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Refractory high-entropy and medium-entropy alloys (RHEAs/RMEAs) are attractive for ultra-high-temperature
applications, but the practical application is severely limited by poor oxidation resistance and extreme room-
temperature brittleness. In this work, a (WTaNb)ssHfys refractory medium-entropy alloy with excellent oxida-
tion resistance at 1473 K and large fracture strain (26 %) at room temperature was designed. The formation of a

dense and stable oxide layer containing HféTa-0+7 when exposed to the oxidizing environment at 1473 K led to
excellent oxidation resistance. Superior room-temperature ductility is attributed to the combined effects of the
coherent interface, the lamellar morphology, and the significantly reduced bulk modulus. This work provides a
strategy to simultaneously improve the high-temperature oxidation resistance and the room-temperature plas-
ticity of refractory medium-entropy alloys.

1. Introduction

Refractory high/medium-entropy alloys (RH/MEAs) are considered
as the promising high-temperature materials for the aerospace industry
as they provide not only excellent mechanical and chemical perfor-
mance at extremely high temperatures, including high strength, good
wear and corrosion resistance, but also a wide scope of composition
design [1,2]. However, the inadequate high-temperature oxidation
resistance of refractory elements and their alloys constitutes a major
barrier to their high-temperature application, a challenge that persists in
refractory high-entropy alloys (RHEAs) despite their enhanced me-
chanical properties.

For the first two RHEAs, MoNbTaW and MoNbTaVW, reported in
2010 by Senkov et al., all the constituent elements are easily oxidized at
elevated temperatures [3]. MoOs and WOs3 evaporate at 795 °C and 1000
°C, respectively. The evaporation of these oxides results in a porous
structure, which facilitates the diffusion of oxygen and accelerates the
failure of the alloy. Although the Ta;05 and Nb,Os won’t evaporate until

1375 °C, their expansion causes cracks in the alloy matrix. Preparing
oxidation-resistant coating is an effective method to improve the
oxidation resistance of RHEAs, i. e. the preparation of (NbMoTaW)Si,
silicide coating protected the NbMoTaW RHEA from oxidation at 1300
°C for 24 h [4], and further modification by yttrium made the coating
withstand ablation up to 2100 °C [5]. However, the degradation of the
coating can lead to the catastrophic failure of the RHEAs. Consequently,
the rational design of RHEAs with superior intrinsic oxidation resistance
constitutes a fundamental prerequisite for fully exploiting their excep-
tional high-temperature performance. Alloying with elements like Al Si,
and Cr is a proven strategy to enhance oxidation resistance by forming
protective oxide layer, but this often comes at the cost of reduced me-
chanical performance, particularly ductility and sometimes strength
[6-8]. The addition of only 0.1 at% Si resulted in a significant decrease
in the ductility of TiVNbTa from 14 % to 1.4 % due to the formation of
Laves phase [8]. In addition, it was reported that the binary Hf-Ta alloy
has outstanding oxidation resistance due to the formation of a dense
HfsTay017 oxide layer, which limits the oxygen diffusion and serves as a
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protective layer. The HfgTa>017 oxide also adheres well to the substrate
and is thermal shock resistant [9]. Thus, the addition of the Hf element is
promising in improving the oxidation resistance of the RHEAs.

Apart from inadequate oxidation resistance, the poor room-
temperature ductility of RHEAs significantly hinders their cold pro-
cessing and limits structural applications requiring deformation toler-
ance. NbgsMogsTagsWos and VaoNbygMoggTazgWao alloys showed
excellent thermal stability and high yield strength at high temperatures,
but their plastic strain only reached about 2.0 % and 1.5 %, respectively
[10]. The poor ductility can lead to cracks at the beginning of defor-
mation. Alloying with ductile elements represents a highly effective
strategy for enhancing the ductility of RHEAs. With the addition of Ti,
the single-phase BCC NbTaVTi RHEA achieved a compressive strain
exceeding 50 % [11]. The TaNbHfZrTi RHEA demonstrated exceptional
room-temperature plasticity through the substitution of Mo/W with
more ductile Hf, Zr, and Ti elements [12,13]. But the strategy seriously
deteriorates their high-temperature strength, i.e., TaNbHfZrTi has only
92 MPa strength at 1200 °C [14]. Improving the solid solution effect is
one of the most effective methods to increase the strength of alloys at
room and high temperatures. Enhancement in both strength and
ductility was achieved by introducing interstitial oxygen elements into
the TiZrHfNb RHEA by forming ordered oxygen complexes [15], and
designing negative mixing enthalpy solid solutions [16]. Furthermore,
the incorporation of secondary phases in HEA has become a widely
adopted strengthening strategy, where deliberately induced micro-
structural heterogeneity enhances the strength. By increasing Nb and
Mo segregation, a heterogeneous-structured NbssMossTasWs RHEA was
developed, exhibiting enhanced room-temperature compressive plas-
ticity of 9.0 % while maintaining high yield strength of 415 MPa at
1873 K [17]. Theoretical calculation indicated that the addition of Hf in
NbMoTaW RHEA enhanced the lattice strain greatly and finally induced
the formation of a dual BCC phase structure, both of which contribute to
the improved strength and ductility of the RHEA [18]. Incorporating the
Hf element characterized by low shear-to-bulk modulus into RH/MEAs
generates large lattice strain and facilitates secondary phase precipita-
tion, thereby potentially improving the ambient-temperature mechani-
cal performance of alloys.

In this work, Hf with different content is introduced to the NbMoTaW
HEA to replace Mo to improve its oxidation resistance and mechanical
properties. The arc melted (WTaNb);oxHfx (x = 0, 15, 30, 45, 60 at%)
are denoted as Hf0, Hf15, Hf30, Hf45, and Hf60, respectively. The
microstructure evolution of the (WTaNb);¢o.xHfx alloys was studied. The
oxidation behavior at high temperature, mechanical properties, and the
corresponding underlying mechanisms were thoroughly investigated.

2. Materials and methods

The (WTaNb);goxHfx (x = 0, 15, 30, 45, 60 at%) alloys were pre-
pared by arc-melting a mixture of pure Ta, W, Nb, and Hf in a titanium-
gettered argon atmosphere. The purities of Ta, W, Nb, and Hf elements
are higher than 99.95 wt%. To ensure the chemical homogeneity, the
raw material particles were placed by the order of melting point from
high to low, and the ingots were flipped over and remelted six times with
a melting current of 250-700 A. To prepare samples for compressive
tests, the cylindrical samples with a diameter of 2 mm and a height of
4 mm were cut from the ingots by electric-discharged machining [19,
20]. The upper and lower faces of all samples were carefully polished
with different sandpapers to ensure the uniformity. In addition, a
correction method can also be implemented to improve the accuracy of
compression data, particularly for small-sized samples [21]. The
compression tests were performed using a universal testing machine
(Instron 6025) at room temperature with a nominal strain rate of 1073
s~ Compression tests at 1473 K were conducted in a vacuum furnace
with a Zwick KAPPA 100 dynamic thermal simulation testing machine
under argon atmosphere. After being soaked at 1473 K for 10 min, the
sample was compressed with a strain rate of 10~ s}, and then cooled in
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the furnace.

The phases of (WTaNb)jpoxHfx alloys were analyzed by X-ray
diffraction (XRD, Bruker D8-Discover) using Cu-K, radiation. The frac-
ture surface morphology and grain size distribution were analyzed by
scanning electron microscopy (SEM, FEI Sirion 200). For EBSD analysis,
the samples were first prepared through 6-hour vibratory polishing
(Buehler Vibromet 2) using nanoscale SiO, suspension in intermediate
frequency mode, followed by scanning with a 0.3 pm step size. The
nanostructure of the samples was investigated by a high-resolution
transmission electron microscope (TEM, Talos F200X) operated at
200 kV. Atomic number contrast images were collected using the high-
angle annular dark field (HAADF) detectors. Energy dispersive X-ray
spectroscopy (EDS) mapping was performed at 200 kV. The samples for
TEM analysis were thinned using an Ion Beam Thinner (GATAN-691)
under the liquid nitrogen cooling condition.

Thermo-Calc (release 2021a) together with the TCHEA4.2 database
was adopted to map the phase stability of the (WTaNb);goxHfx (x = 0,
15, 30, 45, 60 at%) alloys under the constraint of full thermodynamic
equilibrium. The database, which unifies 26 metallic elements and de-
livers self-consistent Gibbs-energy descriptions for all plausible phases,
has been validated as reliable in the literature [22,23]. These functions
were parametrized from critical evaluations of all available binary data
and a wide selection of ternary sub-systems, ensuring reliable extrapo-
lation to higher-order compositions. By minimizing the total Gibbs en-
ergy of the alloy system, the CALPHAD approach embedded in
Thermo-Calc delivers quantitative predictions of equilibrium phase
fractions, transformation temperatures, and solidification paths for
(WTaNb);00xHfx (x = 0, 15, 30, 45, 60 at%) alloys.

3. Results and discussion
3.1. Microstructure of alloys

The phase structure of (WTaNb);oxHfx alloys was investigated by
XRD, as shown in Fig. 1a. A single body-centered cubic (BCC) phase is
found within both the HfO and Hf15 alloys, while all the diffraction
peaks shift left after adding 15 at% Hf. With further increment of Hf
content, a hexagonal close-packed (HCP) phase appears in Hf30, Hf45,
and Hf60 alloys. The lattice constant of the BCC phase increases
continuously from 3.25 A for Hf0-3.43 A for Hf60, indicating the
enhanced lattice distortion. This comes from the larger atomic size of Hf,
as the atomic size of Hf (1.59 10\) is much larger than Ta (1.48 ;\), w
(1.41 i\), and Nb (1.48 i\). It was reported that the BCC structure with
severe distortion is the nucleation site of the HCP phase [24]. Based on
their theory, the first step of generating the HCP phase is the formation
of clusters rich in HCP-favorable elements, such as Hf, to reduce the
nucleation barrier for BCC to HCP transformation. Besides, the Ta, W,
and Nb elements are BCC stable elements, while the Hf element is an
HCP stable element [25]. Thus, it is reasonable that the addition of Hf
leads to the precipitation of HCP phase.

To reveal the thermodynamically preferred microstructure, the
phase diagrams of (WTaNb);go.xHfx alloys at the equilibrium state were
calculated. As shown in Fig. 1b, for Hf0 alloy, a single BCC phase is
solidified from the melt, and no phase transformation occurs during
cooling. For Hf15, Hf30, and Hf45 alloys (Fig. 1c, d, and e), the for-
mation of the BCC phase from the melt is also observed during the so-
lidification process, except that the solidification temperature decreases
with increasing Hf content. For these three alloys, the BCC phase is only
stable above 1560 K, and starts to transform to the HCP phase below this
temperature. Interestingly, for Hf30 and Hf45 alloys, in the early stage
of the phase transformation, a BCC2 phase precipitates from the BCC
phase and then dissolves within a short temperature range. At 500 K, all
three alloys exhibit a dual phase structure with BCC and HCP with
different fractions. The mass fraction of BCC and HCP in Hf45 alloy is
approximately 44 % and 56 %, respectively. As shown in Fig. 1f, Hf60
shows a totally different solidification and phase transformation
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Fig. 1. (a) XRD patterns of the alloys with different Hf contents; calculated phase diagrams of (b) Hf0, (c) Hf15, (d) Hf30, (e) Hf45, and (f) Hf60.

Fig. 2. TEM analyses of the as-cast alloys. (a) DF and SAED images of Hf0; (b) HRTEM image of Hf0; (c) IFFT image of HfO; (d) DF image of Hf15; (e) EDS analyses of
Hf15; (f) SAED image of Hf15; (g) DF image of Hf30; (h) EDS analyses of Hf30; (i) SAED image of Hf30.
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process, which forms a BCC2 phase from liquid at around 2500 K and
then completely decomposes into BCC and HCP phases at 1500 K.
Although the arc melting method used in this work is far from reaching
the equilibrium state due to the rapid cooling rate, the overall trend of
the phase structure of the alloys can be drawn from the above analyses
[26,27].

The microstructure of Hf0, Hf15, and Hf30 alloys is shown in Fig. 2.
As shown in the dark field TEM in Fig. 2a, the HfO alloy exhibits a single
BCC phase with low-density dislocations, and the selected area electron
diffraction (SAED) pattern in the inset indicates the BCC phase is
disordered. The high-resolution TEM image in Fig. 2b further confirms
that the BCC phase has a relatively complete lattice arrangement and
low lattice distortion. The FFT-IFFT image in Fig. 2c shows a complete
lattice with little crystalline defect. The crystal plane spacing is
0.159 nm, corresponding to the crystal plane of BCC (200). As shown in
Fig. 2d, the Hf15 alloy exhibits a dual-phase structure with needle-like
phase distributed in the matrix. The EDS results in Fig. 2e reveal that
the needle-like phase is rich in Hf, while the matrix is rich in Ta, W, and
Nb. The SAED pattern in Fig. 2f shows a disordered BCC phase and an
ordered HCP phase, as the superlattice diffraction spots can be observed
(indicated by the red circles). This is consistent with the results pre-
dicted by Thermo-Calc, but different from the XRD result. The volume
fraction of the HCP phase is probably too low to be detected by the XRD.
As Hf is an HCP stable element, the needle-like structure is the HCP
phase, and the matrix is BCC. In order to evaluate the boundary rela-

tionship, the mismatching degree (552’;2;) was calculated according to

the Bramfitt lattice matching theory [28]

(d\UVW]i cos 0)—d,

— B3 4
Sl = D5 x 100% ¢h)
1

i
]

where d represents the planar spacing, and @ is the included angle be-
tween the [uvw]s and [uvw],. The mismatching degree between the
HCP and BCC phases is 11.31 %, indicating the formation of semi-
coherent phase boundaries. Matching degree factors of the phase
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interface between BCC and HCP are listed in Table S1. As shown in
Fig. 2g, the microstructure of Hf30 alloy shows a similar structure of
Hf15, with a disordered BCC matrix and ordered HCP phase. However,
the width of the HCP phase is much larger than the needle-like structure
in Hf15. Based on the calculated mismatching degree of 19 %, the BCC
and HCP phases in the Hf30 alloy exhibit a semi-coherent interfacial
relationship.

As shown in Fig. 3a, the Hf45 alloy shows a similar structure to that
of the Hf30 alloy. But the lamellar thickness of the Hf-rich phase is
different, with a thickness of 20-60 nm in width. The SAED pattern
shown in the inset confirms the coexistence of disordered BCC and or-
dered HCP phases, maintaining a coherent interface, with a lattice
mismatching degree of 2.07 %. The HRTEM image of the as-cast Hf45
alloy (Fig. 2c) shows the interface of the two phases. The mismatch of
atomic arrangement is very low even at the interface. Besides, a small
number of stacking faults (SFs) and dislocations appear near the BCC
matrix and the coherent HCP phase. The microstructure of Hf45 alloy is
further analyzed by EBSD and shown in Fig. S1. The phase distribution
diagram in Fig. Sla confirms the dual phase structure with BCC matrix
phase and a distributed HCP phase. The size of HCP is below 4 ym, and
the content is 11.8 % of the overall alloy. The IPF map in Fig. S1b shows
that the BCC grains are close to equiaxed, and the grain size is about
20-50 pm. The appearance of fine HCP phases can also be observed,
distributed inside the BCC grain or at the grain boundaries.

As shown in the HAADF images in Figs. 3d and 3e, no lamellar
structure is observed in Hf60. Based on the EDS results in Fig. 3f, three
phases are observed in the alloy with different compositions. The matrix
contains Ta, W, Nb, and Hf elements, while a blocky Hf-rich phase
precipitates along the grain boundary, and a W-rich phase appears in-
side the Hf-rich phase. As the SAED results in Fig. 3ej, e, and e3 show,
the W-rich phase, Hf-rich phase, and the matrix are BCC2, HCP, and
BCC, respectively. According to the equilibrium phase diagram of Hf60
in Fig. 1f, the BCC2 phase precipitates at about 2300 K and decomposes
into a disordered BCC matrix and HCP phase at about 1600 K, which
means the BCC2 phase won’t exist at room temperature if solidified at an
extremely slow cooling rate. The above results show that part of the
BCC2 phase wasn’t decomposed due to the fast-cooling rate of the water-

BCC [001]

Fig. 3. TEM analyses of the as-cast alloys. (a) HAADF and SAED images of Hf45; (b) EDS analyses of Hf45; (¢) HRTEM image of the interface of BCC and HCP in Hf45;
(d) and (e) TEM and HAADF images of Hf60; (e;)-(e3) SAED patterns of different phases in Hf60; (f) EDS analyses of (e).
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cooled copper mold used in vacuum arc melting. Besides, no coherent
relationship between the HCP phase and the matrix BCC phase is
observed.

3.2. Oxidation behavior at 1473 K

To investigate the oxidation behavior of the Hf0 and Hf45 alloys,
oxidation tests were conducted on the two alloys at 1473 K. The
macroscopic morphology of the oxidized alloys is depicted in Fig. 4.
Exposed in air only for 0.5 h, obvious cracks originating from volume
expansion are observed on the corners of the Hf0 alloy. After 1.5 h of
oxidation exposure, the HfO alloy manifests pronounced swelling-
induced deformation in its oxide layer, resulting in total loss of struc-
tural integrity. The residual substrate observed in the core region is
completely oxidized after 3 h. In contrast, the Hf45 alloy retains its
structural integrity throughout the entire 30 h oxidation, while cracks in
the corners emerge after 12 h exposure. The oxide surface remains
smooth with no bulging or spallation observed during oxidation.

The oxidation mass gain curves of the Hf0 and Hf45 alloys at 1473 K
are illustrated in Fig. 5a. The mass gain per unit area of the Hf0 alloy
increases rapidly, exhibiting a linear trend, indicating its poor oxidation
resistance. In contrast, the mass gain of the Hf45 alloy obeys a parabolic
law, indicating that the oxide growth is controlled by cation diffusion
[29,30]. The maximum mass gain at 30 h reaches 88 mg/cm?, which is
only about a quarter of that of Hf0. In contrast, the two representative
RHEAs NbMoTaW [4] and NbMoTAWV [31] completely failed after
being oxidized at 1573 K and 1473 K for only 0.5 h (65 mg/cm? and
123 mg/cm?, respectively). Compared with other RHEAs listed in
Table S2, Hf45 alloy demonstrates superior performance by maintaining
structural integrity at relatively high oxidation temperatures while
exhibiting a comparatively lower mass gain. The phase compositions of
oxide on Hf0 and Hf45 alloy after oxidation were analyzed by XRD and
shown in Figs. 5¢ and 5d. For Hf0, the predominant formation comprises
Tay05 and multicomponent oxides Nb14aWs0aa. Fig. 5d reveals the pres-
ence of three distinct phases (HfO2, Nb14W3Ous, and HféTa2047) on the
oxidized surface of Hf45 alloy. The HféTa201- phase, formed through a
solid phase reaction between HfO- and Taz0s at elevated temperatures,
exhibits exceptional thermal stability and strong oxygen inhibition
ability [32]. In addition, the Ellingham diagram for the metal-oxide
reactions in Fig. 5b shows the relative thermodynamic stabilities of
the oxides that form in a multicomponent system [33]. The low and
adjacent positions of HfO5 and TayOs indicate that their oxides form
preferentially and sequentially during oxidation, thereby promoting the
solid-state reaction between them to form the dense-structured
HfeTaz2017.

Fig. 6 shows the surface morphology of the Hf0 and Hf45 alloys after
oxidation for different time. As depicted in Fig. 6a, significant spallation
of the oxide layer is observed on the Hf0 alloy surface after 0.5h
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oxidation, with numerous fragmented oxide flakes detaching from the
substrate. The retained oxide exhibits extensive surface cracks (Fig. 6b),
beneath which lies a loose internal oxide layer (Fig. 6¢). In contrast,
oxidized in air for the same 0.5 h, a continuous and compact oxide layer
formed on Hf45 with no crack observed (Fig. 6d). As the oxidation time
prolonged to 5h (Fig. 6e) and 24 h (Fig. 6f), microcracks emerged
within the oxide, progressively increasing in number without causing
severe cracking or spallation. High-magnification images (Fig. 6g and h)
reveal the presence of fine oxide particles uniformly distributed on the
oxide layer surface, which are likely formed in the later stage of
oxidation. After 24 h oxidation, two distinct contrast regions of oxide
particles are identified in Fig. 6i. Further EDS analysis confirms that the
two phases observed in the inset of Fig. 6i correspond to Hf-rich oxide
(Point 1: Hf-24.82 at%, Nb-5.57 at%, Ta-5.74 at%, and 0-63.86 at%)
and Ta, Nb-enriched oxide phases (Point 2: Hf-8.25 at%, Nb-18.26 at%,
Ta-10.21 at%, W-5.11 at%, and O-58.17 at%), respectively. At elevated
temperatures, HfO2 and Ta20s can undergo a solid phase reaction in Ta-
rich regions to form HfsTa201s with excellent phase stability, which leads
to superior oxygen inhibition ability [32,34].

Fig. 7 shows the cross-section morphology of Hf0 and Hf45 alloys
after oxidation for different time. As shown in Fig. 7a, a typical lami-
nated structure feature can be observed after 0.5 h of oxidation, with the
oxide remaining adherent to the substrate. The extension of the oxida-
tion time to 1 h leads to a dramatic increase in the oxide layer thickness
from 200 pm to 340 pm, accompanied by the development of substantial
and large-sized cracks, which ultimately brought the entire layer to the
verge of spallation from the substrate (Fig. 7b). The severe oxidation of
HfO alloy after short-term exposure is due to the formation of TazOs and
NbyOs oxides, whose detrimental volume expansion fails to provide
protective effects and directly induces catastrophic material failure [35,
36]. Despite the thickness of the oxide layer on the Hf45 alloy growing
from 107 pm to 674 um over 24 h of oxidation, no crack is observed
either within the oxide layer or at the oxide/substrate interface
(Fig. 7c-e). As shown in Fig. 7e, the dense oxide layer shows the sign of
degradation at 24 h, with a small portion of the outer layer transitioning
into a porous oxide structure. The EDS line scanning result in Fig. 7f
shows that Hf, Nb, Ta, W, and O are evenly distributed in the outer
cross-section regions of the oxide layers. However, the O content
significantly decreases in the inner oxide layer, indicating that the in-
ward diffusion of O is effectively hindered by the oxide layer (Points 4
and 5).

3.3. Mechanical behavior

The room-temperature engineering compressive stress—strain curves
of the as-cast (WTaNb);oxHfx HEAs are shown in Fig. 8a. HfO alloy
exhibits a yield strength of ~1211 MPa with ultimate compressive
strength of ~1741 MPa, and fracture strain of 13 %. Increasing the Hf

Fig. 4. Macroscopic images of Hf0 and Hf45 alloys oxidized at 1473 K.
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patterns of oxidized Hf0 and Hf45.

Hf0

Fig. 6. Surface morphology after oxidation analyzed by SEM. (a)-(c) HfO oxidized for 0.5 h; Hf45 oxidized for (d) 0.5 h, (e) 5 h, and (f) 24 h; (g)-(i) Magnified images

of (d)-(e), the inset in (i) is back scattered SEM.

element significantly strengthens the Hf15 and Hf30 alloys, with the
yield strength increasing to 1634 and 2067 MPa, respectively. More-
over, the fracture strain in both alloys is slightly promoted to 14 % and
17 %, respectively. The Hf45 alloy displays a remarkable combination of

strength and ductility with a yield strength of 2228 MPa, ultimate
compressive strength of 3135 MPa, and fracture strain of 26 %.
Compared to the RHEAs alloying oxidation-resistant elements in
Table S3, Hf45 retains superior ductility while achieving enhanced
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Fig. 8. Mechanical behavior. (a) Room-temperature engineering compressive stress—strain curves of (WTaNb);0o.xHf alloys; (b) Yield strength and plastic strain of

Hf45 compared with other reported HEAs.

oxidation resistance. As for the Hf60 alloy, although the yield strength
continues to increase to 2308 MPa, its fracture strain decreases to 12 %,
which makes the ultimate compressive strength decrease to 2679 MPa.
The strain-hardening rate (do/de) curves of the HEAs derived from the
corresponding true stress-strain curves are shown in Fig. S2. The curve
of the HfO alloy exhibits a rapid decrease, indicating its significantly
inferior ductility. Upon introducing a minor Hf addition (Hf15 and Hf30
alloys), the decrease stage of the work hardening curve is slightly

delayed. The formation of semi-coherent interfaces resulted in a notable
enhancement in the work hardening rates of Hfl5 and Hf30 alloys.
Notably, increasing Hf content to 45 at%, the formation of coherent
interfaces between the BCC and the HCP phases resulted in a decreased
strain hardening rate, an extended strain hardening range, and conse-
quently improved ductility. However, upon excessive Hf addition, the
Hf60 alloy exhibits a pronounced deterioration in work hardening rate,
which consequently leads to compromised ductility. In addition, the
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yield strength and fracture strain of Hf45 are compared with other HEAs
that have been reported, as shown in Fig. 8b (The detailed data of the
alloys are listed in Table S4). The Hf45 has a yield strength that is higher
than most of the reported HEAs, together with a relatively large fracture
strain.

The SEM images of the fracture surface after compressive tests for the
(WTaNb);00.xHfx HEAs are shown in Fig. 9a-e. Only vein patterns are
observed on the fracture surface of HfO, indicating a typical brittle
fracture. With the increase of Hf content, dimples appear on the fracture
surface of Hf15 and become the major fracture morphology for Hf30 and
Hf45, which is consistent with the increase of fracture strain. For Hf60,
only vein patterns resulting from brittle fracture are observed. A pol-
ished fracture surface of Hf45 is shown in Fig. 9f, evidencing trans-
granular crack propagation, further confirming the ductile fracture.

The microstructure of Hf45 alloy after 20 % fracture strain is
analyzed by TEM, as shown in Fig. 10. Based on the HAADF image in
Fig. 10a, the BCC and HCP phases show cooperative deformation, and
bending occurs at the interfaces of the dual phases. The morphology of
the HCP phase changes to needle-like. It can be speculated that a large
amount of strain is absorbed at the interface, and extremely high strain
energy is stored. The EDS results shown in Fig. 10b indicate that the HCP
phase maintains a much higher content of Hf. The SAED pattern in
Fig. 10c confirms that the two phases maintain a coherent relationship
after deformation. The tendency to form rings of the diffraction spots
results from the large plastic deformation of the grains. As shown in the
TEM image in Fig. 10d, a large number of dislocations are stacked and
multiplied, forming complex structures such as forest dislocations and
dislocation cells. The interlacing and entanglement of dislocations lead
to the strengthening of the alloy. Some dislocations can cut through the
interface between the HCP phase and the matrix BCC phase in their slip
direction, which is caused by the coherent interface. This can alleviate
the stress concentration at the interface, delay the crack initiation pro-
cess, and prolong the work hardening stage of the alloy [37,38]. The
dislocation density in the BCC phase is much higher than that in the HCP
phase when it is located at the interface between the disordered BCC and
the HCP (Fig. 10e). There is no significant quantitative difference in
dislocation content within the alloys when both sides of the interface are
BCC matrix phases (Fig. 10f). This indicates that the BCC phase bear
more strain during the process of external compressive stress. The
HRTEM images (Fig. 10g and 10 g;) and SAED pattern (Fig. 10 g») of the
interface prove that the coherent relationship between the HCP phase
and the BCC phase is maintained after 20 % fracture strain.

The origin of the simultaneously enhanced strength and plasticity of
Hf45 alloy is as follows. The strength increase can be attributed to the
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lattice distortion induced by the solid solution of the large atomic size of
the Hf element, together with the second-phase strengthening from the
HCP phase. The increase in plasticity can be explained by two aspects.
Firstly, the lamellar arrangement of the two-phase, similar to some
eutectic structures, can obviously absorb the strain at the two-phase
interface to delay the crack generation process [39-41]. The disloca-
tion density can then be increased up to the maximum limit of the alloy,
which in turn increases the strength without sacrificing ductility at room
temperature. Secondly, the coherent interface of the two phases can
slow down the stress concentration process [41]. The dislocation can cut
through the two-phase coherent interface without being hindered by the
interface stress field. Thirdly, the overall bulk modulus decreases
continuously with the increase of the Hf element, and thus leads to a
larger fracture strain. The decrease of the fracture strain in Hf60 results
from the tremendous morphology change of the HCP phase and the
appearance of W-rich BCC2 phase, which may accelerate the initiation
of the cracks.

The compressive mechanical behavior of Hf45 at 1473 K is analyzed,
with the stress-strain curve shown in Fig. S3. The Hf45 alloy maintains a
relatively high yield strength of 456 MPa at 1473 K. The deformation
process of Hf45 can be categorized into three stages: work hardening,
dynamic softening, and steady state stages. For the work hardening
stage, the dislocation interaction leads to the formation of high-density
dislocations as well as the formation of low-angle grain boundaries and
subgrain microstructure, which impedes the deformation, and thus the
stress increases continuously. For the dynamic softening stage, with the
increase of dislocation density, the distortion energy of the alloy in-
creases, and the driving force for the dynamic recovery and recrystal-
lization is accumulated. At the same time, the dislocation climbing and
cross-slip are induced, so the softening is dominated by dynamic re-
covery, and recrystallization occurs [42-44]. In addition, if the phase
transition occurs in the alloy, a part of the stress can be released, which
is manifested as a decrease in the stress value on the stress-strain curve.
Then the strengthening induced by dislocation interaction and the sec-
ond phase competes with the stress softening dominated by dynamic
recrystallization and phase transition. When the two reach an equilib-
rium, the stress doesn’t change much with increasing strain, and thus the
alloy deformation is observed to be at the steady state stage.

It should be noted that the use of small specimens in compression
testing may compromise the accuracy of measured mechanical proper-
ties, due to the disproportionate contribution of non-specimen dis-
placements (frame compliance, contact gaps, and stress concentration at
interfaces) to the total machine-recorded displacement and the insuffi-
cient grain number within the cross-section [21]. This leads to an

Fig. 9. SEM images of the fracture surface after compressive tests. (a)-(e) HfO-Hf60; (f) Polished fracture surface of Hf45.
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Fig. 10. Microstructure analyses of Hf45 with 20 % plastic strain. (a) HAADF image; (b) EDS analysis; (c) SAED pattern; (d) TEM image of dislocations; (e) Interface
of BCC and HCP; (f) Interface of BCC matrix phases; (g) and (g;) HRTEM images, (g>) SAED pattern of g;.

underestimation of the elastic modulus and an overestimation of frac-
ture strain. For RHEAs, the cylindrical specimens with diameters of
2-4 mm and a length-to-diameter ratio of 2 are commonly used in
evaluating compressive mechanical properties. The adoption of
2 x 4 mm cylindrical specimens in this work is primarily based on the
following considerations: (1) The NbTaWH( system’s large melting point
differences (>1200 K) between elements lead to elemental segregation
and inhomogeneous as-cast microstructures, where smaller specimens
reduce non-equilibrium solidification effects. (2) Our previous studies
have demonstrated negligible differences in room- and
elevated-temperature yield strength and plastic strain between
2 X 4 mm and 4 x 8 mm specimens [19]. (3) The 2 x 4 mm configu-
ration is more prevalently adopted, facilitating performance comparison
under consistent baseline conditions. The mechanical behavior of
centimeter-scale specimens requires further systematic investigation in
future studies.

4. Conclusion

In this work, a (WTaNb)ssHfys alloy with excellent oxidation resis-
tance and large plasticity at room temperature was designed. The
addition of Hf significantly enhances the oxidation resistance of NbTaW
alloy by promoting the formation of a dense HfsTa20+7-dominated oxide
layer, which effectively suppresses oxygen inward diffusion and reduces
crack formation. The coherent interface between the HCP nano lamellar
and the BCC phase contributes to the improved plasticity at room tem-
perature. This work provides a strategy to design materials with superior
high-temperature oxidation resistance and excellent room-temperature
plasticity.
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