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Metal-carbide eutectics with multiprincipal elements

make superrefractory alloys

Qingin Wei'?, Xiandong Xu'*, Qiang Shen?*, Guogiang Luo?, Jian Zhang?, Jia Li?, Qihong Fang?,
Chain-Tsuan Liu*, Mingwei Chen’*, Tai-Gang Nieh®*, Jianghua Chen’*

Materials with excellent high-temperature strength are now sought for applications in hypersonics, fusion reactors,
and aerospace technologies. Conventional alloys and eutectic multiprincipal-element alloys (MPEAs) exhibit
insufficient strengths at high temperatures due to low melting points and microstructural instabilities. Here, we
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report a strategy to achieve exceptional high-temperature microstructural stability and strength by introducing
eutectic carbide in a refractory MPEA. The synergistic strengthening effects from the multiprincipal-element mixing
and strong dislocation blocking at the interwoven metal-carbide interface make the eutectic MPEA not only have
outstanding high-temperature strength (>2 GPa at 1473 K) but also alleviate the room-temperature brittleness
through microcrack tip blunting by layered metallic phase. This strategy offers a paradigm for the design of the
next-generation high-temperature materials to bypass the low-melting point limitation of eutectic alloys and

diffusion-dominated softening in conventional superalloys.

INTRODUCTION

The emerging hypersonic applications and reusable rocket technol-
ogies require exotic hot-end materials having a high strength under
high-temperature and high-pressure conditions. Traditional Ni-, W-,
and Mo-based solid-solution alloys have been widely applied in service
because of their excellent high-temperature strength (1-3). However,
at temperatures above 1373 K, the strengths of these single principal-
element alloys decline quickly and are limited by diffusion-dominated
softening. Recently, a new class of refractory multiprincipal-element
alloys (MPEAs) has been shown to exhibit enhanced high-temperature
strength because of their high mixing entropy that stabilizes the micro-
structure (4-7). For example, MoNbTaW and MoNbTaWV ex-
hibited engineering compressive yield strengths of above 400 MPa
and ultimate strengths of above 470 MPa at 1873 K (6, 8), which were
notably higher than that of their metals and dilute alloys counterparts
(2, 3). However, these refractory MPEASs still quickly lost strength at
1473 K because of rapid grain coarsening.

To overcome microstructural instability, eutectic alloys with the
addition of a second phase are required to stabilize the microstruc-
ture at high temperatures, so that the co-strengthening effects of the
grain boundary and second phase can be used (9, 10). In addition,
wisdom learned from the two-phase (y/y’) structures in Ni-based
superalloys (11, 12) and directionally solidified NiAl-Mo eutectic
composites (13, 14) suggests that eutectic alloys with interwoven
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fine eutectic microstructures can provide a promising pathway to
achieve both high-temperature strength and room-temperature
plasticity (15, 16). From a metallurgical point of view, eutectic com-
position with a relatively low melting point benefits high castability
and excellent processability, for example, the directionally solidified
NiAl-Mo eutectic alloy. However, directionally solidified NiAl-Mo
eutectic alloy is noted to suffer from a weak interface and a low creep
resistance of the NiAl matrix and Mo fibers (13, 14). To further
enhance the high-temperature strengths, several eutectic MPEAs
have been developed, which were demonstrated to achieve excellent
chemical and structural stabilities at elevated temperatures (15, 17).
However, these eutectic MPEAs are also noted to exhibit insuffi-
cient resistance to high temperatures due to relatively low melting
points (<1673 K).

Additional efforts were made by incorporating ceramic phase into
refractory MPEAs, such as Moy sNbHf, 5ZrTiSi,, Moy sNbHfTiV 55iy,
and C,Hf;,5sNbTaW, s, to improve the high-temperature strength
(18-20). These refractory MPEAs have been demonstrated to have
a good combination of improved high-temperature strength and
room-temperature plasticity. Again, the silicide-reinforced MPEA
alloys have demonstrated a poor strength of less than 250 MPa at
1473 K, while the C,Hfj ,sNbTaW 5 alloys showed microstructural
instability with the formation of nanoprecipitates after annealing at
1673 K and recrystallization when compressed at 1473 K.

It has been shown previously that the addition of 0.5Re (molar
fraction) to the MoNbTaW MPEA could enhance the alloy’s strength
and ductility simultaneously (21). Inspired by this study, we further
introduce high-strength carbide to the Reg sMoNbTaW to promote
the formation of a eutectic structure, as predicted from the quasi-
binary M-C (M = Mo, W, Ta, and Nb) phase diagrams, in which a
notably eutectic structure composed of concentrated solid-solution
phase and carbide is expected to form (22-24). Therefore, in the cur-
rent study, we develop refractory metallic-carbide Reg sMoNbW (TaC),
(x=0.8,0.9, 1.0) eutectic MPEAs with tunable microstructure. The
eutectic composition is readily realized by arc-melting a mixture
of TaC and ReygsMoNbW. It is noted that the mixing of NbC with
ReysMoTaW also gives the same alloy composition.
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We demonstrate that these alloys can achieve (i) excellent micro-
structural stability of eutectic (TaC), (x = 0.8, 0.9, and 1.0), (ii) excep-
tional high-temperature strength by the carbide phase, (iii) solid-solution
strengthening of the matrix, and (iv) good room-temperature plas-
ticity of the metallic phase. As a result, the designed superrefractory
alloy is expected to have superhigh-temperature strength and mi-
crostructural stability while maintaining appreciable plasticity at
ambient temperature. Our results show that the (TaC), (x = 0.8, 0.9,
and 1.0) eutectic alloys have a yield strength of up to 1.1 GPa and
compressive strength of 2.12 GPa at 1473 K, together with good
room-temperature plasticity of ~10%.

RESULTS

Microstructures of the as-cast (TaC), (x = 0.8, 0.9, 1.0) alloys
(TaC), (x=0.8, 0.9, and 1.0) alloys were cast using high-purity
powders (see the Supplementary Materials). Scanning electron mi-
croscopy (SEM)-backscattered electron (BSE) images (Fig. 1A)
and x-ray diffraction (XRD) patterns (fig. S1) of the alloys reveal
that a fully eutectic microstructure consisting of the body-centered

cubic (BCC) phase (lattice parameter, a = 0.3194 nm) and the Na-
Cl-type face-centered cubic (FCC) carbide phase (a = 0.4414 nm)
was observed in (TaC), ¢ alloy with a eutectic composition, whereas
the primary BCC and primary FCC carbide phases were observed in
(TaC)o.s hypoeutectic and (TaC), o hypereutectic alloys, respective-
ly. In the SEM images, the grain sizes of the primary BCC and carbide
phases in the hypo- and hypereutectic alloys appear larger than that
of eutectic colonies. It is noted that the primary phases only appear
in the hypo- and hypereutectic compositions.

Quantitative chemical analyses by combining electron probe mi-
croanalyzer (EPMA) and energy-dispersive x-ray spectroscopy (table
S1 and fig. S2) demonstrate that the BCC phase is a multiprincipal-
element phase with a composition of W3, Mo,; 9Rej67Ta158Nb1335,
while the FCC carbide phase is also a multicomponent carbide with
a composition of (Nbag ¢Ta277M044Wa4 1)643Cs52. Structure analyses
by the transmission electron microscopy (TEM) imaging and selected-
area electron diffractions (SAED) further confirm the presence of BCC
and multicomponent carbide phases, as well as an approximate
Kurdjumov-Sachs (K-S) orientation relationship between the BCC
phase and the multicomponent carbide, i.e., (011)pcc//(111)carbide and

(TaC),, hypoeutectic
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Fig. 1. Microstructure of the as-cast (TaC), (x = 0.8, 0.9, and 1.0) alloys. (A) SEM-BSE images of (TaC),. (x=0.8, 0.9, and 1.0)alloys show a fully eutectic microstructure
of the (TaC)g . (B) Bright-field TEM image with experimental (inserted) and simulated SAED patterns of the eutectic structure in the (TaC)o alloy. (C) Edge-on view of
two typical BCC/carbide phase interfaces (the bottom images are slightly tilted away from the zone axes of the top images). ZA and subscript letter B refer to zone axes
and BCC phase, respectively. Both subscript letter F and FCC-MCC refer to the multicomponent carbide.
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[11T]cc//[10T] carbides this relationship is defined by the {110}pcc//
{111}carbide and <111>pcc//<110>carbide (Fig. 1B and fig. S2).

To unveil the fine structure of the BCC/carbide interfaces depicted
by dash lines from reciprocal space, we simulated single-crystal
electron diffraction patterns on the basis of experimental inputs to
extrapolate information beyond experimental resolutions. The sim-
ulated patterns reveal a relationship defined by (314)pcc//(212)carbides
as shown by the arrows in Fig. 1B. In the real space, the flat interfaces
through aberration-corrected high-resolution TEM by slightly tilting
away from the crystal zone axis show a zigzag morphology with
visible interfacial dislocations, as depicted by dashed lines in Fig. 1C. The
interfaces contain an array of misfit dislocations that accommodate
the lattice mismatch between the two phases (25, 26). Theoretically,
the zigzag interface is considered an intrinsic structural feature of
eutectics with low interfacial energy (25-28), which is expected to
have high thermal and mechanical stabilities against interfacial diffusion
and sliding—main contributors for high-temperature softening.

Compressive properties

Engineering and true compressive stress-strain curves of the (TaC),
(0.8,0.9, and 1.0) alloys at 1473 and 298 K are displayed in Fig. 2 (A
and B). For comparison, stress-strain curves of the (TaC)g s hypoeu-
tectic alloy were also included (29, 30). Among (TaC), MPEAs, the

(TaC)g9 eutectic alloy exhibits the highest 0.2% offset engineering
yield strength (1.08 GPa) and compressive strength (2.12 GPa) with
a plastic strain of ~22.5% without fracture at 1473 K (Fig. 2A). In
contrast to the limited room-temperature plasticity of most MPEAs
(5, 6), which soften at T > 1473 K, the present (TaC), alloys retain a
plastic strain even up to 6.7 to 10.2%, suggesting good processability.
In particular, the (TaC)o ¢ alloy exhibits the best strength-plasticity
combination with an engineering yield strength of 1.44 GPa, a com-
pressive strength of 2.55 GPa, and a plastic strain of 8.5% at 298 K
(Fig. 2B). The compressive properties in the (TaC), alloys at 298
and 1473 K demonstrate simultaneous good high-temperature resist-
ance to softening and appreciable plasticity at room temperature.
To further investigate the temperature dependence of the com-
pressive properties of the (TaC) alloy, strain-stress curves at tem-
peratures ranging from 298 to 1473 K were acquired and displayed
in Fig. 2C. The engineering yield strength and compressive strength
values at various temperatures are summarized in Fig. 2 (D and E)
and compared with that in the conventional high-temperature
alloys. It is evident that the (TaC)o9 MPEA shows substantially higher
values of the engineering yield strengths and compressive strengths
at high temperatures, as compared with Ni-based superalloys (6),
NiAl-Mo alloy (13), refractory W and Mo alloys (3, 31-34), high-
strength refractory MPEAs (6, 35-37), and HfMog sNbTiV 55i, and
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Fig. 2. Compressive properties of the (TaC), (x= 0.8, 0.9, and 1.0) alloys. (A and B) Stress-strain curves of the (TaC), (x=0.8, 0.9, and 1.0)alloys at 1473 and 298 K showed high
strength and good plasticity. (C) Stress-strain curves of the (TaC)o o alloy at different temperatures. (D and E) A comparison of the temperature dependence of engineering yield
strengths and compressive strengths of the (TaC)o 9 with Ni-based alloys, NiAl alloy, W alloys, Mo alloys, and MPEAs shows ultrahigh strength of the (TaC)o o eutectic alloy.
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C,Hfo2sNbTaW 5 eutectic MPEAs (19, 20). It is particularly pointed
out that the (TaC)g alloy with a eutectic structure exhibits the best
high-temperature compressive properties, demonstrating that the
refractory multiprincipal-element metal-carbide eutectic micro-
structure is effective in achieving exceptional high-temperature me-
chanical properties.

Postdeformation microstructures

SEM observations were carried out to characterize the postdeforma-
tion microstructure of the (TaC), alloys after compression at 1473 K
(fig. S3). Compared to the as-cast alloy, a notable coarsening of
the primary BCC phase was observed in the (TaC)y g hypoeutectic
alloy. By contrast, the (TaC)o g eutectic alloy shows no discernable
microstructural coarsening, suggesting high thermal stability of the
eutectic microstructure. Notably, the (TaC), o hypereutectic alloy with
the excessive primary carbide also shows high thermal stability against
microstructure coarsening at the deformation temperatures; this
arises from the intrinsic high stability of the carbide phase. However,
the excessive primary carbide deteriorates the room-temperature
plasticity of the (TaC); o hypereutectic alloy as displayed in Fig. 2B.

Electron backscatter diffraction (EBSD) experiments were also
conducted to detect changes in both the dislocation density and
crystallographic orientation relationship of the (TaC)og alloy after
deformation (fig. S4). The results reveal an exceedingly low dislo-
cation density in both the BCC and carbide phases before the com-
pression. However, after compression at 298 K, a high density of
dislocations evolved in the BCC phase, while no dislocation was
detectable in the carbide phase. Dislocation densities in both BCC
and carbide phases increase with increasing compression tempera-
ture, as demonstrated in the kernel-based local average misori-
entation (LAM) images. The high-density dislocations revealed by
LAM images at all temperatures reside only in the BCC phase
and concentrate in the vicinity of BCC/carbide interfaces, suggesting
that the relatively soft BCC phase contributes to the plastic defor-
mation and that the phase interfaces can effectively block disloca-
tions gliding. Meanwhile, numerous 60° <111> deformation twins
become visible in the carbide phase after compression at 1273 K,
and the number of twins increases substantially when samples were
compressed at 1473 K, as indicated by arrows in fig. S4C. The for-
mation of these deformation twins is also confirmed by the EBSD
analysis of randomly selected two regions (fig. S5) and by the TEM
observations (fig. S6).

In addition to the dislocation density changes, crystallographic
orientation relationships between the carbide and BCC phases are
determined by randomly selecting 16 eutectic colonies from the in-
verse pole figure maps. The results reveal that 12 of 16 colonies have
the approximate K-S orientation relationship, namely, (011)gcc//
(111)carbide and [11T]pcc//[10T]carbide> Which is in good agreement
with the SAED result shown in Fig. 1B. However, no well-defined
orientation relationship for the remaining four colonies was detected,
indicating that most of the eutectic colonies nearly accommodate
the K-S orientation relationship. The K-S orientation relationship
was found to retain after compressions at both room and elevated
temperatures with a slight deviation of crystal plane angles (fig.
§4D), affirming the high thermal and mechanical stabilities of the
eutectic structure.

Postdeformation microstructures of the (TaC)g 9 alloy deformed
at 298, 1073, and 1473 K were further examined using TEM to
understand the intrinsic correlation between the microstructure and

Wei et al., Sci. Adv. 8, eabo2068 (2022) 8 July 2022

compressive properties (Fig. 3, A to C). The BCC phase contains a
high density of dislocations with a wavy dislocation character after
compression at all temperatures, while no visible dislocations are
detectable in the carbide phase in the (TaC)yg alloy compressed at
298 K to 2.55 GPa (Fig. 3A), suggesting that the dislocation nucle-
ation and propagation are hindered at room temperature. The non-
deformable carbide phase at 298 K is also supported by the existence
of fine cracks frequently observed by TEM and SEM, while the soft-
er BCC lamellae serve as buffers to blunt crack tips and to shield the
high local stresses (Fig. 3A and fig. S7). These high-density microc-
racks act effectively to release local concentrated stresses and im-
prove plasticity (38, 39).

With increasing compression temperature (at 1073 K to 2.29 GPa),
the brittle carbide phase in the (TaC)gg alloy shows numerous full
dislocations (Burger’s vector <011>a/2) and a high density of stack-
ing faults (Fig. 3B), suggesting that a brittle-to-ductile transition
takes place in the carbide phase at high temperatures. Further in-
creasing the deformation temperature to 1473 K leads to a further
increase in the number of stacking faults (Fig. 3C). The nature of
these stacking faults in the carbide phase deformed at 1073 and
1473 K is additionally verified by bright-field TEM imaging, together
with the SAED experiments (Fig. 3D). The fine structure of these
stacking fault ribbons was analyzed by high-angle annular dark-
field aberration-corrected scanning TEM imaging and revealed
an alternative stacking of two-/three-layer hexagonal close-packed
(HCP; denoted as “h”) and FCC phase (denoted as “c”; Fig. 3E). The
presence of the stacking faults with an HCP arrangement indicates
deformation-induced FCC-to-HCP transformation, which is attrib-
utable to a decrease in stacking fault energies. From an atomistic
perspective, the stacking faults occur by the passage of partial dislo-
cations (denoted as “P”) at the phase interfaces (Fig. 3, C and F),
where the nucleation of both partial dislocations and full disloca-
tions (Frank-Read mode) denoted as “N” takes place because of the
high internal stress from the interfacial dislocation pileup, as shown
in Fig. 3C.

DISCUSSION

Correlation between entropy and the outstanding
high-temperature properties

The postcompression microstructure was analyzed by SEM-EBSD
and TEM, which revealed a dislocation-dominated deformation
in both the BCC and carbide phases up to 1473 K. In general, the
high-temperature deformation is governed by diffusion-related mech-
anisms such as dislocation creep, grain boundary sliding, and inter-
facial sliding. The fact that high-temperature plasticity was caused
by dislocation motion in the (TaC)y9 MPEA suggests that atomic
diffusion was effectively suppressed by the high configurational en-
tropies of both multicomponent BCC and carbide phases, and solid-
solution strengthening was acting as the effective strengthening
mechanism. On the basis of the compositions depicted in table S1,
the configurational entropy values for the BCC and carbide phases
are calculated to be 1.56R and 1.08R—both are distinctively larger
than those for conventional alloys, which usually only have a value
of less than 0.69R (where R is the gas constant) (4). It has been sug-
gested that high configuration entropy may lead to sluggish diffu-
sion in MPEAs (40-42). For example, a comparison of the tracer
diffusion of Ni in pure Ni, ternary CrFeNi, quaternary CoCrFeNi,
and quinary CoCrFeMnN:i alloys as a function of homologous high
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Fig. 3. TEM analysis of the deformed (TaC)o o alloy shows the evolution of defects with increasing compression temperatures. (A) 298-K deformed alloy with a
compressive strength of 2.55 GPa, (B) 1073-K deformed alloy with a compressive strength of 2.29 GPa, and (C) 1473-K deformed alloy with a compressive strength of 2.12 GPa.
(D and E) Stacking faults in the 1473-K deformed multicomponent carbide (FCC-MCC). (F) A high-resolution TEM image of the phase interface shows the origins of partial
dislocations. (G) Schematic diagram of defect evolution. SF refers to stacking faults in (G). ocs refers to the compressive strength.

temperature revealed that the diffusion rate of Ni decreases with an
increase in the number of elements because of the increased vari-
ability of local energy barriers for a diffusion atom (40). The slug-
gish diffusion in the refractory MPEAs is further demonstrated by
the fact that the MoNbTaW alloy with a lower entropy value (1.38R)
is less resilient to the high-temperature deformation as compared to
that of the MoNbTaW'V alloy with a relatively higher entropy value
(L.6R) (6).

The observation of a high density of dislocations in BCC and
stacking faults in the carbide phase after compression above 1073 K

Wei et al., Sci. Adv. 8, eabo2068 (2022) 8 July 2022

(Fig. 3, B and C) conforms with the result of high-temperature plas-
ticity in the (TaC)g ¢ alloy. The good plasticity of the (TaC)o9 MPEA
evidently results from dislocation activities at high temperatures,
which can effectively mitigate the stress concentrations at carbide/
BCC interfaces to prevent the formation of cracks.

The observed deformation mode for the multicomponent carbide
phase after compression at high temperatures occurs dominantly by
partial dislocations that generate stacking faults, HCP phase, and
deformation twins (Fig. 3, B to F, and figs. S4 to S6). The simultane-
ous observations of twin and stacking faults at high temperatures
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appear to be contradictory, as these faults are not expected to be
observed because stacking fault energy could increase with tem-
peratures (43, 44). In general, the carbide phase exhibits a brittle
manner, arising from their high Peierls-Nabarro stresses that pre-
vent the activation of dislocations at room temperature. It undergoes
a brittle-to-ductile transition at high temperatures as a sufficient
number of dislocation slip systems can be thermally activated (45, 46).
At high temperatures, therefore, the conventional single-phase car-
bides (e.g., TaC and NbC) are usually deformed only by perfect dis-
location glide on {111} planes (47, 48). The present observation that
many stacking faults and deformation twins appear in the multi-
component carbide phase in the (TaC)o9 MPEA supports that
the multicomponent carbide has a lower stacking fault energy than
those of conventional monocarbides, which leads to the improved
fracture toughness of high-entropy carbide (49, 50). Similar to many
reported MPEAs, this reduced stacking fault energy is mainly at-
tributable to the chemical effect of the high entropy (51), in which
the addition of alloying elements can decrease the stacking fault
energy and promote plastic deformation by twinning and stacking
faults (44, 52). Meanwhile, the formation of deformation twins is
considered local stress dependent, which occurs with increasing
plastic strains at high temperatures (53).

Interface-stabilized eutectic MPEAs

In comparison with the (TaC)q g hypoeutectic alloy, which exhibits
arapid coarsening of the primary BCC phase upon high-temperature
compression (fig. S3), the highly stable microstructure of the (TaC)gq
fully eutectic alloy is attributable to thermally stable BCC/carbide
phase interfaces, in addition to the entropy-stabilized BCC and car-
bide phases. The improved microstructural stability via the eutectic
composition is also reflected by the fact that TaC-free MONbTaWV

MPEA, even with a high-entropy value, exhibits distinct grain
coarsening upon deformation at 1073 K (6). Therefore, grain bound-
ary and second-phase strengthening play essential roles in the ex-
ceptional high-temperature microstructural stability and strength.
For coherent/semicoherent interfaces, the continuity of lattice planes
across the interfaces can be preserved fully or partially (54), and the
lattice mismatch between two phases is accommodated by elastic
strains or geometrically necessary dislocations. Thus, there is a rel-
atively small interfacial energy, but high elastic strain energy. To
verify the nature of the BCC/carbide phase interfaces, the orienta-
tion relationship of the as-cast and deformed (TaC)q ¢ was observed

through TEM (Fig. 4). A mismatching degree factor SEZISZ)), between

the BCC and carbide phases is calculated on the basis of the Bram-
fitt lattice matching theory (55, 56)

| (duvwi €0s0) —=djaywy;, |

JEE— 3

TR, _

S(hkl)n - Zl
£

%x 100% (1)

where djyyw)s and djuyw] are planar spacings along the [uvw], and
[uvw], of the BCC and carbide phases, and they are derived from
the lattice parameters measured by XRD (fig. S8); h, k, and [ are the
Miller index; 0 is an angle between two crystal planes, and its value
is summarized in table S2. The calculated mismatch degree factor of
the (TaC)g o alloy before compression is about 5.70%, which is with-
in the range for a semicoherent interface (5% < & < 25%), consistent
with the interfacial structure revealed by aberration-corrected high-
resolution TEM shown in Fig. 1C. This mismatch value remains
almost unchanged after compression at 298 and 1473 K with a value
of 5.51 and 5.68%, and this further validates the high stability of
the BCC/carbide phase interfaces, which is expected to stabilize the

Fig. 4. Orientation relationship of the as-cast and deformed (TaC)o.9 samples through TEM observation. (A and B) High-resolution TEM images and the correspond-

ing fast Fourier transform (FFT) patterns of BCC and carbide (FCC-MCC) phases.
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eutectic microstructure at high temperatures. The high thermal sta-
bility of the interfaces may be associated with the decreased interfa-
cial strain energy at high temperatures through lattice relaxation.

In addition to the high thermal stability of the interfaces, the
interlocking configuration of the BCC/carbide phases also plays
an essential role in the high-temperature stability of the eutectic
microstructure from enlarged diffusion paths along the sluggish
multiprincipal-element phase interfaces. Generally, heterogeneous
interfaces composed of immiscible materials (e.g., W-TiC, compos-
ite) have superior thermal stability, where the diffusivity is dis-
tinctively lower as compared to that of monolithic W (57, 58). As a
result, the high-temperature migration of the grain boundary is
hindered. For example, in a nanolayered immiscible Cu-Nb com-
posite with the zigzag interface, the microstructure and hardness
are stable after annealing up to 773 K (59). Meanwhile, the interface
between an ordered hard precipitate and a relatively soft matrix acts
as the bottleneck to slow down diffusion (60), and the BCC/carbide
phase interface suppresses climb-controlled grain boundary sliding
during creep as compared with those of monocarbides (47). For the
presently studied eutectic alloy, the combination of the sluggish dif-
fusion resulting from the high entropy effect and the excellent thermal
and mechanical stability resulting from metal-carbide semicoherent
interfaces contributes to the excellent high-temperature strength
and room-temperature plasticity.

In summary, we have developed a novel, fully eutectic carbide-
reinforced MPEA with a superb high-temperature strength at 1473 K
and excellent microstructural stability. The microstructure consists
of an interwoven BCC alloy-FCC carbide layered structure. At high
temperatures, the layered carbide skeleton carries the load, and the
superb strength arises primarily from solid-solution strengthening,
grain boundary strengthening, and second-phase strengthening in
the alloy matrix. At room temperature, on the other hand, the al-
loy layers buffer crack propagation, delay fracture, and promote
plasticity. The development of this innovative microstructure
offers a new route for the design of high-temperature materials by
circumventing the inherent low melting points of traditional eutec-
tic alloys and diffusion-controlled softening in conventional high-
temperature alloys.

MATERIALS AND METHODS

(TaC), MPEAs (with a molar ratio of 0.5:1:1:1:x) were synthesized
via a nonconsumable arc-melting furnace under a high-purity
argon atmosphere. Re, Mo, Nb, W, and TaC powders (high-purity
of more than 99.9%) were weighed, well mixed, pressed, and then
melted to obtain the as-cast MPEA ingots with diameters of ® 23 to
25 mm and height of about 8 mm. Each MPEA ingot was remelted
five times to ensure compositional uniformity. Room-temperature
(298 K) compression tests of cylindrical specimens with ® 2 mm by
4 mm were conducted using an Instron 5966 testing machine at a
strain rate of 2 x 107 s™". The strain was calibrated using an exten-
someter. High-temperature compression tests of cylindrical speci-
mens with @ 4 mm by 6 mm were conducted at 1073, 1273, and
1473 K in an argon atmosphere using a Gleeble 2000 thermal simu-
lator with tungsten carbide platens at a strain rate of 1 x 107 s™".
The strain here was calibrated by measuring the initial and final
lengths of the compressive specimens. The specimens were com-
pressed to a 28% height reduction or to fracture, whichever hap-
pened first.

Wei et al., Sci. Adv. 8, eabo2068 (2022) 8 July 2022

An x-ray diffractometer with Cu-Ko radiation was used to mea-
sure the crystal structure of the MPEAs at 40 kV and 40 mA. SEM
(Thermo Fisher Scientific, Helios 5 CX DualBeam) and aberration-
corrected (scanning) TEM (S/TEM; Thermo Fisher Scientific, Themis
Z) were performed to characterize the microstructure and chemistry.
An EPMA was used for measuring chemical compositions. EBSD
experiments were performed using SEM (Quanta 200).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo2068
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