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ABSTRACT
Eutectic high-entropy alloys (EHEAs) often suffer from microstructural coarsening and thermal insta-
bility at high temperatures due to weak interphase bonding. Here, we report a CoCrFeNiTa0.3
hypoeutectic alloy with ordered-serrated phase boundaries (OSPBs) that overcomes these limita-
tions, exhibiting 30% plasticity at ambient temperature, high yield strength of 886MPa at 1123 K and 
excellent thermal stability up to 0.65Tm. The enhanced high-temperature performance originates 
from the short-range ordered, low-energy, and coherent OSPBs, which stabilize eutectic boundaries, 
suppress softening, and coordinate interphase deformation. This study demonstrates that tailoring 
phase-boundary configurations is an effective strategy for developing high-temperature EHEAs with 
balanced strength and stability.
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1. Introduction

The rapid advancement of the aerospace industry 
imposes increasingly stringent demands on metallic 
materials for critical components such as turbine blades 
and discs, requiring robust heat resistance above 800°C 
[1]. Ni-based superalloys have long been the optimal 
candidates for these applications [2–4]. Their favorable 
properties arise primarily from precipitation strength-
ening, where coherent Ni3X (γ ′ or γ ′′) intermetallic 
compounds dispersed in the γ -matrix impede disloca-
tion motion via their high anti-phase boundary energy 
[5,6]. However, these Ni3X precipitates will coarsen and 
transform when exposed to temperatures above 650°C, 
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leading to alloy degradation. Consequently, further per-
formance improvements in such materials are approach-
ing their inherent limits. Eutectic high-entropy alloys 
containing refractory elements such as Nb, Ta, and Zr can 
form thermally stable Laves phases in the as-cast state, 
emerging as promising candidates for high-temperature 
environments [7–9]. At fully eutectic composition, the 
well-established CoCrFeNiNb0.45 and CoCrFeNiTa0.4
alloys exhibit superior compressive yield strengths of 
1618 and 1091MPa at 973K, respectively, but undergo 
severe softening beyond this temperature [10]. The 
dense eutectic phase boundaries can become preferential 
sites for diffusion-assisted creep and interfacial sliding, 
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thereby contributing to macroscopic softening. While 
they provide strong room-temperature strengthening, 
weak semi-coherent bonding [11] promotes microstruc-
tural instability and coarsening at elevated temperatures. 
Thus, rationally regulating these phase boundaries, either 
by optimizing density or tailoring interfacial structure, is 
essential for high-temperature application of EHEAs.

To overcome weak interfacial bonding in high-
temperature structural materials, a promising strategy 
is to design low-energy serrated interfaces, which are 
known to improve creep resistance and suppress crack 
propagation [12]. Such interfaces can be constructed 
through various processing routes, including investment 
casting followed by post-casting heat treatments [13], 
powder metallurgy, and thermomechanical forging cou-
pled with controlled cooling treatments [14]. The driving 
force for serration is primarily attributed to the reduc-
tion in interfacial free energy, as these boundaries consist 
of segments preferentially aligned along low-index {111}
planes [14–16]. While the detailed formation and growth 
mechanisms of serrated interfaces remain under inves-
tigation, prevailing explanations point to interactions 
between grain boundaries (GBs) and second-phase par-
ticles [17,18], such as γ ′ precipitates in Ni-based super-
alloys [13] or M23C6 carbides in stainless steels [19]. 
Alternatively, serration has also been attributed to the 
accumulation of lattice strain energy near GBs resulting 
from elemental diffusion and segregation, a mechanism 
that can operate even in the absence of second phases 
[20]. Efforts to design eutectic serrated phase boundaries 
in the Re0.5MoNbW(TaC)0.5 alloy have proven viable, 
raising its yield strength from 500 to 900MPa at 1473K 
[21]. Nonetheless, this strengthening is accompanied by 
a high fraction and large size of ceramic phases, resulting 
in room-temperature embrittlement and elevated den-
sity. Therefore, to fully harness the benefits of serrated 
interfaces without introducing detrimental brittleness, 
it is imperative to explore alternative microstructural 
designs that minimize or eliminate coarse ceramic rein-
forcements.

In this paper, we present a novel hypoeutectic 
CoCrFeNiTa0.3 alloy featuring in-situ formed ordered-
serrated phase boundaries (OSPBs) between ductile and 
hard metallic phases. This alloy exhibits an excellent 
strength–plasticity synergy from ambient temperature 
to 1123K, along with remarkable thermal stability up 
to ∼0.65Tm. The integration of a labyrinthine eutec-
tic structure with Ta segregation-induced interfacial L12
short-range orders promotes the formation of OSPBs. 
The coherent OSPBs act as a strain mediator between the 
soft FCC and hard Laves phases, enhancing strain accom-
modation capability. Furthermore, the ordered L12 clus-
ters at OSPBs strengthen the interfacial cohesion, thereby 

overcoming the strength-plasticity trade-off across a wide 
temperature range, which is inherent in previously devel-
oped EHEAs.

2. Materials and methods

A set of CoCrFeNiTax EHEAs with 0.3 at.% Ta, 0.4 at.% 
Ta and 0.5 at.% Ta (denoted as Ta0.3, Ta0.4, and Ta0.5) were 
manufactured by using arc-melting in a Ti-gettered argon 
atmosphere. Each ingot was turned over and remelted 
five times to reduce compositional inhomogeneity, then 
suction into a cylindrical alloy column with a diameter of 
3mm. Compression tests were performed on cylindrical 
specimens with dimensions of 8 3× 5mm at a con-
stant strain rate of 10−3 s−1. Room-temperature (298K) 
compression tests were conducted using an Instron 5982 
testing system, while the elevated temperature tests were 
carried out under pure argon in a vacuum furnace using 
a Sans UTM5305H machine. To ensure statistical relia-
bility, three samples were tested for each condition.

The crystal structure was identified by the X-ray 
diffraction (XRD, Bruker D8-Discover) with Cu Kα radi-
ation, scanning in the 2θ  range of 20° to 100° at a rate 
of 4°/min. The microstructural and interfacial charac-
terizations of the alloys were performed by transmission 
electron microscopy operating at 200 kV (TEM, Ther-
mofisher F200X) equipped with selected area electron 
(SAED) and energy dispersive spectroscopy (EDS) detec-
tors. High-angle annular dark field (HAADF)-STEM 
imaging was performed with a collection angle between 
30° and 60° mrad. The TEM samples were prepared by 
ion milling (GATAN-M691). The volume fractions of 
the FCC and Laves phases were determined by analyz-
ing a minimum of 15 TEM images per alloy composition 
(Ta0.3, Ta0.4, and Ta0.5) using Image J software.

3. Results and discussion

3.1. Mechanical properties over a wide temperature 
range

Uniaxial compressive tests at both room tempera-
ture (RT) and 1123K were performed on as-cast 
CoCrFeNiTax EHEAs (x = 0.3, 0.4, and 0.5 at.%, cor-
responding to hypoeutectic, eutectic, and hypereutectic 
microstructures, respectively). The resulting engineering 
stress versus strain curves are presented in Figure 1(a 
and b). At RT, the Ta0.4 alloy exhibits a yield strength 
(σ y) of 1932MPa, and Ta0.5 alloy reaches 2161MPa. 
Despite a slightly lower yield strength (1258MPa), the 
Ta0.3 alloy achieves superior fracture strength (σCS) due 
to its exceptional work hardening capacity and a three-
fold higher plasticity (εp) over other alloys. At 1123K, 
the Ta0.4 and Ta0.5 alloys demonstrate yield strengths of 
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Figure 1. Mechanical properties of Tax EHEAs. Stress–strain curves of the Ta0.3 (hypoeutectic), Ta0.4 (eutectic) and Ta0.5 (hypereutectic) 
alloys at (a) room temperature (RT) and (b) 1123 K. Plots for the Ta0.3 alloy showing (c) temperature–dependent properties (RT–1123 K) 
and (d) yield strength (σ y) evolution with homologous temperature (T/Tm). All other reference data are from compression tests, while 
Haynes 230 and Inconel 718 are from tension tests.

760 and 783MPa, respectively, while their compressive 
strengths are 640 and 716MPa, showing an obvious soft-
ening behavior. In contrast, the Ta0.3 alloy exhibits the 
distinct strengthening behavior, registering an outstand-
ing high yield strength of 886MPa, an ultimate compres-
sive strength of 995MPa, and a plasticity exceeding 30% 
without fracture. Notably, the Ta0.3 alloy exhibits a good 
combination of high strength and remarkable softening 
resistance at 1123K.

To evaluate the temperature dependence of the 
mechanical properties of the Ta0.3 alloy, compressive 
tests were performed at 298, 923, 1023 and 1123K 
(Figure 1(c)). The results demonstrate that the Ta0.3 alloy 
possesses excellent plasticity, with compressive strains 
exceeding 30% at all tested temperatures. It exhibits 
superior resistance to intermediate-temperature embrit-
tlement [22,23], a common issue that causes severe 
brittleness in many high-temperature alloys within the 
873–1073K. Although the yield strengths gradually 
decrease with increasing temperature, they maintain 

rather high levels at elevated temperatures, with values 
of 1078MPa at 923K, 944MPa at 1023K, and 886MPa 
at 1123K. In Figure 1(d), we summarize the temperature 
dependence of yield strength, expressed as homologous 
temperature, i.e. the ratio of testing temperature/melting 
temperature (T/Tm), and compare it with representative 
EHEAs [24], RHEAs [25–29], and conventional superal-
loys [30]. Generally, the softening will occur in an alloy 
when the temperature is above 0.5–0.6Tm due to the 
activation of diffusion-controlled deformation mecha-
nisms [31]. For instance, although AlCr1.3TiNi2 alloy has 
an outstanding yield strength from 298K to 873K [32] 
(T/Tm ∼  0.45) among the investigated alloys, it softens 
rapidly with the further increase of temperature. How-
ever, the present Ta0.3 alloy deviates from this trend, as 
it exhibits higher strength above 0.6T/Tm. These results 
clearly confirm that Ta0.3 alloy holds a prominent posi-
tion among advanced structural materials reported in the 
literature.
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3.2. Ordered-serrated phase boundaries

The microstructure, chemical composition, and phase 
boundary features of the Ta0.3, Ta0.4, and Ta0.5 alloys 
were systematically unraveled by XRD and TEM (Fig-
ures 2, 3, and S1–S3). The XRD patterns (Figure 2(a) 
and S1) exhibit that all the alloys are composed of 
FCC and Laves dual-phase structures. As the Ta con-
tent increases, the weakening of the FCC peaks and 
the concurrent strengthening of the Laves phase indi-
cate a shift in their relative volume fractions. This trend 
is further corroborated by the distinct microstructural 
morphologies observed in the corresponding bright-field 
(BF) TEM images across the three alloys. Specifically, the 
Ta0.3 hypoeutectic alloy forms eutectic colonies along-
side a bright primary phase (Figure 2(b)). These eutec-
tic colonies constitute a labyrinthine morphology that is 
developed only within a narrow compositional window 
[33]. Selected area electron diffraction (SAED) patterns 
confirm that these bright and dark regions, obtained 
along the [110] and [21̄1̄0] zone axes, correspond to 
FCC and Laves structures, respectively. The STEM-EDS 
results in Figure 3(c) reveal the compositional informa-
tion of both eutectic phases and primary phases. Notably, 
Ni, Cr, and Fe preferentially partition into the FCC phase, 
while Co and Ta are predominantly enriched in the Laves 
phase. One-dimensional concentration profiles along the 
white arrows in Figure 2(c) demonstrate that primary 
FCC phases exhibit higher Ta content compared to their 
eutectic counterparts. Their compositions are summa-
rized in Supplementary Table S1. In hypoeutectic alloys, 
the primary FCC phase gains Ta from the liquid via local 
solute redistribution, whereas during eutectic solidifica-
tion Ta partitions preferentially into the Laves phase [34], 
leading to a lower Ta level in the eutectic FCC phase than 
in the primary FCC phase. It is inverse in hypereutectic 
alloys; the primary Laves phase forms first [35], enrich-
ing most Ta and leaving the remaining liquid Ta-depleted, 
resulting in a lower Ta content in the eutectic Laves phase 
(Fig. S3).

A distinctive ordered-serrated phase boundaries
(OSPBs) is discovered in the Ta0.3 alloy (Figure 2(d)). 
Its short-range ordering feature, confirmed by the FFT 
patterns and corresponding intensity profile at the under 
layer, reveals the formation of an L12-ordered structure 
(Figure 2(d) and Fig. S4). A magnified high-resolution 
(HR) TEM image taken along the [001]FCC zone axis 
clearly exhibits the serrated morphology (Figure 2(e)). 
Serrated grain boundaries (SGBs) are known to suppress 
grain boundary sliding, promote intragranular deforma-
tion, delay crack propagation across a wide temperature 

range [12, 36], enhance creep resistance [37], and mit-
igate intermediate-temperature intergranular embrittle-
ment [23]. The inverse fast Fourier transform (IFFT) 
image (Figure 2(f)) and Fig. S5 show a near-perfectly 
coherent state between the (020)FCC and (101̄4)Laves
planes at the OSPB, where periodic dislocations accom-
modate the slight lattice mismatch, forming a low-energy 
coherent interface [11]. In Figure 2(g–h), short-range 
ordered L12 phases are present at nearly all OSPBs, indi-
cating a mutual promotion between the serrated interface 
and secondary phases [18]. The ordered L12 structures 
enhance interfacial cohesion and contribute to improved 
high-temperature stability and intergranular degrada-
tion resistance. Overall, the OSPB serves a key role that 
enhances both room-temperature plasticity and high-
temperature strength by promoting interface strengthen-
ing and strain accommodation.

In contrast, a fully eutectic microstructure is observed 
in the Ta0.4 alloy (Figure 3(a)), characterized by regu-
larly alternating FCC and Laves lamellae with uniform 
thickness. Systematic observations of the eutectic inter-
faces reveal the straight, semi-coherent phase boundaries 
(Figure 3(b)). There are no short-range ordered struc-
tures within these regions, instead there are nanoscale 
atomic misalignment zones (Figure 3(c)). This type of 
interfacial configuration features moderate lattice mis-
match and possesses semicoherent strain energy, con-
tributing to material strengthening through dislocation 
pinning, while simultaneously acting as a potential site 
for crack initiation due to its limited interfacial bond-
ing strength [11, 34]. When the Ta content reaches 
0.5, a hypereutectic microstructure forms, featuring pri-
mary Laves phase alongside irregular eutectic colonies 
(Figure 3(d)). It is noted that the primary phases appear 
only in the hypo- and hypereutectic alloys. And the 
grain sizes of the primary FCC or Laves phases (Fig-
ures 2(b) and 3(d)) are larger than their counterparts 
in the eutectic colonies. Furthermore, the volume frac-
tions of the FCC and Laves phases are 81% and 19% in 
the Ta0.3 alloy, 62% and 38% in the Ta0.4 alloy, and 30% 
and 70% in the Ta0.5 alloy, respectively. In hypereutectic 
alloys, phase boundaries similarly exhibit a straight mor-
phology (Figure 3(e)), yet they are incoherent without 
short-range ordered structures or atomic rearrangement 
zones (Figure 3(f)). It is worth noting that the interface 
between the finer eutectic Laves phase and the FCC phase 
remains predominantly semi-coherent. In other words, 
the phase boundaries in Ta0.5 alloy are a mixture of semi-
coherent and incoherent types. These high-energy inter-
faces strongly impede dislocation motion during defor-
mation, but simultaneously promote stress concentration 
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Figure 2. Microstructure and OSPB in Ta0.3 alloy. (a) Phase identification via XRD pattern. (b) The hypoeutectic structure and its dual-
phase diffraction patterns and (c) the corresponding EDS mappings, line-scanning element analysis recorded along the white line for Co, 
Cr, Fe, Ni, and Ta. (d) HAADF image of OSPB morphology and the corresponding FFT patterns of I and II, along with the intensity profile 
measured along the white arrow, are displayed in the bottom row. (e) Enlarged image of OSPB. (f ) Coherent characteristic and periodic 
dislocations of the OSPB, (g-h) ordered feature of the OSPB.

and phase boundary migration, thereby elevating frac-
ture susceptibility and compromising high-temperature 
stability [38].

The absence of OSPBs in the Ta0.4/Ta0.5 alloys, in 
contrast to the Ta0.3 alloy, is attributed to distinct solid-
ification paths and Ta partitioning behaviors [7]. In 
the Ta0.3 alloy, the primary FCC phase that is poor in 
Ta (Figure 2(c)) solidifies first across a relatively wide 
temperature range. Since Ta (with partition coefficient 
k < 1) is rejected into the liquid, it progressively enriches 
the remaining liquid, forming a solute-rich boundary 
layer. This enrichment induces constitutional undercool-
ing, which in turn facilitates the formation of serrated 
phase boundaries [39]. Furthermore, the ensuing eutectic

reaction under such Ta-rich conditions promotes L12
short-range ordering at the FCC/Laves interfaces. Then, 
the L12 nanodomains act as pinning sites, impeding 
boundary migration during solidification and inducing 
the serrated morphology [40]. In the Ta0.4 alloy, solidi-
fication proceeds isothermally via the eutectic reaction. 
Under such near-equilibrium conditions, the coupled 
growth of the two phases dominates the interface mor-
phology. This cooperative growth mechanism favors the 
formation of a regular lamellar structure with flat inter-
faces to maintain efficient diffusion coupling and mini-
mize the total interfacial energy [41]. In the Ta0.5 alloy, 
the primary Laves phase is intrinsically Ta-rich (Fig. S3). 



6  Y. LUO ET AL.

Figure 3. Phase boundary characteristics in Ta0.4 and Ta0.5 alloys. (a–c) Ta0.4 alloy: (a) Lamellar eutectic colony morphology and corre-
sponding SAED patterns of the FCC and Laves phases. (b) A typical straight phase boundary (SPB) exhibiting a semi-coherent relationship. 
(c) HRTEM image of the SPB, showing the absence of short-range ordered structures. (d-f ) Ta0.5 alloy: (d) Hypereutectic microstructure 
and corresponding SAED patterns. (e) Prevalent straight phase boundary with an incoherent relationship. (f ) HRTEM image confirming 
the lack of short-range ordering at the incoherent boundary.

Consequently, Ta preferentially partitions into the pri-
mary Laves phase during solidification. This preferential 
partitioning consumes most of the Ta early in solidi-
fication, leaving the remaining liquid Ta-depleted and 
thus suppressing constitutional undercooling at the sub-
sequent eutectic growth front, which hinders the forma-
tion of serrated phase boundaries. In addition, the Ta-
depleted conditions suppress L12 short-range ordering at 
the FCC/Laves interfaces, which in turn inhibits OSPBs 
formation. The primary Laves phase also acts as a phys-
ical constraint, limiting the subsequent eutectic growth 
within its interstices.

3.3. Phase and OSPB stabilities at 1123K

To elucidate the origin of the superior high-temperature 
performance of the Ta0.3 alloy, the microstructures of 
the three alloys deformed at 1123K were characterized. 
The Ta0.3 alloy exhibits an L12-strengthened primary 
FCC phase, and the eutectic region maintains its mor-
phology despite slight coarsening, indicating excellent 
microstructural stability at 1123K (Figure 4(a)). In the 
Ta0.4 alloy (Figure 4(b)), the original eutectic lamellae 

undergo coarsening, fragmentation, and recrystalliza-
tion. While the primary Laves phase in the Ta0.5 alloy 
remains relatively stable, the initially disordered eutectic 
region also exhibits evident recrystallization and phase 
transformation (Figure 4(c)). For a more direct compar-
ison of microstructural stability among the three alloys, 
the recrystallized fraction and the coarsening degree of 
the eutectic regions were quantified in Figure 4(d). The 
fully eutectic microstructure exhibits the lowest stabil-
ity, characterized by the highest recrystallized fraction 
and severe lamellar coarsening. In contrast, the hyper-
eutectic structure shows less eutectic coarsening but a 
higher recrystallized fraction than the hypoeutectic alloy. 
The recrystallized volume fraction is closely correlated 
with the melting points of the constituent phases, which 
were calculated using the rule of mixtures based on their 
actual compositions, as presented in Figure 4(e). It can 
be observed that the melting points of both the pri-
mary FCC phase and the eutectic Laves phase in the 
Ta0.3 alloy are higher than those of the correspond-
ing phases in the other alloys, which partially accounts 
for its superior microstructural stability at elevated
temperatures.
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Figure 4. Phase and OSPB stability at 1123 K. BF images of (a) Ta0.3, (b) Ta0.4, and (c) Ta0.5 alloys, respectively, reflecting the phase stability. 
(d) Quantitative variation of recrystallization volume fraction and relative eutectic phase size with Ta content. (e) Melting points of primary 
FCC, primary Laves, eutectic FCC, and eutectic Laves phases across the three alloys. (f ) The angular misorientation between the two sides 
of the serrated phase boundary was quantified by tilting each region to its respective zone axis. For region I, the α and β tilt angles 
were −9.27° and 2.38°, respectively. Region II was aligned with tilt angles of −11.63° and 19.04°. (g-h) A stable OSPB observed after 
deformation at 1123 K.

In addition, the OSPB provides a further contribution 
to the high-temperature phase stability. Figure 4(f) dis-
plays the misorientation between the grains on both sides 
of the OSPB (Region I and Region II) after deformation at 
1123K. When the zone axis of region I is aligned, the cor-
responding α and β angles are –9.27° and 2.38°, respec-
tively, while for region II they are –11.63° and 19.04°. The 
considerable angular difference confirms that high-angle 
grain boundary (HAGB) exists across the OSPB. The 
significant misorientation suggests that the OSPB pref-
erentially forms at high-angle grain boundaries, which 
aligns with the findings of Jeong [17]. This behavior stems 

from the high interfacial energy characteristic of high-
angle grain boundaries, which promotes interface serra-
tion as a mechanism to lower the overall energy. After 
compression at 1123K, the OSPB remained observable 
in the microstructure (Figure 4(g and h)), demonstrating 
its intrinsic high-temperature stability. This stable inter-
face also effectively pins the high-temperature phases, 
suppressing their coarsening and transformation [42]. 
Importantly, long-term annealing of the Ta0.3 alloy at 
1123K for durations of 1 and 6 h resulted in only minor 
changes to the phase morphology, OSPBs, and mechani-
cal properties (Fig. S6), confirming its excellent thermal 
stability.
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Figure 5. High-temperature deformation mechanism of Ta0.3 alloy. (a–c) Deformation microstructure at 923 K. (a) Primary FCC and 
eutectic phases retain morphology, (b) dense dislocations in FCC phase, eutectic deforms locally without twinning, (c) L12 precipitates 
cut dislocations. (d–f) Deformation microstructure at 1023 K. (d) Stable morphology is maintained, (e) twins and dislocations coexist in 
FCC, and interfacial defects are present in the eutectic, (f ) twin-L12 interaction subdivides the dislocation structure. (g–i) Deformation 
microstructure at 1123 K. (g) The activation of more twins and their interaction with dislocations, (h–i) the twin size increases in FCC, and 
SFs assist deformation.

It is worth noting that the Ta0.3, Ta0.4, and Ta0.5
alloys exhibit substantial differences in FCC/Laves phase 
fractions, primary FCC or Laves, and eutectic mor-
phology (labyrinthine, regular lamellar/irregular). These 
microstructural features undoubtedly affect mechani-
cal properties at RT or 1123K. However, the nature of 
phase boundaries is the most fundamental and critical 
factor tailoring the mechanical behavior. That is, with-
out OSPBs, the alloy would readily crack along phase 
boundaries at RT or undergo microstructural coarsening 

at elevated temperatures, resulting in structural degrada-
tion and unstable mechanical performance.

3.4. High-temperature deformation mechanism of 
hypoeutectic alloy

To elucidate the mechanisms behind its high compressive 
plasticity and intermediate-temperature embrittlement 
resistance, the high-temperature deformation substruc-
ture of the Ta0.3 alloy was observed in Figure 5. After 
compression at 923K, both the primary FCC phase and 
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the eutectic region largely retained their original mor-
phology without noticeable grain coarsening, recrystal-
lization, or structural instability (Figure 5(a)). Exten-
sive dislocation tangles, forming planar slip bands, were 
observed within the primary FCC phase (Figure 5(b)), 
which accounts for its excellent work hardening ability. 
In contrast, within the eutectic region, deformation is 
cooperatively accommodated by both the Laves and FCC 
phases. During the initial stage of deformation, the softer 
FCC phase yields first, undergoing plastic strain primar-
ily through dislocation slip and multiplication, thereby 
bearing the majority of the applied strain and transfer-
ring stress to the surrounding Laves phase (Fig. S7) [11, 
34]. As strain increases, the hard Laves phase progres-
sively becomes the dominant load-bearing constituent. It 
accommodates macroscopic deformation through mech-
anisms such as elastic bending, coordinated rotation, 
and the initiation of microcracks [43,44], which helps 
to alleviate local stress concentrations and delay prema-
ture fracture. Due to its intrinsic brittleness, the Laves 
phase exhibits very limited intrinsic plastic deformabil-
ity [45], with its deformation dominated by these brittle 
accommodation mechanisms rather than by dislocation-
mediated slip. Although L12 ordered precipitates are 
present in the primary FCC phase (Figure 5(c)), they 
not only effectively impede dislocation motion but also 
positively contribute to the overall high-temperature per-
formance. After compression at 1023 and 1123K, the 
microstructure remains stable (Figure 5(d and g)). Defor-
mation twins are observed at both temperatures, with the 
twin width increasing as the temperature rises (Figure 5(e 
and h)). The interaction between dislocations, stacking 
faults, twins, and the L12 precipitates (Figure 5(f and i)) 
plays a crucial role in the strengthening mechanisms and 
strain-hardening behavior of the Ta0.3 alloy.

In addition, the OSPB play a critical role in coordinat-
ing deformation and facilitating stress transfer between 
the hard Laves phase and the ductile FCC matrix, a func-
tion that is equally operative at RT. Consequently, the 
phase fraction is not the decisive factor for ductility. If 
it were, Ta0.4 and Ta0.5 would show markedly different 
plasticity given their large difference in phase fractions, 
yet their plasticity is comparable (Figure 1(a)). The peri-
odically ordered, serrated interface structure provides a 
larger effective interfacial area and enhances mechani-
cal interlocking, which strengthens bonding and reduces 
the risk of interfacial decohesion [46,47]. During defor-
mation, the serrated morphology promotes progressive, 
stable yielding by inducing multi-directional stress con-
centrations that promote activation of multiple slip sys-
tems in the adjacent FCC phase. This helps to distribute 
strain more uniformly and delays localized stress buildup. 
Furthermore, the ordered interfacial structure acts as an 

effective barrier to dislocation motion, causing disloca-
tions to accumulate and rearrange near the boundary. 
This not only enhances strain hardening but also enables 
efficient stress transfer from the softer FCC phase to 
the harder Laves phase through shear and normal stress 
components along the interlocked boundary facets [48]. 
The OSPB thereby mitigates strain incompatibility, sup-
presses interfacial cracking, and contributes significantly 
to the alloy’s sustained plasticity and strength under 
mechanical loading.

4. Conclusion

In summary, we developed a hypoeutectic alloy with 
ordered-serrated phase boundaries, achieving a remark-
able combination of excellent plasticity, considerable 
high-temperature strength, and superior thermal stabil-
ity. The nanoscale ordered-serrated structure at phase 
boundaries plays a critical role in strengthening inter-
faces, mediating strain delocalization, and activating 
multiple-deformation mechanisms. Further, the solidi-
fication sequence of the primary and eutectic phases 
strongly dictates the distribution of the high-melting-
point Ta, thereby raising the melting points of constituent 
phases and improving the microstructural stability of the 
hypoeutectic alloy. This interface modulation strategy 
provides a viable route for developing structural materials 
suitable for high-temperature applications.
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