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NbMoTaW refractory high-entropy alloy (RHEA) exhibits high strength and excellent softening resistance at
elevated temperature, while normal compositional modification cannot overcome the trade-off between high-
temperature (HT) strength and room-temperature (RT) plasticity. Here, we proposed a heterostructure strat-
egy by tuning dendrite segregation to reach large RT plasticity without deterioration in HT strength. The opti-
mized NbysMoysTasWs RHEA shows large RT plasticity of 6.1% and high yield strength of 440 MPa at 1873 K,
which mainly originates from the heterostructure. Nanoscale precipitates form in the interdendrite region after
annealing at 1873 K, which further increases the RT plasticity to 9.0% with a comparable yield strength of 415
MPa at 1873 K. The strength retention up to 1873 K arises from the large modulus misfit of Nb4sMoysTasWs alloy
and the hetero-deformation in the dendrite and interdendrite regions. The nanoscale precipitates in the inter-
dendrite region is temperature-dependent and stress-promoted, which contributes to work-hardening at RT and
softening resistance at 1873 K. The dendritic heterostructure strategy in this work provide a feasible method to
toughen brittle RHEAs and paves the way to design RHEAs with excellent HT strength in combination of large RT

plasticity.

1. Introduction

High strength and excellent resistance to high-temperature (HT)
softening are essential for the application of structural materials at
elevated temperature [1-3]. Owing to the high-entropy effect and
sluggish diffusion that arising from the multi-principal mixture of high
melting-temperature elements [4,5], refractory high-entropy alloys
(RHEAs) exhibit excellent mechanical properties at HT. In 2010,
NbMoTaW RHEA was reported with high compressive strength of 600
MPa at 1873 K and remarkable softening resistance above 1200 K [6,7].
In addition, it also exhibited outstanding structural stability even after
annealing at 1373 K for 3 days [8]. In the past decade, NbMoTaW system
RHEAs have attracted widespread attention and are considered as one of
the most promising candidates for the next-generation HT-resistant
materials [9-11].

Refractory elements also leave drawbacks to NbMoTaW RHEA,
which mainly includes two aspects: i) the intrinsic brittleness with a
fracture strain of only 2.1% at room temperature (RT) makes it virtually
impossible for casting or machining [7]; ii) a high density of 13.75 g/
cm? reduces the specific strength [6]. Recently, many efforts have been
devoted to overcoming these dilemmas [12,13]. By alloying with ductile
Ti element, Yao et al. found that the TiNbMoTaW RHEA inhibited
fracture at RT until the compressed strain exceeded 14%, and accom-
panied with a reduced density of 11.85 g/cm® [14]. Unfortunately, the
RHEA started to soften rapidly above 1073 K due to the relatively low
melting temperature (Ty,) of Ti, and the compressive strength of TiNb-
MoTaW RHEA retained only 173 MPa at 1873 K [15]. Adding Re (with
high Ty, of 3459 K) or replacing Nb by Re could also improve the RT
strength and plasticity of NbMoTaW RHEA [16,17], but deteriorate HT
strength. However, MoTaReW RHEA shows low structure stability at

* Corresponding authors at: School of Materials Science and Engineering, Jiangsu Key Laboratory for Advanced Metallic Materials, Southeast University, Nanjing

211189, China.

E-mail addresses: qwang678@seu.edu.cn (Q. Wang), blshen@seu.edu.cn (B. Shen).

https://doi.org/10.1016/j.ijrmhm.2023.106469

Received 25 August 2023; Received in revised form 21 October 2023; Accepted 1 November 2023

Available online 10 November 2023
0263-4368/© 2023 Elsevier Ltd. All rights reserved.


mailto:qwang678@seu.edu.cn
mailto:blshen@seu.edu.cn
www.sciencedirect.com/science/journal/02634368
https://www.elsevier.com/locate/IJRMHM
https://doi.org/10.1016/j.ijrmhm.2023.106469
https://doi.org/10.1016/j.ijrmhm.2023.106469
https://doi.org/10.1016/j.ijrmhm.2023.106469

B. Sun et al.

grain boundary (GB) at 1873 K, and the trade-off between the HT
strength and RT plasticity reappears [18]. These studies strongly suggest
that the co-constrains between RT plasticity, HT strength and material
density are difficult to resolve by simple compositional adjustment such
as alloying or replacement of ductile elements.

Dendrite segregation is an inevitable structure to most RHEAs pre-
pared by casting or additive manufacturing. For NbMoTaW RHEA, the
high melting-point elements (W and Ta) usually solidify as dendrites
whereas the Mo and Nb elements with relatively low Ty, tend to segre-
gate at the interdendrite region [6]. Such melting point-induced
dendrite segregation is independent of the preparation methods, and
becomes even more pronounced as the RHEA prepared by laser
manufacturing technologies with faster solidification rates [19].
Dendrite segregation in RHEAs usually has high structural stability and
is difficult to be homogenized by normal annealing treatment. It has
been reported that Cr'VNbMo RHEA still remained dendrite segregation
after annealing at 1273 K for 21 days [20]. Based on the large difference
in T, between the constituent elements, Lu et al. designed a dual-phase
ZrNbMoTaW RHEA with excellent RT plasticity of >15% and low den-
sity of 12.25 g/cm® [21]. The outstanding RT plasticity mainly attributes
to the strong heterogeneous hardening effect between the hard BCC1
dendrites and the soft BCC2 phase at the interdendrite. However,
ZrNbMoTaW RHEA softened at 1273 K, as mentioned previously, due to
the low T of Zr. For NbMoTaW RHEA, it also shows a large difference in
the Ty, between its constituent elements (~945 K) which offers possi-
bility to be toughened by the heterostructure, but this has not received
attention.

In this work, based on the intrinsic dendrite segregation behavior in
RHEA, we proposed a heterogeneous strengthening strategy to over-
come the trade-off between RT plasticity and HT strength in NbMoTaW
RHEA. NbyMoyTasoxWsox (x = 5, 25, 45 at.%) RHEAs were designed by
directly modifying the content of the segregated elements (Mo and Nb)
at the interdendrite region. The RT strength and plasticity of
NbsMosTasgxWsox RHEA were simultaneously improved without
obvious deterioration in yield strength at 1873 K, while the material
density significantly decreased to 10.35 g/cm®. The microstructure of
the as-cast, annealed and HT-deformed NbsMosTasgxWs50.x samples was
detailly analyzed to reveal the underlying mechanisms for the structure
evolution and excellent mechanical properties from RT to 1873 K. The
dendrite segregation dominated heterostructure strengthening strategy
is expected to be a simple and effective method to improve the
comprehensive mechanical properties of brittle NbMoTaW system
RHEAs in a wide temperature range.

2. Materials and methods

Ingots of NbyMoyTasgxWsox (x = 5, 25, 45 at. %) were prepared by
vacuum arc melting using bulk metals (Nb, Mo, Ta, W) with high purity
(> 99.95 wt%). Pure Ti was used as a getter to remove the residual
oxgyen in the chamber. All of the ingots were prepared with a melting
current of ~300 A, and remelted at least six times to ensure high
chemical homogeneity. Annealing at 1873 K for 500 min was performed
on the as-cast ingots with a same heating and cooling rates of ~10 K/s.
The as-cast and annealed NbyMoyTasoxWsox (X = 5, 25, 45 at. %)
samples were denoted as NMx-AC and NMx-AN (x = 5, 25, 45),
respectively.

Phase structure was analyzed by X-ray diffraction (XRD, Bruker D8
Discover) with a scanning rate of 4°/min. Material density was
measured by Archimedes method using NMx-AC samples. Microstruc-
ture analysis was performed via scanning electron microscope (SEM, FEI
Nova Nano 450) equipped with back-scattering electron (BSE), electron
back-scattering diffraction (EBSD, FEI Sirion) and transmission electron
microscope (TEM, Talos F200X). SEM samples were polished by dia-
mond polishing paste and etched in a mixed acid solution (HCl:HNOs:
HF:H,0 = 3:1:1:1) for 30 s. EBSD tests were performed with a step size
of 1 pm, and the results were analyzed by Channel 5 software. EBSD
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samples were polished by SiO nano-suspension for 6 h using a vibratory
polisher (Buehler Vibromet 2). TEM samples were cut from the medium
of ingots and thinned by an ion-beam thinner (GATAN-M691). Nano-
indentation tests were carried out at ambient temperature with
NanoTest System (Micro Materials Ltd.). The interval, maximum load,
dwell time was 30 pm, 20 mN, 10 s, respectively, and both the loading
and unloading rates were 0.5 mN/s. Compression tests were conducted
with a strain rate of 10~ s7! at RT and 1873 K on an Instron-5982
machine and Zwick-KAPPA100 machine, respectively. Cylinder sam-
ples with dimensions of ®2 mm x 4 mm cut from the center of the ingots
were used for compression tests.

Equilibrium phase diagrams of the NMx alloys were calculated using
the Thermal-Calc software (version 2021a) with the TCHEA database
(version 4.2) [22,23]. The single-crystal elastic constants of NMx alloys
were calculated by the first-principal calculation with a combination of
Vienna Ab-initio Simulation Package (VASP) method [24], projector
augmented wave (PAW) method [25] and special quasi-random struc-
tures (SQSs) [26]. Besides, all the parameters for the first-principal
calculation were the same as our previous work [27].

3. Results
3.1. Mechanical properties

Compressive mechanical properties of the NMx alloys are illustrated
in Fig. 1, and the values of the yield strength, compression strength and
peak strain at RT and 1873 K are summarized in Table 1 and Table 2,
respectively. The strength and plasticity of NMx-AC samples are simul-
taneously improved as alloying with more Nb and Mo (Fig. 1a). NM45-
AC sample obtains the highest compressive strength of 1460 MPa and
the largest peak strain of 6.1%. The strength and plasticity of NMx-AN
samples show a similar improvement with the increasing content of
Nb and Mo, and NM45-AN sample exhibits the superior mechanical
properties especially with an excellent peak strain of 9.0% (Fig. 1b).
Obviously, the RT mechanical properties (especially the plasticity) of
both the as-cast and annealed NM45 alloy are much better than the
NbMoTaW RHEA (i.e., NM25 alloy). Fig. 1c shows the compressive
stress-strain curves of NMx alloys at 1873 K. The yield strength and
compression strength of NM25-AC sample is 497 MPa and 509 MPa,
respectively, which is comparable as the reported results [7]. The NM45-
AC and NM45-AN samples also have high yield strength >400 MPa,
which is surprisingly comparable with that of NM25-AC sample. In
comparison with other NbMoTaW system RHEAs [7,14,15,18,28,29],
the yield strength at 1873 K vs. the peak strain at RT, as well as the
specific yield strength at 1873 K vs. the homologous temperature, i.e.,
the ratio of testing temperature to the melting temperature (T/Ty,), of
NM45 alloy is plotted in Fig. 1d and e, respectively. Obviously, both the
as-cast and annealed NM45 samples are strong at 1873 K and ductile at
RT (Fig. 1d). Although the NbMoTaW RHEAs doping with metalloids B
or C [29] show higher RT strength and larger plasticity at 1873 K
(Fig. 1d), NM45 alloy performs better when material density and
melting temperature are considered (Fig. 1e). It is necessary to lighten
weight for the potential application towards some hot-end structural
materials that used in extreme environment. Compared with other
RHEAs, NM45 alloy has outstanding specific yield strength as tested at
high homologous temperatures, which facilitates its application as HT
structural materials with high servicing security.

Fig. 2 illustrates the fracture surface morphology of NMx-AC samples
after the compression at RT. It shows intergranular fracture for NM5-AC
sample while quasi-cleavage fracture for NM25-AC and NM45-AC
samples. Notably, the NM45-AC sample shows smaller fracture facet
with denser quasi-cleavage steps as compared with the NM25-AC sam-
ple, indicating NM45 alloy is more resistant to quick propagation of
cracks. Fig. 3 exhibits the fracture surface of NMx samples after
compression at 1873 K. All samples show material spallation from the
side surface, as indicated by the red arrows, implying a sluggish failure
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Fig. 1. Fig. 1 Mechanical properties of NMx alloys. Compressive stress-strain curves at RT for (a) NMx-AC samples and (b) NMx-AN samples; (c) compressive stress-
strain curves at 1873 K; comparison of (d) yield strength at 1873 K vs. peak strain at RT and (e) specific yield strength at 1873 K vs. homologous temperature between

NM45 alloys and other materials.

Table 1
Compression properties of NMx alloys at RT.

RHEAs Yield strength Compression strength Peak strain
(MPa) (MPa) (%)

NM5-AC 1017 + 49 1077 + 34 1.3+0.3

NM25-AC 1220 + 47 1282 + 66 2.1+0.2

NM45-AC 1334 + 32 1460 + 24 6.1 + 0.9

NM5-AN 927 + 61 996 + 151 1.2+0.3

NM25-AN 1156 + 114 1220 + 205 1.6 £1.0

NM45-AN 1120 + 23 1356 + 25 9.0+ 0.8

NbMoTaW 1058 1211 1.5

[71
Table 2

Compression properties of NMx alloys at 1873 K.

RHEAs Yield strength (MPa) Compression strength (MPa)
NM25-AC 497 509
NM45-AC 440 451
NM45-AN 415 419
NbMoTaW [7] 405 600

that corresponds to the strain softening stage in stress-strain curves.

3.2. Microstructure of the as-cast NMx alloys

Fig. 4 shows the equilibrium phase diagrams of NMx alloys and the
XRD patterns of NMx-AC samples. In Fig. 4a, the phase diagrams predict
a single body-centered cubic (BCC) phase in NM5, NM25 and NM45
alloys. The solidification temperature of NMx alloys gradually decreases
with the increasing content of Mo and Nb. The solidification tempera-
ture range AT (Tiiquid-Tsolid) is 46 K, 60 K and 15 K for NM5, NM25 and
NM45 alloys, respectively, implying all NMx alloys experience a rapid
solidification process. All NMx-AC samples exhibit a single BCC phase in
the XRD patterns (Fig. 4b), which is consistent with the prediction in
equilibrium phase diagram (Fig. 4a). Table S1 lists the theoretical and

experimental lattice constants of NMx alloys that predicted by the role-
of-mixture method [30] and calculated by the XRD patterns of NMx-AC
samples, respectively. The theoretical and experimental values are very
close. Besides, the material densities of NMx alloys were predicted by
the role-of-mixture method and measured by the Archimedes method,
respectively, and given in Table S1. The theoretical and experimental
density values are also similar for NMx alloys. It shows that increasing
the content of Nb and Mo elements significantly decreases the density of
the NMx RHEAs. NM45-AC sample has the lowest density of 10.35 g/
cm®,

Fig. 5 presents the BSE-SEM images and the EBSD orientation maps
of NMx-AC samples. All of the NMx-AC samples are composed of nearly-
equiaxed grains without obvious solidification microtexture. The
average grain size is 95 pm, 104 pm and 96 pm for NM5-AC, NM25-AC
and NM45-AC samples, respectively, indicating limited influence of the
content of Nb and Mo elements on the grain size. Obvious dendrite
segregation is visible inside the coarse grains in NM25-AC and NM45-AC
samples, but not in NM5-AC sample. Besides, both BSE-SEM images and
the orientation maps show straight GBs in NM5-AC sample while
serrated GBs in NM25-AC and NM45-AC samples. The above differences
(at GBs and within the coarse grains) indicate a changed solidification
behavior with the increasing content of low melting-point elements Mo
and Nb.

Fig. 6 presents the composition analysis by SEM-EDS for NMx-AC
samples. The elemental content within the coarse grains in NM5-AC
sample is close to its nominal value (Fig. 6a), while both the composi-
tion of dendrite (DR, as illustrated by the red arrows in Fig. 5b and c) and
the interdendrite (ID, as illustrated by the blue arrows in Fig. 5b and c)
deviates from the nominal composition in NM25-AC and NM45-AC
samples. The segregation ratio of the elements at DR can be calculated
by K; = cPR/cP [6,31], where K;, cPR and cP represents the segregation
ratio, the content at DR region and the content at ID region, respectively,
for the element i. K > 1 indicates that the element i segregates in the DR
region, and the more severe segregation the dendrites would have, the
more the K value deviates from 1. As shown in Fig. 6b, the K values of W
and Ta are higher than 1 for NM25-AC sample, indicating that these
elements tend to segregate in dendrites. Despite W and Ta, the K value of
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Mo is also higher than 1 in NM45-AC sample, which suggests that both
W, Ta and Mo are prone to form dendrites. The difference of the
segregated elements within the dendrites also implies that the constit-
uent elements of NM25 and NM45 alloys underwent dissimilar solidi-
fication behavior, which would be analyzed later.

Fig. 7 shows the dark field (DF) TEM images at the GBs of NMx-AC
samples and their corresponding elemental distribution. NM5-AC sam-
ple shows a straight GB while a serrated GB is visible in NM25-AC and
NM45-AC (Fig. 7a—c), which is in accordance with the SEM results.
Notably, O segregation exists at GBs in all of the three samples, and can
be defined as Ta—Nb rich oxides by the elemental distribution
(Fig. 7d-f). The specific compositions at locations A-E (see Table S2)
evidence that the oxide is discontinuously distributed with a multi-
component composition. In addition, Fig. S1 shows the diffraction
analysis of the NM45-AC sample, and it demonstrates that the oxide is
indeed located at GBs rather than inside the grains.

3.3. Microscale heterogeneity of the dendrite segregation

The structural heterogeneity of the dendrite segregation was
analyzed by nanoindentation tests. Fig. 8a, b show the cumulative
curves of hardness and reduced modulus at the DR and ID regions for
NM25-AC and NM45-AC samples, and the corresponding average values
are present in Fig. 8c, d. Besides, the appearance of the nanoindentation
at DR and ID is illustrated as the insets in Fig. 8a, b. The average size of
the ID region and the indentation impression is 4.63 pm and 1.92 pm,
respectively, for NM25-AC sample while 4.66 pm and 1.76 pm, respec-
tively, for NM45-AC sample. Only the indentations that are entirely
within DR region or located at ID region would be considered for com-
parison in this work. Both samples show higher hardness and lower
reduced modulus at the ID region than the DR region, which confirms
the dendrites in the coarse grains as heterostructure. For NM25-AC
sample, the average values of hardness and reduced modulus are 6.84
GPa, 239.82 GPa and 7.35 GPa, 234.91 GPa in the DR and ID regions,
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NM25-AC

Fig. 7. Fig. 7 (a—c) Dark field (DF) images and (d-f) the corresponding elemental distribution of the NMx-AC samples. (a, d) NM5-AC; (b, e) NM25-AC; (c, f)

NM45-AC.

respectively. For NM45-AC sample, the hardness is 6.60 GPa (DR) and
7.49 GPa (ID) while the reduced modulus is 235.95 GPa (DR) and
235.61 GPa (ID). High deviation in harness (0.89 GPa) together with
small difference in reduced modulus (0.34 GPa) between the DR and ID
regions suggest that NM45 alloy have a stronger heterogeneous
strengthening effect accompanied with more coordinated deformation
ability [32]. In addition, the average values of hardness and reduced
modulus for NM25-AC sample are 7.01 GPa and 238.2 GPa, respectively,
while the values for NM45-AC sample are 6.99 GPa and 235.8 GPa,
respectively. This suggests NM45-AC sample has comparable hardness
and modulus as compared with NM25-AC sample.

3.4. Microstructure of the annealed NMx alloys

Annealing treatment at 1873 K for 500 min was carried out to
evaluate the structural stability of NMx alloys. As shown in Fig. 9, the
XRD patterns of NMx-AN samples remain a single BCC structure, indi-
cating that no other phases formed during the annealing process. The
cross sections of the annealed samples were analyzed by BSE-SEM, as
shown in Fig. 10. NM5-AN sample shows no obvious change after
annealing treatment, i.e., equiaxed grains with straight GBs and no
precipitate (Fig. 10a). NM25-AN sample shows the similar dendrite
segregation with serrated GBs as NM25-AC sample, while a small
amount of precipitates appear in the ID region, as indicated by the
yellow arrows in Fig. 10b. NM45-AN sample also maintains the dendrite
segregation and serrated GBs, but a large amount of precipitates is

visible in the ID region (Fig. 10c). Closer observation shows that these
precipitates show hole-like appearance after immersion in the mixed
acid solution (Fig. 10d). The above results suggest that the microstruc-
ture of NM5 and NM25 alloys is stable at 1873 K, whereas the low
structural stability in the ID region of NM45 alloy promotes the
precipitation.

TEM observation was performed on NM-45AN sample to further
analyze the microstructure of the precipitates. Fig. 11a illustrates two
different appearances of the precipitates, i.e., the particle-like and the
rod-shaped. The average diameter of the particle-like precipitates is 102
nm, while the average width of the rod-shaped precipitates is 105 nm.
Particle-like precipitates tend to separate while most rod-shaped pre-
cipitates intersect with each other at specific angles, implying that the
precipitation follows preferential orientations. Fig. 11b exhibits the
high-resolution TEM (HRTEM) image at the phase boundary (PB) be-
tween the particle-like precipitate with the matrix. Fig. 11c-h show the
inverse fast Fourier transform (IFFT) images and the fast Fourier trans-
form (FFT) images of the matrix, the precipitate and the PB, respec-
tively. The precipitate exhibits different lattice fringe with the matrix
along the zone axis of [111]pcc but shows a coherent PB with the BCC
matrix. The FFT image of the PB (Fig. 11h) firmly evidences that, the
precipitate is a long-period stacking ordered structure and decomposes
out from the disordered BCC matrix along the closely-packed {110}pcc
planes. Besides, the atomic strain distribution images (Fig. 11i and j)
show severer lattice distortion in the ordered precipitate than the
matrix.
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Dislocations around the precipitates (Fig. 11a and Fig. 12a) are very
different with that in the as-cast sample (Fig. 12b). The particle-like
precipitates can pin the dislocations (see the orange indicators in
Fig. 11a) and contribute to dislocation multiplication. Fig. 12a shows
several intersected dislocations around the small rod-shaped pre-
cipitates (see the blue indicators), which is much distinctive with the

dislocations in NM45-AC sample, implying that the growth of the rod-
shaped precipitates may relate with the dislocation interactions.
Fig. 12c presents the elemental maps, which demonstrates the decom-
position of Nb and Ta elements out from the BCC matrix as the formation
of precipitates. The specific compositions at locations F—H in Fig. 12¢
are given in Table S3. It shows that the contents of O, Ta and Nb in the
matrix, the rod-shaped and particle-like precipitates gradually increase
with the reduced contents of Mo and W.

3.5. Microstructure of NMx alloys after compression at 1873 K

Dissimilar with the Senkov’s report [7], all NMx samples show a
continuous drop of stress after yielding at 1873 K (Fig. 1c). To investi-
gate the underlying mechanism, the cross-section morphology of NMx
samples after compression at 1873 K was analyzed. As shown in
Fig. 13a—c, coarse cracks appear in all of the NMx samples and they seem
to tear and propagate along the HAGBs. Slim cracks were also visible in
Fig. 13d-f. Nothing is noticeable around the HAGBs in NM25-AC sam-
ple. For NM45-AC sample, some precipitates appear in the ID region
where cracks are separated, implying they can help to resist rapid fail-
ure. NM45-AN sample is more resistant to the propagation of cracks due
to the existence of the large amount of precipitates at ID with less slim
cracks, which is consistent with the slow softening rate in the stress-
strain curve.

TEM analysis was conducted on NM45-AC sample after the defor-
mation at 1873 K to uncover the origin for the excellent HT strength. In
the DR region (Fig. 14a, b), multiplied dislocations are entangled with
each other and gradually form low-angle grain boundaries (LAGBs, see
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Fig. 10. Fig. 10 BSE-SEM images of NMx-AN samples. (a) NM5-AN; (b) NM25-AN; (c, d) NM45-AN.

the green arrows), which seems to be related with dynamic crystalliza-
tion. Dissimilarly, nanoscale precipitates decompose out from the BCC
solid solution (Fig. 14c, d) in the ID region. Besides, dislocations can be
pinned by precipitates, which inversely contributes to the multiplication
of dislocations (see the blue arrows) and prevents the ID region from
rapid softening after yielding.

4. Discussion

4.1. Effects of increasing Nb and Mo contents on dendrite segregation
behavior

Fig. 5 shows that the increasing content of low Ty, elements (Nb and
Mo) can promote the dendrite segregation and formation of serrated GBs
in NMx alloys, which mainly rests with solute effect. The existence of
dendritic appearance means a change of grain growth from diffusion-
controlled mode in NM5 alloy to dendrite tip radius- controlled mode
in NM25 and NM45 alloys [33]. Dendrites initiate from the constitu-
tional undercooling ahead of the growing interface, where solute effect
dominates. The growth restriction factor Q is a key quantity to evaluate
the influence of solute effect on grain growth and grain refinement,
which is defined as [31].

_ a(ATcs>) :_(a_r>
0] ( & )y %) 0 (€9)

here, AT¢s = T, — T represents constitutional undercooling, i.e., the
difference between liquidus temperature T;, and actual solidification
temperature T. fg is the solid fraction in mass percentage (wt%). Ty, T
and fs can be deduced from Fig. 4a. Q value equals to a factor b which
can be obtained by fitting the AT¢s—fs curve with a parabolic function
ATcs = a+ b-fs + c e f2 [34]. The calculated Q values are 39.0, 67.3 and
18.5 for NM5, NM25 and NM45 alloys, respectively. This means that the
solute is Nb and Mo for NM5 while W and Ta for NM45 in a pseudo-
binary NbMo-TaW system [31]. As NMS5 alloy solidifies at the temper-
ature between the Ty, of W and Ta (~3400 K, Fig. 4a), only solvent
element W is slightly undercooled in the liquid (while the solute

elements not), which makes it difficult to induce constitutional under-
cooling in front of the growing interface. When NM25 alloy solidifies at
the temperature of ~3100 K, which is slight below the melting tem-
perature of Ta, an obvious segregation of W while a slight segregation of
Ta (see Fig. 6b) occurs due to their different undercooling degree. The
undercooling of W and Ta contributes to a severe constitutional
undercooling ahead of the liquid front, which finally promotes the for-
mation of dendritic structure and serrated GBs. Both solute elements (Ta
and W) and the solvent element Mo are undercooled as NM45 alloy
solidifies between the melting temperature of Nb and Mo (~2880 K),
which leads to the pronounced elemental segregation as evident in
Fig. 6b.

4.2. Effects of heterostructure on RT mechanical properties of NM45
alloy

The theoretical hardness (calculated based on the hardness of re-
fractory elements using the rule-of-mixture) is 1.79 GPa and 1.50 GPa
for NM25 and NM45 alloys, respectively, indicating that NM25 alloy
should have higher hardness than NM45 alloy. However, NM25-AC and
NM45-AC samples show almost the same hardness values (Fig. 8¢, d).
Considering their microstructure is almost the same (including grain
size, serrated GBs, Ta—NDb rich oxides at GBs) except for the larger dif-
ference in hardness between DR and ID regions, the higher hardness of
NM45-AC sample may come from the pronounced heterostructure.

NM45-AC sample is 257 MPa higher in yield strength at RT as
compared with NM25-AC sample. The increment of yield strength (4oy)
generally depends on four strengthening mechanisms, which can be
calculated by [35,36].

Aoy, = Aoy, + Aoy, +Ac, + Aoy 2)

Where o5, ogp, 0p, 04, Tepresent the solid-solution strengthening,
grain boundary strengthening, precipitation strengthening and disloca-
tion strengthening, respectively. In this work, the contribution of pre-
cipitation and dislocation strengthening mechanisms to oy can be
neglected due to no precipitate within the coarse grains (Fig. 5) and low
dislocation density in the as-cast sample (Fig. 12b). The atomic size
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Fig. 11. Fig. 11 TEM analysis of the precipitates in NM45-AN sample. (a) Bright field (BF) image; (b) HRTEM image at the PB; IFFT and FFT images of the (c, d)
matrix, (e, f) precipitate and (g, h) PB; atomic strain distribution of the (i) matrix and (j) precipitate.

misfit is a widely used evaluator for solid-solution strengthening, which
can be calculated by ér; = §2cj5r,-j [371, where c; is the atomic fraction of
element j, 6ry = 2(r; — ;) /(r; + ;) indicates the atomic size difference
between atoms i and j that calculated by their atomic size r; and r;. The
calculated ér values are 0.0524 and 0.0556 for NM25 and NM45 alloys,
respectively, which suggests that NM45 alloy exhibits comparable solid-
solution strengthening as NM25 alloy. The effect of grain size on oy can
be described by Hall-Petch relation [35] as

1
Ogp = Op +kym (3)

where ky is the Hall-Petch coefficient (1600 MPa pml/ 2 [38]) and the
contribution of og, to oy can be derived as Aoy, = ky <d;1/ 2 d;l/ 2) with

the grain size of NM25 (d;) and NM45 alloy (d). The calculated Aoy,
value is ~8 MPa, which is also neglectable. Moreover, the ID fraction of
NM25 and NM45 alloy is 13% and 11% (measured by ImageJ software),
respectively, suggesting the difference in ID fraction should have limited
influence on the yield strength in this work. Thus, the increment in yield
strength of NM45-AC sample is possibly attributed to the heterogeneous
strengthening effect that arising from the dendritic heterostructure. The
large RT plasticity of NM45-AC also benefits from the pronounced het-
erostructure, which mainly affected by both of the back stress and for-
ward stress together with their interactions [32]. In addition, to further
understand the improved plasticity of NM45 alloy, the single-crystal

elastic constants (C11, C12, C44) were calculated by the first-principal
calculation method (Table 3) to evaluate the intrinsic deformation
ability. Meanwhile, the polycrystal-associated constants (including bulk
moduli B, shear moduli G, Young’s moduli E, as well as Poisson’s ratio
(v) and Pugh’s ratio) were then deduced [39]. NM45 alloy has relatively
smaller values for all elastic moduli together with larger values for v and
Pugh’s ratio, which evidences a better intrinsic plasticity in NM45 alloy
[39].

4.3. Structural stability of NMx alloys at 1873 K

The presence of precipitates after annealing treatment indicates a
low structural stability in the ID region of NM45 alloy at 1873 K. As
mentioned in Fig. 6b, NM45-AC sample exhibits a severe dendrite
segregation with high content of Nb and Mo, factually resulting in a
significant discrepancy of the Ty, in the DR and ID regions. The theo-
retical Ty, can be calculated using the rule-of-mixture method [30] based
on the specific composition in Fig. 6a. Thus, the annealing temperature
1873 K is 0.58Ty, and 0.61Ty, at the DR and ID regions, respectively, for
NM25 alloy while 0.65Ty, and 0.66 T, for NM45 alloy. 0.6Ty, is generally
considered as the upper limitation of service temperature [37]. It has
been reported by P.K. Liaw that the ID region started to decompose after
annealing at ~0.55T, for 7 days, and dendrites almost vanished after
annealing at ~0.6Ty, for 7 days in light of the CrVNbMo RHEA [20]. For
NbMoTaW RHEA, dendrites segregation was completely homogenized
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Fig. 12. Fig. 12 Dislocations in (a) NM45-AN and (b)NM45-AC samples; (c) elemental distribution of the precipitates in NM45-AN sample.
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Fig. 13. Fig. 13 BSE-SEM images from the cross-sectional view of NMx alloys after compression at 1873 K. (a, d) NM25-AC; (b, e) NM45-AC; (c, f) NM45-AN.

after annealing at ~0.65Ty, for 7 days [40]. As elaborated above, a large
amount of precipitation is reasonably present at the ID region of NM45-
AN sample while NM25-AN sample remains almost stable. High content
of W and Ta (with high Ty,) also considerably contributes to the struc-
tural stability, as evidenced by the stable DR region in both NM25 and
NM45 alloys (Fig. 10). Besides, nanoscale precipitates are also visible in
the ID region of NM45-AC after deformation at 1873 K (Fig. 14c, d),
revealing that the precipitation behavior is temperature-induced and
stress-promoted.

4.4. The deformation behavior of NM45 alloy at 1873 K

Compared with the reported NbMoTaW RHEA by Senkov [7], NM45

10

alloy shows comparable yield strength even with a significantly reduced
Tm (268 K). Particularly, NM45 alloy outperforms the previously re-
ported RHEAs (with available yield strength at 1873 K) as considering its
excellent specific yield strength as deformed at ~0.65Ty,. This is related
to its structural and compositional characteristics. When compressed at
1873 K, hetero-deformation occurs in NM45-AC sample, which is
dominated by dislocation glide at the stable DR region while strength-
ened by nanoscale precipitates at the unstable ID region. Besides, the
increasing content of Mo and Nb also endows NM45 alloy a high
intrinsic strength. Modulus misfit is generally considered to be an in-
dicator of excellent yield strength at high temperature [20], which can
be calculated by §G; = %ZG,—:SGU- [371, where G; is the atomic fraction of

element j, and Gy =2(G;— G;)/(G;+ Gj) indicates the modulus
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Fig. 14 TEM images in the (a, b) DR and (c, d) ID regions of NM45-AC sample after compression at 1873 K.

Single-crystal elastic constants of NMx alloys that calculated by the first principal method.

Alloys C11 (GPa) C12 (GPa) C44 (GPa) B (GPa) G (GPa) E (GPa) 1% Pugh’s ratio
NM25 385 162 76 236 89 237 0.333 2.655
NM45 377 142 58 222 74 200 0.349 2.987

difference between atoms i and j that calculated by their shear modulus
Gj and Gj. The calculated 6G values are 1.0109 and 1.4596 for NM25 and
NM45 alloys, respectively, suggesting that NM45 alloy is more resistant
to elastic deformation and therefore, should reach high yield strength.
Note that, the yield strength of NM45 alloy is slightly lower (~57 MPa)
than NM25 alloy at 1873 K in this work, which possible results from the
higher homologous temperature of NM45 alloy. On one hand, the yield
strength at 1873 K only reduced by 57 MPa as NM45 alloy deformed at a
higher homologous temperature, suggesting that the enhanced hetero-
geneous microstructure by tuning dendrite segregation contributes to
resisting early softening as strained at ultrahigh temperature. On the
other hand, the slight reduction implies that the yield strength is more
temperature-dependent at ultrahigh temperature. In other words, the
breakthrough in ultrahigh-temperature yield strength without consid-
eration of RT plasticity and material density may require the retention of
moderate amounts of more refractory elements (like Ta, W) or further
improvements in structural design, which may need to be investigated in
future work.

All the NMx samples show an obvious strain softening behavior after
peak stress at 1873 K (Fig. 1c), which presumably relates to dynamic
recrystallization [41,42]. Direct evidence of the recrystallization-
induced softening is the visible LAGBs at the DR region of NM45-AC

11

alloy after compression at 1873 K (Fig. 14b). Material spallation from
the side surface is another possible reason for the strain softening, which
is similar with the reported NbMoTaW and VNbMoTaW RHEAs by
Senkov [7]. Besides, coarse cracks, especially their propagation, can also
result in stress reduction. Despite the presence of coarse cracks, no GB
sliding occurs in any sample even at the testing temperature up to
0.66Ty, for NM45 alloy, which greatly benefits from the heterostructure.
Specifically, nanoscale precipitates formed at the ID region, significantly
inhabiting rapid propagation of cracks (Fig. 13d—f). Moreover, both the
as-cast and annealed NM45 samples exhibit a reduced softening rate,
further demonstrating that softening can be restrained by the hetero-
structure (especially for the annealed sample with promoted precipita-
tion behavior). The above analysis reveals that, to some extent, the NMx
alloys experienced a sluggish disintegration at the strain softening stage
before completely splitting apart.

Surface spallation also reveals that the primary mode is tensile rather
than shear for the deformation of NMx samples at 1873 K [7], indicating
NMx alloys cannot well resist localized tensile stress. Thus, Ta—Nb rich
oxides are also possible to embrittle the GBs as deformed at 1873 K.
Especially, NM45-AC sample displays a slow softening rate while its
oxides contain less Ta than NM25-AC sample (Table S2). This is because
the phase transition of Ta-oxides from an orthorhombic to a tetragonal
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structure would occur at ~1800 K [43,44]. This transformation requires
structural shrinkage and induces stress concentration, which makes GBs
more susceptible to cracking under tensile stress. Notably, NM45-AC
sample fractured at RT as strained >6% without intergranular failure,
suggesting that in the current work, the segregation of O at GBs maybe
not responsive to the intrinsic brittleness of NbMoTaW system RHEAs.
Nevertheless, removing GB oxides may help to obtain more stable me-
chanical properties at high temperature.

5. Conclusions

NbssMoysTasWs (NM45) RHEA was designed on a heterostructure
strategy by tuning dendrite segregation to promote the synergy of RT
plasticity and HT strength. Pronounced heterostructure contributes to a
large RT plasticity of 6.1% and a high yield strength of 440 MPa at 1873
K in the as-cast NM45 sample. After annealing treatment, nanoscale
ordered precipitates decompose out from the BCC matrix at the inter-
dendrite region, which further increases the RT plasticity to 9.0% while
slightly decreases the yield strength to 415 MPa at 1873 K. Hetero-
deformation appears as the as-cast NM45 alloy deformed at 1873 K,
where dominated by dislocation glide in the stable DR region while
strengthened by nanoscale precipitates in the unstable ID region. The
strength retention up to 1873 K of NM45 alloy arises from the pro-
nounced heterostructure and the large modulus misfit. In this work, the
dendritic heterostructure strategy provide a feasible method to toughen
brittle RHEAs and paves the way to design NbMoTaW system RHEAs
with high HT strength in combination of large RT plasticity.
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