure, 

achieving an exceptional combination of strength and ductility. All alloys exhibit a yield 

strength exceeding 950 MPa. In particular, the hypereutectic alloy maintains a yield 

strength of 990 MPa while exhibiting an excellent fracture strength of 2417 MPa and a 
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fracture strain of 30.2%. The superior mechanical properties of these alloys can be 

attributed to transformation-induced plasticity (TRIP) via the B2 → L1₀ martensitic 

transformation during deformation, as well as hetero-deformation induced (HDI) 

strengthening between the soft and hard phases. These findings provide critical insights 

for designing HEAs with optimized strength-ductility synergy. 

 

Keywords: Eutectic high entropy alloy; TRIP effect; HDI strengthening; Strength-

ductility combination 

1. Introduction 

Alloy design serves as a crucial approach for enhancing the mechanical properties 

of metallic materials. In contrast to traditional alloys, which are typically produced by 

doping a primary metal with minor alloying elements, high-entropy alloys (HEAs) are 

composed of four or more principal elements with concentrations ranging from 5 at.% 

to 35 at.%. Since the concept was independently proposed by Yeh et al. [1] and Cantor 

et al.[2] in 2004, HEAs have emerged as a research hotspot in the field of metallic 

materials due to their distinctive “high-entropy effect”. This effect suppresses the 

formation of brittle intermetallic compounds and facilitates the development of simple 

solid-solution phases, such as face-centered cubic (FCC), body-centered cubic (BCC), 

or hexagonal close-packed (HCP) structures. Consequently, these microstructural 

features endow HEAs with exceptional mechanical properties, including high strength, 

high hardness, superior corrosion resistance, and excellent high-temperature stability. 

These characteristics highlight the potential of HEAs to serve as promising candidates 

for replacing traditional alloys in extreme environments, such as deep-space 

exploration and nuclear reactor applications [3-6]. However, the mechanical properties 

of single-phase HEAs are often limited by the inefficiency of solid-solution 

strengthening [7], leading to a persistent strength-ductility trade-off. Specifically, while 

FCC phases exhibit excellent ductility, their strength remains insufficient [8], whereas 

BCC phases achieve significant strength enhancement through mechanisms such as 



 

 

dislocation hardening, but at the expense of plasticity [9]. This intrinsic conflict has 

prompted researchers to explore multiphase structural design strategies. To overcome 

these limitations, a concept called eutectic high/medium entropy alloys (EH/MEAs) 

was proposed by Lu et al. [10]. EH/MEAs, by forming dual-phase or multiphase 

heterogeneous structures (e.g., FCC/BCC lamellar structures), achieve a synergistic 

enhancement of both strength and ductility through phase cooperation effects [11-15]. 

However, while current research has focused on macroscopic phase design, challenges 

remain in understanding and controlling synergistic deformation mechanisms at the 

microscale. How to activate multiscale cooperative deformation mechanisms-such as 

transformation-induced plasticity (TRIP) and hetero-deformation induced (HDI) 

strengthening-through precise microstructural engineering remains a critical 

unresolved challenge in this field. Studies have demonstrated that the TRIP effect 

enhances work-hardening ability through stress-induced martensitic transformations 

[16, 17]. During deformation, this mechanism not only delays local temperature rise by 

releasing latent heat, but also impedes dislocation slip via newly formed martensite 

interfaces, thereby significantly improving strain hardening. For instance, in 

FeCoCrNiVSi-based HEAs, the synergistic grain refinement and TRIP effect result in 

an excellent combination of yield strength (1230 MPa) and ductility (~65%) [18]. Li et 

al. [19] developed a transformation-induced plasticity-assisted dual-phase HEA (TRIP-

DP-HEA) with a composition of Fe50Mn30Co10Cr10, in which martensitic 

transformation is introduced during deformation, leading to improved strength and 

plasticity. In FCC alloys, the formation of heterogeneous structures can effectively 

activate HDI strengthening and work hardening [20-23]. Based on their characteristic 

length scales, heterostructures can be mainly categorized into three types: grain 

inhomogeneity at the micron scale, including gradient structures [24-26], lamellar 

structures [27] and core-shell configurations [28]. The heterostructured materials with 

superior mechanical properties adhere to a fundamental principle: soft zones are 

constrained by hard zones. During their cooperative deformation process, strain 

gradients mediated by geometrically necessary dislocations (GNDs) develop near the 

soft/hard interfaces, resulting in additional strengthening and work hardening of the 



 

 

bulk material [21]. 

Moreover, due to their multi-component nature, HEAs usually have abundant 

substructures, including ordered structures, regional phase separation, and 

nanoprecipitates [29-32], which can further optimize the mechanical properties of 

EH/MEAs. For instance, Xiong et al. [33] showed that the fine and coherent ordered 

L12 precipitates in the FCC matrix effectively hinder dislocation slip, enhancing the 

mechanical properties of AlCoCrFeNi2.1. Similarly, Jia et al. [34] increased the yield 

strength of the Ni60-xCoxCr10Fe10Al18Mo2 alloy by promoting the formation of an FCC 

phase containing nanoscale γ′ precipitates through increasing the Ni concentration 

(while reducing Co content). 

This study aims to design a novel Ni-Mn-Ti-Fe-Co eutectic high-entropy alloy 

with exceptional strength–ductility synergy through a multi-scale microstructural 

regulation strategy. A five-component eutectic alloy system was successfully fabricated 

via arc melting, establishing stable interfaces with an FCC/BCC dual-phase lamellar 

eutectic microstructure. By systematically investigating the underlying deformation 

mechanisms, this work aims to open a new pathway for overcoming the strength–

ductility trade-off in eutectic high-entropy alloys and provide a theoretical basis for 

developing advanced structural materials with superior mechanical properties.  

2. Experiment 

2.1 Materials and methods 

Polycrystalline Ni35Mn25Ti18-xFe12+xCo10 (x = 0, 2, 3, 4, 6 at%) alloy ingots were 

prepared via arc melting in an argon atmosphere using high-purity Ni, Mn, Ti, Fe and 

Co. To improve compositional homogeneity, each ingot was remelted four times, and 

electromagnetic stirring was applied to the molten metal during the melting process. 

Subsequently, the alloy ingot was suction cast into a cylindrical shape with a diameter 

of approximately 10 mm. The alloy was denoted as Fe12, Fe14, Fe15, Fe16, and Fe18 

based on the atom percentage of Fe in the nominal composition. Samples of various 



 

 

sizes were sectioned from the central region of the ingots using a spark wire-cutting 

machine for subsequent experiments. The microstructure and chemical composition of 

the alloys were characterized by scanning electron microscopy (SEM, JSM-7001F) 

equipped with an Oxford electron backscatter diffraction (EBSD) attachment. Samples 

for EBSD and TEM investigation were prepared by mechanical polishing, followed by 

electropolishing (electrolyte: 90% ethanol + 10% perchloric acid) at room temperature. 

Selected area electron diffraction patterns were obtained using a transmission electron 

microscope (TEM, JEM-2100F) to further determine the crystal structure at room 

temperature. The TEM sample preparation process was as follows: alloy specimens 

were first fabricated into disks with a diameter of 3 mm and a thickness of 50–60 μm, 

and then thinned using a Struers TenuPol‑5 automatic electrolytic twin‑jet thinning unit 

with an electrolyte consisting of 90% ethanol and 10% perchloric acid. The crystal 

structure was analyzed using X-ray diffraction (XRD, Rigaku Smartlab) with Cu-Kα 

radiation, at a scanning speed of 5°/min, a step size of 0.02° and a scanning range of 

20–90°. 

Room‑temperature compressive properties of the alloys were tested using a 

universal testing machine (AG-XPlus 50 kN) according to the GB/T 7314-2005 

standard. A linear gauge (Mitutoyo LG100-0110) with a resolution of 0.1 μm was 

employed to record the displacement data during the compressive tests. The specimens 

for compressive testing were square-shaped (3 × 4 × 6 mm). Some compression tests 

were performed to failure, while others were interrupted at specific strains to 

characterize the features of slip trace characteristics and the sub-structural evolution of 

different HEAs under varying deformation conditions.  

2.2 Alloy design strategy 

This study aims to develop a novel Ni-Mn-Ti-Fe-Co alloy with an excellent 

strength-ductility synergy. To achieve this goal, the compositional design follows the 

principles below: 

1) Matrix alloy selection: The Ni-Mn-Ti alloy was chosen as the basic alloy. 



 

 

According to our previous study, this system can form a BCC austenite matrix within a 

specific composition range, serving as the parent phase for martensitic transformation. 

2) Suppression of Laves phase formation: Alloy systems containing Ti and Fe are 

prone to forming Laves phases, which are hard and brittle and can severely impair the 

ductility of the material. To avoid the precipitation of Laves phases, Co was selected as 

one of the co-doping element in this study. The mixing enthalpy between Co and Ti is 

less negative than that between Fe and Ti, which helps reduce the driving force for the 

formation of Laves phase. In addition, the suction casting process was employed to 

increase the cooling rate, thereby inhibiting the nucleation and growth of Laves phases 

and further suppressing their formation.  

3) Valence electron concentration (VEC) control: By adjusting the Fe/Ti ratio, the VEC 

of the alloy was controlled within the range of 7.83-8.07, which favors the formation 

of the FCC + B2 dual-phase structure, ultimately yielding an alloy with the desired FCC 

+ B2 phase constitution. 

3. Results 

3.1 Microstructure and phase identification: Phase constituent and 

microstructure of Ni35Mn25Ti18-xFe12+xCo10 HEAs 

Fig. 1 presents the XRD patterns of Ni35Mn25Ti18-xFe12+xCo10 HEAs. In accordance 

with Bragger diffraction law and the diffraction extinction law, all five alloys consist of 

two distinct phases: FCC and BCC. Based on the diffraction peak positions. Subsequent 

studies indicate that the Fe15 alloy possesses the most complete eutectic structure. To 

reveal the structure–property relationship, a detailed lattice parameter analysis of the 

Fe15 alloy was conducted. According to the formula for calculating the interplanar 

spacing of the cubic crystal system, the lattice parameters of the FCC and BCC phases 

of the Fe15 alloy were calculated to be approximately 3.64 Å and 2.95 Å, respectively. 



 

 

 

Fig. 1. XRD pattern of Ni35Mn25Ti18-xFe12+xCo10 HEAs. 

Fig. 2 shows back-scattered SEM micrographs of Fe12–Fe18 samples in the as-

cast condition. As shown in Fig. 2, with increasing Fe content, the volume fraction of 

the light gray phase decreases, while that of the dark gray phase increases. The 

Ni35Mn25Ti18-xFe12+xCo10 alloy system was developed through elemental doping based 

on the Ni-Mn-Ti system, which features a BCC austenite matrix. Consequently, the 

present alloy system is expected to retain a BCC austenitic structure as its primary 

matrix phase. Corresponding to the XRD results (Fig. 1), it can be inferred that the light 

gray phase is the BCC phase and the dark gray phase is the FCC phase. This result was 

subsequently confirmed by EBSD analysis (Fig. 5). 

The Fe12 alloy exhibits a dual-phase microstructure characterized by numerous 

elongated FCC precipitates (dark contrast) within the BCC matrix (light contrast). The 

Fe14 alloy exhibits a hypoeutectic microstructure, as shown in Fig. 2(b). This 

morphology comprises primary BCC dendrite trunks, accompanied by a eutectic 

structure distributed within the inter‑dendritic regions. The volume fraction of the 

eutectic structure increases with increasing Fe content until reaching 15 at.%. The Fe15 

alloy exhibits an almost fully eutectic microstructure, as shown in Fig. 2(c). Both the 

Fe16 and Fe18 alloys display hypereutectic microstructures (Fig. 2(d) and (e), 

respectively), with a progressively increasing amount of proeutectic FCC phase. 

Notably, the FCC phase in the eutectic structure of Fe15 alloy exhibits the finest and 

most uniform distribution among all the alloys. As shown in Fig. 2(f), the eutectic 

structure of the alloy exhibits mainly lamellar and network-like morphologies. 



 

 

 

Fig. 2. SEM images and EDS results of the Ni35Mn25Ti18-xFe12+xCo10 alloys. (a) x = 12 (dual-phase); 

(b) x = 14 (hypoeutectic); (c) x = 15 (near-eutectic); (d) x = 16 (hypereutectic); (e) x = 18 

(hypereutectic); (f) x = 15 (near-eutectic), high magnification image; (g)–(k) EDS results of Fe12 

alloy. 

Fig. 2(g) depicts a back-scattered micrograph of the as-cast Fe12 alloy, while Fig. 

2(h)–(l), displat the elemental mapping images of Ni, Mn, Ti, Fe, and Co, respectively. 

The matrix exhibits a higher Ti content and a lower Fe content compared to the FCC 

phase. In contrast, the differences in Ni, Mn, and Co contents between the two phases 

are relatively minor. This phenomenon is closely related to the nature of the eutectic 

reaction. During the eutectic reaction, the matrix and the secondary phase form almost 

simultaneously from the liquid phase, leading to similar elemental concentrations 

contributing to both phases. This results in comparable contents of Ni, Mn, and Co. 



 

 

However, due to the different crystal structures of the matrix (BCC) and the second 

phase (FCC), elemental partitioning occurs, leading to enrichment of certain elements 

in one phase and depletion in the other. As a result, the distributions of Ti and Fe show 

significant differences.  

To determine the chemical composition of each phase in the alloy, EDS analysis 

was performed, and the average values from at least three regions were taken to ensure 

statistical reliability. The results are shown in Table 1. As shown in Table 1, the alloy 

matrix is a Ti-rich phase, while the secondary phase is Fe-rich, which is consistent with 

the results of the elemental mapping analysis. 

Table 1. Actual compositions of the matrix and secondary phase determined by EDS for the 
Ni35Mn25Ti18-xFe12+xCo10-x (x = 0, 2, 3, 4, 6) alloys. 

Nominal composition Matrix (at.%) Secondary phase (at.%) 

 Ni Mn Ti Fe Co Ni Mn Ti Fe Co 

Ni35Mn25Ti18Fe12Co10 34.95  24.09  19.39  10.88  10.69  32.89  28.73  10.02  20.58  7.78  

Ni35Mn25Ti16Fe14Co10 34.11  23.78  17.81  12.67  11.62  34.28  25.46  11.75  19.50  9.00  

Ni35Mn25Ti15Fe15Co10 34.71  24.16  16.60  13.80  10.73  34.15  24.63  14.20  16.98  10.04  

Ni35Mn25Ti14Fe16Co10 34.81  24.33  16.62  13.27  10.98  34.37  25.02  10.90  19.57  10.14  

Ni35Mn25Ti12Fe18Co10 35.90  24.50  16.76  13.09  9.74  33.97  24.39  9.15  21.78  10.72  

To enable a more detailed characterization of the microstructural morphology, 

secondary electron imaging was performed on the representative Fe14 (hypoeutectic), 

Fe15 (near‑eutectic), and Fe16 (hypereutectic) alloys. Compared with back-scattered 

electron imaging, secondary electron imaging offers higher-resolution and enhanced 

three-dimensional surface topographical contrast, facilitating more precise 

morphological interpretation. Fig. 3 presents the secondary electron images of the three 

alloys. Low‑magnification images (a₁, b₁, c₁) and high‑magnification images (a₂, b₂, c₂) 

are shown for each composition. In the hypoeutectic Fe14 alloy (Fig. 3(a₁, a₂)), the 

eutectic structure forms an interconnected network extending throughout the austenite 

matrix, with the second phase closely associated with the eutectic structure, which 

preferentially forms within matrix regions surrounded by the second phase. In the near-

eutectic Fe15 alloy, in addition to the eutectic structure, a continuous bulk matrix is 



 

 

observed, within which elongated second-phase particles are typically interspersed, as 

shown in Fig. 3(b1) and (b2). The coexistence of the eutectic structure, bulk matrix, and 

elongated second phase gives rise to a hierarchical “bionic fishbone-like” herringbone 

microstructure, characterized by alternating soft and hard layers at the micro-to-nano 

scale.  

 

Fig. 3. Secondary electron images of hypoeutectic, near-eutectic, and hypereutectic alloys. (a₁), (b₁), 

and (c₁) are low-magnification images of these alloys, respectively; (a₂), (b₂), and (c₂) are high-

magnification images, respectively. 

This unique microstructural architecture significantly enhances the ductility of the 

material. During the initial stages of deformation, microcracks preferentially form in 

the brittle hard layers, which have limited deformability. Adjacent microstructural 

features with strong strain-hardening capacity promote local energy dissipation, 

blunting the crack tips. These microcracks are subsequently confined within individual 

lamellae, thereby suppressing unstable propagation and catastrophic penetration. The 

continuous nucleation and growth of microcracks generate extrinsic plasticity, 

compensating for the inherent brittleness of the hard phase and enabling sustained 



 

 

uniform plastic deformation. The precipitates in the alloy are identified as Fe-rich phase. 

As the Fe content increases, the volume fraction and average size of the precipitates 

increase, while the proportion of lamellar and elongated morphologies decreases, and 

dendritic second phases correspondingly increase, as illustrated in Fig. 3(c1) and (c2). 

To further investigate the microstructure of the HEAs, TEM analysis was 

conducted on the near-eutectic Fe15 alloy. Fig. 4 presents the TEM examination of the 

Fe15 alloy. Fig. 4(a) shows a bright field TEM image of the eutectic microstructure, 

where the BCC (B2) and FCC (γʹ) phases are labeled by orange and yellow fonts, 

respectively. Austenite typically exists in B2 or L21 structures, which can be identified 

by TEM through specific zone axes. In Fig. 4(b), superlattice diffraction spots 

corresponding to the (001) plane of the B2 structure (indicated by the red circle) were 

observed, while no superlattice diffraction spots corresponding to the L21 structure (111) 

were detected. This confirms that the austenite in this alloy has a B2 structure. In Fig. 

4(c), superlattice diffraction spots corresponding to the (100) plane of γʹ (indicated by 

the red circle) were identified, confirming that the FCC phase in the alloy is the γʹ phase. 

The γʹ lamellae, which appear in the dark contrast, are approximately 200 nm in 

thickness and about 500 nm in spacing between them. Compared with B2 (BCC 

structure), γ′ (FCC structure) possesses more slip systems, which facilitates dislocation 

motion. Consequently, γ′ phase exhibits lower hardness but enhanced ductility, 

contributing significantly to the overall ductility of the alloy. 

High-resolution transmission electron microscopy (HRTEM) was used to 

characterize the atomic-scale structure of the B2 phase, γ′ phase, and their interfaces. 

Fig. 4(d) shows the atomic arrangement of the B2 phase viewed along the [111] zone 

axis, with the corresponding inverse fast Fourier transform (IFFT) image shown in the 

inset. Fig. 4(e) shows the γ' phase structure along the [011] zone axis, with its IFFT 

image shown in the inset. Fig. 4(f) presents the HRTEM image of the B2–γ' interface, 

which exhibits atomic-scale roughness, a characteristic feature of non‑faceted eutectic 

growth [35]. IFFT analysis confirms the semi-coherent nature of this interface. Based 

on these observations, we determined the orientation relationship between γ' and B2 

phases to be [111]B2//[011]γ', which satisfies the classical Kurdjumov–Sachs (K–S) 



 

 

orientation relationship [36]. 

 

Fig. 4. TEM images of the near-eutectic alloy. (a) TEM bright field micrograph; (b) selected area 

electron diffraction patterns of the B2 phase; (c) selected area electron diffraction patterns of fcc γʹ 

phase; (d) HRTEM image of B2 phase (inset figure is the IFFT image of the B2 phase); (e) HRTEM 

image of γʹ phase (inset figures are the IFFT images of γʹ phase); (f) HRTEM image of the B2–γʹ 

interface (inset figure is the IFFT image of the interface). 

3.2 Orientation relationship and atomic structure of interfaces 

The orientation relationships between phases largely govern the strength and 

ductility of HEAs. Fig. 5 presents the EBSD analysis results for Fe14 (hypoeutectic), 

Fe15 (near-eutectic), and Fe18 (hypereutectic) alloys. From the band contrast (BC) 

maps (Fig. 5(a1, b1, c1)) and phase maps (Fig 5(a2, b2, c2)), the B2 and γ' phases in the 

selected regions are highlighted in red and yellow, respectively. For the near‑eutectic 

Fe15 alloy (Fig. 5(b₁, b₂)), the BC and phase maps confirm that the eutectic structure 

consists of FCC and BCC phases. Fig. 5(b₃) illustrates the inverse pole figure (IPF) map 

of the near-eutectic alloy. The orientation of the BCC phase remains stable, while the 

FCC phase within a single eutectic colony is highly similar but distinct from those in 

neighboring colonies, which is characteristic of eutectic alloys. Because the eutectic 

orientation is fixed within a colony, the constituent phases grow cooperatively. Fig. 5(b₄) 

shows the <111> and <110> pole figures for the BCC and FCC phases, respectively. 



 

 

The orientation relationship between the FCC and B2 phases is confirmed as [111]BCC

∥[011]FCC, which aligns with the K–S relationship observed in the TEM results.  

EBSD analysis of the hypoeutectic (Fe14) and hypereutectic (Fe18) alloys was 

performed to investigate the orientation relationship between the primary phase and the 

eutectic structure (Fig. 5(a) and (c)). In the hypoeutectic Fe14 alloy (Fig. 5(a₁) and (a₂)), 

the primary phase is BCC, and the eutectic consists of FCC and B2 phases. The IPF 

map (Fig. 5(a₃)) reveals that the eutectic FCC phase maintains a similar crystallographic 

orientation to the primary FCC phase. This suggests that during solidification from the 

interdendritic residual liquid, the eutectic FCC phase preferentially nucleates and 

undergoes epitaxial growth aligned with the primary FCC phase, thereby preserving a 

consistent orientation. Pole figures (Fig. 5(a₄)) confirm the absence of a K–S 

relationship between FCC and B2 in the hypoeutectic alloy.  

 

Fig. 5. EBSD results of alloys. (a) hypoeutectic alloy; (b) near-eutectic alloy; (c) hypereutectic alloy 

((1) BC map; (2) Phase map; (3) IPF map; (4) pole figures of BCC and FCC phases).  

Fig. 5(c₁) and (c₂) present the BC map and phase map of the hypereutectic Fe18 

alloy, respectively, revealing a microstructure composed of primary FCC phase and 

eutectic structure. The IPF map in Fig. 5(c₃) shows a solidification process analogous 

to that observed in the hypoeutectic alloy. The eutectic FCC phase grows epitaxially 

from the primary FCC phase, resulting in closely matched orientations between them. 

Fig. 5(c₄) shows the <111> and <110> pole figures of the FCC and BCC phases, 



 

 

confirming that the K–S relationship is similarly absent between FCC and B2 phases in 

the hypereutectic alloy.  

In the near‑eutectic Fe15 alloy, the K–S orientation relationship is observed 

between the FCC and B2 phases, whereas this orientation relationship is absent in the 

hypoeutectic Fe14 and hypereutectic Fe18 alloys. This difference is attributed to the 

distinct solidification paths. For the near‑eutectic Fe15 alloy, both phases grow 

cooperatively and directly from the liquid. The coupled growth forces the phases to 

maintain a fixed K–S orientation relationship to minimize the interfacial energy. In 

contrast, in the hypoeutectic and hypereutectic alloys, solidification begins with the 

formation of a primary phase (BCC in Fe14 alloy and FCC in Fe16 alloy). When the 

remaining liquid reaches the eutectic temperature, the eutectic structure nucleates 

heterogeneously on the existing primary phase. The growth orientation of the eutectic 

phases is constrained by the primary phase, forcing them to grow in a manner 

compatible with the primary phase, thereby preventing the formation of the low‑energy 

K–S orientation. 

3.3 Mechanical properties 

Fig. 6 presents the compressive properties of Ni35Mn25Ti18-xFe12+xCo10 alloys. Fig. 6(a) 

shows the compressive engineering stress–strain curves for Fe12 to Fe18 alloys. The 

corresponding yield strength (σy), fracture strength (σu), and fracture strain (εf) are 

plotted as functions of Fe content in Fig. 6(b). As the Fe content increases from 12 at.% 

to 18 at.%, the yield strength decreases from 1268 MPa to 990 MPa. Despite this 

reduction in yield strength, the alloys still maintain exceptionally high yield strength 

levels. This phenomenon can be primarily attributed to the cocktail effect. In HEAs, 

atomic size differences among multiple principal elements induce severe heterogeneous 

lattice distortion and long-range stress fields, which significantly hinder dislocation 

motion and thereby enhance the yield strength. This strengthening mechanism is more 

effective than conventional solid‑solution strengthening, enabling the alloy to maintain 

considerable plasticity while achieving enhanced strength. 



 

 

 

Fig. 6. Mechanical properties of Ni35Mn25Ti18-xFe12+xCo10 alloys. (a) Engineering stress-strain 

curves; (b) Yield Strength, Fracture Strain, and Fracture Strength as a function of Fe content; (c) 

True stress–strain curves; (d) Strain hardening rate versus true strain curves. 

The plasticity of the alloy increases monotonically from 15.7% to 30.2% as the Fe 

content rises from 12 at.% to 18 at.%. This enhancement is primarily attributed to the 

increased volume fraction and coarsened size of the γ' phase with higher Fe content, 

which facilitates relatively easier dislocation motion during deformation and thus 

improves the ductility. HEAs exhibit an exceptional combination of strength and 

ductility, necessitating a deeper understanding of the correlation between their 

microstructural features and deformation mechanisms. Through analysis of true stress–

strain curves and strain hardening rate curves, we investigated the macroscopic 

deformation behavior of these HEAs. Fig. 6(d) presents the strain hardening rate curves 

for three representative HEAs, Fe12, Fe15 and Fe18. The hypereutectic alloys display 

a four-stage strain hardening behavior: (I) rapid post-yield decline, (II) followed by a 



 

 

fluctuation period, (III) then increases slowly, and (IV) a sharp drop to zero indicating 

fracture. Notably, the near-eutectic alloy exhibits a fluctuation period, whereas the 

hypoeutectic alloy lacks both the fluctuation period (stage II) and the gradual ascent 

phase (stage III).  

These fluctuation characteristics correlate strongly with the dual-yield behavior 

observed in the near-eutectic and hypereutectic alloys [37]. Remarkably, the 

hypereutectic alloy demonstrates a rapid increase in strain hardening rate before 

fracture, whereas both hypoeutectic and eutectic alloys fail prematurely. This sustained 

strain hardening during plastic deformation accounts for the superior strength–

toughness combination in hypereutectic alloys, while premature failure explains the 

relatively lower ductility in hypoeutectic and near-eutectic alloys. As shown in Fig. 6, 

these alloys exhibit both high yield strength and excellent fracture strain, confirming 

that the designed HEAs with lamellar structures possess outstanding mechanical 

properties. The compressive stress–strain curves of Fe15, Fe16, and Fe18 alloys 

demonstrate a distinct “double-yield” deformation behavior. This “double-yield” 

phenomenon indicates the occurrence of stress-induced martensitic transformation 

during the deformation process of the near-eutectic and hypereutectic alloys [17]. 

4. Discussion 

4.1 Transformation-Induced Plasticity 

The stress-induced martensitic transformation during the deformation of the near-

eutectic alloy can effectively enhance plasticity, a phenomenon known as the TRIP 

effect [37]. This TRIP effect accounts for the remarkable ductility observed in the near-

eutectic alloys. Specifically, the phase transformation occurring in B2 phase during 

deformation increases both the elastic modulus and hardness, thereby improving 

resistance to deformation [38]. Consequently, plastic deformation is redistributed to 

other regions, which suppresses localized strain accumulation. Moreover, the 

martensitic transformation absorbs elastic strain energy, delaying the rapid propagation 



 

 

of shear bands and inhibiting the initiation of microcrack [39]. This leads to a more 

homogeneous stress distribution, which enhances the material’s capacity for compatible 

deformation and ultimately improves the overall ductility of near-eutectic alloys. 

 

Fig. 7. SEM images of Fe15 alloy under different deformation conditions. (a) ε = 2%; (b) ε = 5%; 

(c) ε = 10%; (d) ε = 10%, high magnification image; (e) three cycles of 10% strain; (f) ε = 15%. 

Fig. 7 systematically investigates the microstructural evolution of the Fe15 near-

EHEA under different strain (ε) conditions. The results reveal that at relatively low 

strain (ε = 2%), microcracks initiate within the alloy, preferentially nucleating at large 

B2 phases in non-eutectic regions (Fig. 7(a) and (b)). As strain increases, the cracks 

exhibit distinct three-dimensional propagation characteristics, including width 

expansion and depth penetration (Fig. 7(c)). Notably, crack propagation is effectively 

impeded when encountering γ' phases (Fig. 7(d)), demonstrating the superior crack 

growth resistance of the FCC-structured γ' phases. During deformation, martensite 

initially forms in the B2 phases of non-eutectic regions after three cycles of 10% strain 

(Fig. 7(e)). Remarkably, when the strain reaches 15%, the alloy directly undergoes 

martensitic transformation in a single deformation event (Fig. 7(f)). This strain-path-

dependent phase transformation behavior reveals that cyclic loading reduces the 

transformation energy barrier through the accumulation of defect energy, whereas high-

strain monotonic loading directly satisfies the critical condition for phase 

transformation. These findings systematically elucidate the underlying microscopic 



 

 

mechanism by which EHEAs achieve a synergistic enhancement of strength and 

ductility via multi-phase cooperation, from the dual perspectives of crack growth 

resistance and strain-induced phase transformation.  

Fig.8 presents the EBSD analysis results of the near-eutectic alloy after three 

cycles of 10% strain deformation. The BC map (Fig. 8(a)) and phase map (Fig. 8(b)) 

reveal the spatial distribution of B2 phase (red), γ' phase (yellow), and L10 martensite 

(green) in the analyzed region. Notably, the distinct L10 martensite regions (green) in 

Fig. 8(b) confirm the stress-induced austenite-to-martensite transformation in this alloy, 

further verifying the activation of the TRIP effect. Fig. 8(c) shows the IPF map of the 

alloy. The orientation of the B2 phase remains stable and consistent with that of the 

undeformed B2 phase. 

The IPF analysis in Fig. 8(d) demonstrates that the BCC and FCC phases maintain 

the [111]BCC∥[011]FCC K–S relationship after deformation. This stable crystallographic 

relationship has a decisive influence on the mechanical properties of the alloy. 

Specifically, the semi-coherent K–S interface between the FCC and B2 phases 

facilitates the transmission of approximately 2/3 of dislocations from the <110> slip 

systems in the FCC phase across the phase boundary [35]. This unique dislocation 

transmission mechanism significantly enhances slip continuity at γ'–B2 interfaces. 

During deformation, the continuously maintained K–S relationship not only promotes 

trans-interface dislocation motion but also effectively alleviates stress concentration at 

phase boundaries.  



 

 

 

Fig. 8. EBSD results of three cycles of 10% strain of Fe15 EHEAs. (a) BC map; (b) Phase map; (c) 

IPF map; (d) pole figures. 

To thoroughly investigate the TRIP effect, this study focuses on the hypereutectic 

Fe18 alloy, which exhibits the most pronounced TRIP effect. The stress–strain curve is 

analyzed across distinct deformation stages (Fig. 9). The stress–strain curve is analyzed 

across distinct deformation stages (Fig. 9), allowing the deformation process to be 

clearly divided into four characteristic stages. Stage I is characterized by coordinated 

elastic deformation of both the B2 and γ' phases. Stage II features concurrent plastic 

deformation of the γ' phase and stress-induced transformation of the B2 phase into L10 

martensite. During this stage, the stress–strain curve shows a gradually increasing 

“stress plateau” [37] , marking the onset of the first yield behavior, which directly 

corresponds to the initiation of stress-induced L10 martensitic transformation. Stage III 

involves plastic deformation of the γ' phase and residual the B2 phase along with 

continued formation of the L10 phase. In Stage IV, the material undergoes plastic 

deformation of the multiphase system and further transformation of the residual B2 

phase into the L10 phase. The second yield behavior is triggered when the critical yield 

stress of the multiphase system is reached. This systematic analysis of the multistage 



 

 

deformation characteristics provides crucial insights into the underlying mechanism of 

the TRIP effect in the alloy. 

 

Fig. 9. Engineering stress–strain curves of Fe18. 

The essence of the TRIP effect lies in the stress-induced transformation of 

austenite (the B2 phase in this study) into martensite during deformation. This phase 

transition dissipates energy, introduces plastic deformation, and suppresses localized 

necking, thereby significantly enhancing the material’s uniform elongation and work-

hardening capacity. A systematic multistage deformation analysis of the Fe18 alloy 

reveals that the TRIP effect originates from a coordinated interplay among elastic 

deformation, plastic slip, stress-induced phase transformation, and post-transformation 

plasticity. Elucidating the micro-mechanisms governing each deformation stage and 

their critical transition thresholds provides valuable insights for the design and 

development of novel TRIP-assisted materials with optimized strength–ductility 

balance. 

4.2 HDI strengthening caused by heterostructure 

To clarify the contribution of heterogeneous structures to the mechanical 

properties of materials, we conducted analyses from the perspectives of heterostructure-

induced HDI strengthening and work hardening. HDI strengthening has emerged as a 

key strategy in materials science for simultaneously enhancing both strength and 



 

 

ductility. Heterostructured materials consist of mechanically distinct hard and soft 

regions, where the pronounced differences in mechanical response lead to deformation 

incompatibility during plastic straining. When deformation occurs, the soft zones 

preferentially yield while the hard zones remain relatively resistant, resulting in a strain 

mismatch that generates GNDs at heterointerfaces [40]. The resulting mutual 

constraints between regions generate HDI stresses: GND pile-ups in soft domains 

produce back stresses that impede dislocation motion and increase yield strength, while 

they generate forward stresses that facilitate dislocation multiplication and motion in 

hard domains, thereby enhancing work hardening. This synergistic coupling effect 

significantly improves overall yield strength while providing additional hardening 

capacity. The appearance of a mechanical hysteresis loop during load-unload-reload 

(LUR) testing represents a characteristic mechanical response, indicating the significant 

involvement of GNDs in plastic deformation and the generation of high HDI stress [22, 

40]. To elucidate the contribution of HDI stress to mechanical properties, we performed 

LUR tests on the aforementioned materials. Fig. 10(a) presents the true stress-true strain 

curves for the near-eutectic Fe15 and hypereutectic Fe18 alloys. The HDI stress (σHDI) 

is calculated using the following formula [22, 41]: 

σHDI = 
σr + σu

2  (1) 

where σr is the reload yield strength, and σu is the unload yield strength. Fig. 10(b) 

shows that the mechanical hysteresis loop of the Fe15 alloys is wider than that of the 

Fe18 alloys. According to Eq. Error! Reference source not found. a broader hysteresis 

loop indicates that the material has a higher HDI stress. Near the yield point, the HDI 

stress of the Fe15 alloy reaches 620 MPa, whereas the HDI stress of the Fe18 alloy is 

only 489 MPa. Therefore, the exceptional yield strength of the Fe15 alloy can be 

attributed to the additional strengthening arising from its significant HDI stress. The 

hard zones, composed of the BCC phase, impede plastic deformation in the softer 

regions, resulting in a remarkably high HDI stress for the Fe15 alloy. As the applied 

strain increases, the HDI stress of both the Fe15 and Fe18 alloys steadily rises. This is 

likely due to the persistent activation of dislocations, stacking faults, and nano-twins 



 

 

within the hard zones after yielding, which contribute to additional strain hardening 

capacity.  

 

Fig. 10. (a) LUR curves of Fe15 and Fe18 alloys; (b) magnified LUR loops taken from (a); (c) 

evolution of HDI stress as a function of true strain. 

To gain an in-depth understanding of the HDI strengthening mechanism, the TEM 

analysis was performed in this study on the microstructure of near-eutectic alloy 

following 2% compressive deformation. Fig. 11 illustrates the microstructural 

characteristics of the alloy. As shown in Fig. 11(a) and (b), during the initial stage of 

plastic deformation, a high density of dislocations was observed within the γ' phase, 

while the adjacent B2 phase exhibited a relatively smooth structure with no significant 

dislocation activity, indicating that plastic deformation initiates in the γ' phase prior to 

the B2 phase. Furthermore, Fig. 11(c) and (d) demonstrate a significant accumulation 

of GNDs at the interface between the soft γ' phase and the hard B2 phase. This non-

uniform distribution of dislocations primarily originates from the mismatch in plastic 

deformability between the two phases. Under external loading, the more ductile γ′ phase 

undergoes preferential deformation, while the harder B2 phase constrains dislocation 



 

 

motion near the interface, leading to the gradual accumulation of GNDs). This 

dislocation pile-up at the interface essentially establishes a strain gradient field from 

the softer to the harder phase, resulting in a pronounced back stress. This back stress 

effectively impedes the subsequent movement of dislocations, contributing 

substantially to the HDI strengthening effect. The findings of this study demonstrate 

that rational design of a dual-phase microstructure featuring alternating soft and hard 

domains, particularly one characterized by a continuous and regularly arranged lamellar 

configuration, enables effective modulation of dislocation activity during deformation 

and full utilization of the associated back-stress strengthening mechanism. These 

insights provide valuable guidance for the design of high-performance metallic 

materials through microstructural optimization. 

 

Fig. 11. TEM images of Fe15 alloy following deformation at 2% strain. (a) and (b) BF images of 

heterogeneous structure; (c) and (d) GNDs at boundary between B2 and γ'. 

5. Conclusions  

In this study, a novel Ni-Mn-Ti-Fe-Co alloy system was prepared by arc melting. 

The alloy simultaneously exhibits TRIP and HDI effects, achieving both high yield 



 

 

strength and excellent ductility. The main conclusions are as follows: 

1) With increasing Fe content, the alloys showed a microstructure evolution from 

dual-phase → hypoeutectic → near-eutectic → hypereutectic microstructures. The 

orientation relationship of the FCC–B2 interface is determined to be the K–S 

orientation relationship in the near-eutectic alloy. 

2) The Ni35Mn25Ti15Fe15Co10 EHEAs demonstrated an excellent combination of 

strength and ductility with a high yield stress of 1143 MPa and a fracture strain of 21.2%. 

The stable K–S interface and TRIP effect during deformation contribute to the superior 

ductility of the Fe15 alloy. 

3) All alloys exhibit high yield strength, particularly Fe12 with 1268 MPa, which 

is attributed to its dual-phase microstructure that enables HDI strengthening. Benefiting 

from the HDI strengthening, Fe18 alloy maintains a 990 MPa yield strength while 

achieving exceptional fracture strength of 2417 MPa and a fracture strain of 30.2%. 

4) The design of soft/hard eutectic lamellae with stress-induced martensite 

transformation provides an effective strategy for simultaneously enhancing strength and 

ductility in EH/MEAs. 
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