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Abstract: High-entropy alloys (HEAs) are defined as the alloys composed of at

least five principal elements in equimolar or near equimolar ratios, which can
facilitate the formation of simple solid solutions during solidification. Recent studies
suggested that the refractory HEAs exhibited great promise for high temperature
structural materials. However, their oxidation behavior had received little attention. In
the present study, Cr, Al and Si elements were added to improve the oxidation
resistance, four types of new refractory HEAs were designed and synthesized,
including NbCrMoTiAlys (H-Ti), NbCrMoVAlys (H-V), NbCrMoTiVAlys (H-TiV)
and NbCrMoTiV Al 5Sip3 (H-TiVSiy3). Their microstructures and oxidation behavior
were studied. As expected, these refractory HEAs mainly consist of a simple
body-centred cubic (BCC) refractory metal solid solution (RMy) due to the high
mixing entropy effect. Solidification process and thermodynamic analysis were
investigated to explain the formation mechanism of their microstructures. For all the
refractory HEAs, the oxidation kinetics at 1300 °C follows a linear behavior. The
oxidation resistance of the HEAs is significantly improved with Ti and Si addition,

but reduced with V addition.

Keywords: High entropy alloys; refractory metal; microstructure; oxidation

behavior



1. Introduction

Refractory metals have the potential to be the next generation of high temperature
structural materials because they have high melting points, good performances of high
temperature strength and ambient temperature ductility [1-4]. However, their poor oxidation
resistance at elevated temperatures limits their application. Considerable works have been
performed to solve this problem. It is found that doping high content of Cr, Al and Si elements
can cause the formation of protective oxide layers (i.e., Cr:0s3, Al,Os, SiO,) [5-7].
Unfortunately, at the same time, large quantities of brittle intermetallic compounds (NbsSis,
NbCr,;, MoSiy, NbsAl etc.) are easy to form, leading to low: fracture toughness at room
temperature, which will also restrict their application [8]. This raises the question: can we
avoid or reduce the formation of brittle intermetallic compounds when doping some amounts
of Cr, Al, Si elements? Furthermore, can the refractory alloys remain ductile solid solution
phase? The design idea of new alloy system named “high entropy alloys” (HEAs) may offer a

pathway towards solving this problem.

The concept of HEAs is proposed by professor Yeh et al [9]. The HEAs are composed of
at least five principal elements with each elemental concentration between 5 and 35 at.%. The
high mixing entropy effect can facilitate the formation of simple solid solutions during
solidification instead of brittle intermetallic compounds [9-15]. Recently, NbMoTaW,
VNbMoTaW, TaNbHfZrTi refractory HEAs have been successfully produced by vacuum arc
melting [3; 4, 16]. These refractory HEAs consist of single BCC solid solution phase, and are
proved to be usable at high temperatures due to their high strength, but studies on their
oxidation behavior are limited [17]. Besides, considering that these refractory HEAs contain

no Cr, Al, Si elements, their high temperature oxidation resistance should be poor.

Based on the analysis above, high content of Cr, Al and Si elements were added to
increase the oxidation resistance [5-7], and the design idea of HEAs was applied to avoid the
formation of complex brittle phases. The base composition NbMoCrAlps (1:1:1:0.5 in atomic

molar ratios) was selected, because Nb metal had good ductility and fracture toughness [18],
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Mo could increase high temperature strength [1], Cr and Al could improve the oxidation
resistance of the alloys [5, 6]. Then, four types of new refractory HEAs including
NbCrMoTiAlps (H-Ti), NbCrMoVAlys (H-V), NbCrMoTiVAlps (H-TiV) and
NbCrMoTiVAlysSigs (H-TiVSig3) alloys were designed. Here, H was used to represent
NbMoCrAlys in this paper to facilitate discussion. The mixing enthalpy between Nb, Mo, V,
Cr, Ti refractory elements was small (see Table 1) [19, 20]. This was beneficial to the
preparation of HEAs [10]. To fully augment the mixing entropy, Nb, Mo, V, Cr and Ti ele-
ments were designed in equimolar ratios [9]. But the mixing enthalpy between Al, Si and
other elements were more negative, therefore the amount of their addition was relatively low

to avoid the formation of intermetallics.

In this paper, the microstructure and oxidation behavior of these refractory HEAs were
investigated with two purposes. One was to verify whether the single phase refractory solid
solution with high content of Cr, Al and Si elements can be obtained. The other was to
investigate the effect of the alloying elements on the microstructure and oxidation resistance,

which would provide a reference for the optimization of the alloy compositions.

2. Experimental

The alloys were prepared from commercial purity (all in 99.9 wt.%) Nb, Cr, Mo, Ti, V,
Al and Si by electric arc melting under argon atmosphere in water cooled copper crucible. To
prevent the loss of Al and Si, the Nb, Cr, Mo, Ti, V, Al and Si were not added in the copper
crucible at the same time during the arc melting. The elements Ti, V, Al and Si were firstly
melted, and the first alloy ingot was obtained. Similarly, the Cr, Nb, Mo were melted, and the
second alloy ingot were obtained. Then, the final HEAs ingots of about 100g were prepared
by these two alloy ingots. To ensure homogeneity, the alloys were remelted for at least five

times.

The crystal structures were characterized using X-ray diffractometer
(XRD, Rigaku Dmax 2200) with Cu Ka radiation scanning from 20° to 100° degrees in 20 at

a scanning rate of 6°/min. Microstructures of the cast samples were examined by
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Cambridge-S360 scanning electron microscopy (SEM) using backscattered electron (BSE)
imaging. The chemical compositions of the constituent phases were analysed by
electron-probe microanalysis (EPMA) using a JEOL JXA 8100 super-probe equipped with
energy dispersive X-ray (EDX) and wavelength dispersive X-ray (WDX) spectrometers. The
precipitate phases were identified by transmission electron microscopy (TEM,
JEOL JEM-2100) with thin-foil specimens that were prepared by polished thinning and ion
milling. The area fractions of secondary phase in H-Ti and H-TiV alloys were measured using

BSE images and the metallographic image analysis software SISC IAS v8.0.

The oxidation coupons with dimensions of approximately 4 mm X6 mm X 10 mm were
ground to 1000 grit and ultrasonically cleaned in ethanol. Isothermal oxidation tests of the
samples were undertaken at 1300 °C in air with the exposure times of 5, 10, 15 and 20 hours.
The weight of samples was examined and recorded. Weight gain per unit area as a function of
the time was used to determine the alloy oxidation resistance. The oxidation products were
characterized by XRD. The cross-section of the oxide scales was observed and analyzed by

EPMA.

3. Results and discussions

In this paper, the microstructures of the HEAs were investigated firstly. To fully
understand the formation mechanism of these microstructures, the solidification processes
were analyzed; and a simple thermodynamic analysis of the phase formation in each alloy was
proposed.-Afterwards, the oxidation behavior was studied, and the effect of Ti, V and Si

alloying elements on oxidation resistance were discussed.

3.1 Microstructure

The XRD patterns of the refractory HEAs are shown in Fig. 1. As expected, their
structure is simple. H-Ti, H-V and H-TiV alloys display a single BCC structure. The
H-TiVSiy; alloy is composed of two phases, including BCC phase and a compound phase

(Nb,Ti)sSis (JCPDS, 63-3599).



3.1.1 Microstructure characterization

Figure 2 shows the microstructures of the refractory HEAs. A common observation can
be depicted. There is serious dendritic segregation although the matrix is of refractory metal
solid solution (RMy,) type. Furthermore, except for H-V alloy, all alloys have the secondary
phase in interdendritic regions. To facilitate discussion, the microstructures are mainly
distinguished as dendrite, interdendrite and secondary-phase regions. Table 2 gives the
chemical compositions in each region, which is determined by EDX. It is noticeable that Mo
element segregates preferentially to the dendritic regions, while Cr, Ti, Al and Si elements
prefer to the interdendritic regions. The distribution of Nb and V elements is relatively

homogeneous.

For H-V alloy, it only consists of RM, as shown in Fig. 2b. For H-TiVSig3 alloy, it
should be the hypoeutectic or hypereutectic microstructure as shown in Fig. 2d. Combining
the EDX results and the corresponding XRD patterns (see Fig. 1), it can be summarized that

the H-TiVSig 3 alloy consists of RM;, and (Nb, T1)5Si; eutectic microstructure (see Fig. 2d).

It seems that H-Ti (see Fig. 2a) and H-TiV (see Fig. 2c) exhibit hypomonotectic
microstructure. And there are RMg, dendritic and black secondary phase in interdendritic
regions. The black secondary phase exhibits irregular or lamellar shape. According to the
EDX results in Table 2, the secondary phase is mainly composed of Ti element with the
atomic percentage of 71.05% in H-Tiand 79.36% in H-TiV. To further identify the secondary
phase, TEM is applied. The selected area diffraction (SAD) (see Fig. 3) pattern analysis
indicates that it is a BCC structure with the lattice parameter of about 3.29 A, very closed to
the lattice parameter of the B-Ti solid solution (3.331 A). Considering its high composition of
Ti, it is reasonable to presume that secondary phase is a solid solution of B-Ti. However, B-Ti
is not identified in the XRD patterns of H-Tiand H-TiV. This is because that B-Ti has BCC
structure and similar lattice parameter with RMy,, and has little concentration. Furthermore,
the area fraction of B-Ti is measured by differentiating the phases using the BSE contrast. It is

found that the area fraction of B-Ti in H-TiV (4.6%) is slightly higher than that in H-Ti (2.5%).



This suggests that the addition of V element promotes the formation of B-Ti. This observation

of B-Ti is seldom reported. The related reasons will be qualitatively analyzed in section 3.1.3.

3.1.2 Solidification process

According to Fig. 2a, the H-Ti alloy should be the hypomonotectic microstructure. To
better understand it, the hypomonotectic reaction during solidification of H-Ti alloy is
schematically illustrated by the phase diagram in Fig. 4, where element A represents the
mixture of Nb, Cr, Mo and Al. The solidification path (along the dotted line) of H-Tican be
described as follows: (1) Melting liquid experiences reaction by L— RMg +L;. Primary RMg
form with dendrite growth, and liquid L, is left in interdendritic.regions, as shown in Fig. 4a.
(2) At the temperature Tp,, the monotectic reaction L.; — RMg + L, occurs. RMg dendrite will
continue to grow, leaving L, in interdendritic regions which is the liquid phase of B-Ti solid
solution, as shown in Fig. 4b. (3) The reaction L, — B-Ti takes place until the solidification
process completes. B-Ti forms in interdendritic regions and presents irregular shapes, as
shown in Fig. 4c. At cooling, little lamellar B-Ti will precipitate in the RMg. Thus, the
solidification process can be summarized as L — RMg + L; — RMg+ Lo— RM + B-Ti. As a
result, in H-Ti alloy, the refractory metal solid solution forms as a continuous matrix, whereas
the B-Ti distributes discontinuously and retain isolated pockets in the interdendritic regions.

The H-TiV alloy has the similar solidification process to that of H-Ti alloy.

Besides, the solidification processes of H-V and H-TiVSig3 are simple and featureless.
H-V is an-isomorphous alloy, and its solidification process can be described as L. — RM.
While H-TiVSiy 3 alloy undergoes hypoeutectic or hypereutectic reaction during solidification,

and its solidification process can be described briefly as L. — RM + L.;— RMg, + (Nb, T1),Sis;.

3.1.3 Thermodynamic analysis of the phase formation

Compared with traditional alloys containing so many component elements, the structure
of the refractory HEAs is relatively simple due to the high mixing entropy effect [9, 11].

Recently, a few studies have been carried out on the phase formation rule for HEAs [10,



21-23]. Based on the work of Yang and Zhang [21], two parameters  and ¢ are defined as

follows to predict the solid solution formation for various HEAs

mix

T AS
Q=_m " mix (D

| mix

@

Where, T, is the melting temperature of HEAs, AHx is the enthalpy of mixing and ASyx is
the entropy of mixing, ¢; is the atomic percentage of the ith component; 1; is the corresponding
atomic radius. And 7 is the average atomic radius. The detailed calculation method is the

same as that described in Ref. [21].

Larger © and smaller ¢ will facilitate solid-solution formation [21]. For the refractory
HEAs considered in this work, parameters €2 and ¢ are calculated and listed in Table 3. It can
be seen that H-V has the largest © and smallest o, and thus it consists of single solid solution.
While H-TiVSips has the smallest € and largest J, hence the (Nb,Ti)sSi; phase forms.
Furthermore, an empirical criterion for the HEAs to form solid solution is also suggested by
Yang and Zhang. That is, 2 >'1.1 and J < 6.6%. According to this criterion, all the considered
refractory HEAs should have the solid solution structure. But this only holds for H-V, H-Ti
and H-TiV alloys. As for H-TiVSig 3 alloy, the (Nb,Ti)sSi3; phase forms. This suggests that this
criterion specified for HEAs appears to be necessary but not sufficient enough to predict the
solid solution formation in HEAs. The reason for the formation of (Nb,Ti)sSi; phase should be

related with the most negative mixing enthalpy between Nb, Ti and Si elements (see Table 1).

Besides, an intriguing question is why H-Ti and H-TiV alloys undergo a hypomonotectic
reaction and yield the B-Ti. It is well known that the monotectic reaction results from the
immiscibility of two liquid phases [24]. This suggests that the liquid phase of B-Ti and RMg
may be mutually immiscible. In order to explore the reason for this immiscibility, the
interaction between the elements in RM; and B-Ti should be considered. For binary system,

I is the regular solution interaction parameter between A and B elements [24, 25]. When Ixp



> 0, the liquidus shows a mimimum in AB binary phase diagram (see Fig. 5a). The liquid
phase of A and B may be mutually immiscible. During solidification, AB alloy may undergo
monotectic reaction, or spinodal decomposition and so on. When I5p < 0, the liquidus shows a
maximum in AB binary phase diagram (see Fig. 5b). AB alloy may generate intermetallics.
when I5p = 0, the liquidus shows neither maximum nor minimum in the AB binary phase
diagram (see Fig. S5c), the solid solution will be obtained. Based on the analysis above,
element A and element B will become mutually immiscible when Ixg > 0, and Iag can be
qualitatively analyzed according to the shape of the liquidus in binary alloy phase diagrams
[26]. Accordingly, the /x5 between Nb, V, Mo, Ti, Al and B-Ti can be easily obtained from Fig.
6: Inv1i= 0, Ivori = 0, ITia1< 0, Iyti > 0, Ierri > 0. In H-Ti alloy, there are Nb, Mo, Ti, Cr and Al
elements. Since only Icri> 0, it should be Cr that results in the immiscibility between B-Ti
and the RMgs. For H-TiV, Iyt > 0, thus the amount of B-Ti increases due to the addition of V.
This also explains why the area fraction of B-Ti in H-TiV (4.6%) is more than that in H-Ti
(2.5%). In the previous research about 48Nb-15Cr-37Ti alloy [27], 5.2% B-Ti is deposited
from the Nb-Cr-Ti solid solution after holding at 1000 °C for 338h. Because Inyri = 0, element
Nb plays negligible role in participating -Ti. Whereas Cr plays a critical role due to Ic,ri> 0.
This observation of B-Ti verifies our inference. Accordingly, it is reasonable to predict that
B-Ti will form in refractory metal solid solution, when the refractory alloys contain high
content of Ti and Cr. However, the formation of B-Ti is detrimental for high temperature
structural refractory alloys due to the following reasons. The strength of -Ti is lower than
that of RM; due to the lower solid solution strengthening effect (see Table 2). Meanwhile, the
oxidation resistance of B-Ti is also worse than RMg, due to lack of Cr and Al elements. Thus,
when designing Nb-Si-Ti-Cr, Nb-Ti-Cr alloys [28-31] and further optimizing the HEAs

compositions, the formation of 3-Ti should be inhibited by decreasing the content of Ti or Cr.

3.2 Oxidation behavior

Figure 7 shows the weight gain per unit area as a function of the exposure time at 1300°C

for the HEAs. Results show that all the HEAs exhibit linear oxidation kinetics. Then the



Am
linear oxidation rate constant k; for each alloy is calculated by the equation £k, :A_t' Here,

Am is the weight change of the specimen, A is the surface area of the specimen and ¢ is the
exposure time. It can be found that H-V alloy exhibits the highest weight gain and hence the
worst oxidation resistance. The k; is up to 17.3 mg cm™h™'. Comparatively, the addition of Ti
significantly improves the oxidation resistance of H-TiV, and k; decreases to 13.3 mg cm~h.
When Si is added to H-TiV, H-TiVSigp3 alloy exhibits better oxidation resistance, and k;
decreases to 9.8 mg cm”h”. When V element is eliminated from H-TiV, H-Ti alloy has the
best oxidation resistance with k; about 7.5 mg cm™”h™'. These results suggest that the addition
of Ti and Si can improve the oxidation resistance, but the addition of V has the opposite effect.

To determine the reasons, the oxidation products and the oxide scales are investigated.

Figure 8 presents the XRD patterns obtained from the oxidation products of the HEAs
after exposure at 1300 °C for 20 h. Figure 9 shows the cross sections of the outer oxide scales
of the four HEAs. Table 4 gives the chemical compositions, which are determined by EDX.
The oxidation products are determined by the XRD results, the composition information, as
well as the oxide morphology. It has been found that CrNbO4 (JCPDS 34-0366) is the
predominant oxide in the oxidation products of H-V alloy, and some amount of CrVNbOg
(JCPDS 36-0788) is also present (see Fig. 9b). Besides, V oxides (VOy), including V,0s
(JCPDS 54-0513) and VO, (JCPDS 76-0676) etc., are found in the oxidation products of H-V
and H-TiV alloys (see Fig. 10). When the HEAs contain Ti element, i.e., H-Ti, H-TiV and
H-TiVSips, TiOy (JCPDS 76-0321) is the predominant oxide (see Fig. 8). Meanwhile, many
other refractory elements are soluted in the TiO, structure according to the chemical
compositions in Table 4. Here, (TiCtNbV)O, is the predominant oxide of H-TiV and
H-TiVSiy 3 alloys, and (TiCrNb)O; is the predominant oxide of H-Ti alloy. In addition, Al,O3
(JCPDS 75-1864) is also observed in all these HEAs in Fig. 9, but it could not be identified by

XRD patterns in the oxidation products of H-Ti alloy due to its little concentration.

Several results can be obtained to interpret why V is detrimental, but Si and Ti are

beneficial to the oxidation resistance. The effect of V can be discussed from two aspects: (i)



The oxides of H-Ti is compact with little porosity (see Fig. 9a). But after V is added, the
oxide scales become porous for the other HEAs. This will prompt oxygen ingress towards the
metal-oxide interface. (ii) Large size pores are observed in the oxide scales of H-V and H-TiV
with the diameter about 50um as shown in Fig. 10. And VO are observed in the vicinity of
the pores. Considering that V,0s has a low melting point [32], the pores
are probablely formed due to the fusion or volatilization of the V,0s. These large pores will
also prompt oxygen ingress towards the metal-oxide interface, and then increase the oxidation
rate. As for Si, the following three aspects can be addressed: (i) In the oxide scales of
H-TiVSiy3, there is neither observable large size pores nor VOy. And the XRD results also
indicate the absence of VOy (see Fig. 8). This suggests that the addition of Si element
prevents the formation of VOy, and hence improves the oxidation resistance. (ii) The
(NDb,Ti)sSi3 phase can act as a significant barrier for the diffusion of oxygen in RM, [33]. (iii)
At the outermost oxide scales of all the HEAs; Al,O;3 layers are observed. In particular,
compared with others, the Al,Os layer in the oxide scales of H-TiVSig 3 is more uniform and
compact, and hence more favorable for oxidation resistance. The chemical compositions listed
in Table 4 indicate that Si is rich in the Al,O5 of the H-TiVSig; oxide. It is reasonable to infer
that the addition of Si element favors the formation of Al,Os. Although the Al,O; layers do
not provide an effective barrier to oxidation in the present study, if the optimization of the
HEAs compositions _can make the Al,O3; layers more compact and thicker, the oxidation
resistance may be greatly improved. This sheds some light on our further studies. Next, the
influence of Tiis discussed as follows. The predominant oxide of H-V is CrNbOs. When Ti is
added, the predominant oxide of H-TiV becomes (TiCrNbV)O,. These two oxides have the
same crystal structure (see Fig. 8b and c). Meanwhile, the oxide size and morphology are also
similar (see Fig. 9b and c). Thus, the oxide scale analysis cannot provide sufficient insight
into the effect of Ti addition. As pointed out in the previous study, the addition of Ti can
reduce the solid solubility and diffusivity of oxygen in Nb based alloys [34-36], for example,
for Nb-25Ti the diffusivity is 1/20 that in pure Nb [37]. This should be the reason why the

addition of Ti can improve the oxidation resistance.
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4. Conclusions

In this paper, four types of new refractory HEAs were prepared, whose microstructures

and oxidation behavior were intensively studied. The main findings could be summarized as

follows:

1.

H-V alloy consists of single RMg phase. H-TiVSips; exhibits hypoeutectic or
hypereutectic microstructure with RMg and (Nb,Ti)sSiz phase. H-Ti and H-TiV alloys
probably undergo a hypomonotectic reaction during solidification, yielding the products
of RMgss and little B-Ti solid solution. And the B-Ti in H-TiV (4.6%) is more than that in
H-Ti (2.5%).

Thermodynamic analysis indicates that the formation of (Nb,Ti)sSi3 is associated with the
high negative mixing enthalpy between Si and Nb, Ti. Whereas the immiscibility between

B-Ti and Cr, V results in the formation of B-Ti.

All the HEAs exhibit linear oxidation kinetics at 1300 °C. Al,O3 layers are observed at the
outermost oxide scales of all the HEAs. CrNbOy is the predominant oxide of H-V, while
TiO; is the predominant oxide of H-Ti, H-TiV and H-TiVS;jq 3 alloys. Besides, VO is also
found in oxidation products of the H-V and H-TiV alloys, which results in large size pores
in the oxide scales.

The alloying elements have a strong influence on the oxidation resistance. The addition of
Ti and Si can improve the oxidation resistance, but V is detrimental to oxidation

resistance.

The present work provides some guidance in the further development of current ideas to

obtain refractory high temperature structural materials. Further studies are being carried out to

investigate the formation mechanism of the oxidation products, high temperature strength and

room temperature fracture toughness of these alloys. Parallel experimental study is also in

progress for the optimization of alloy compositions.
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Tables

Table 1 The values of AHpix (kJ/mol) calculated by Miedema’s model for atomic pairs

between elements with Ti, V, Cr, Nb, Mo, Al, Si [19].

Element V Cr Nb Mo Al Si

Ti 2 7 2 4 30 66
\% 2 -1 0  -16 -48
Cr 7 0  -10 -37
Nb 6 -18 -56
Mo 5 35

Al -19
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Table 2 Phase constituents and average chemical composition (at %) for the HEAs studied in

this work.
Nb Cr Mo Al Ti A" Si
NbCI‘MOTiAl()_5
21.81 24.70 20.01 9.97 23.50
(H-Ti)

Dendrite 26.06 14.96 3203 723 19.73

Interdendrite 20.21 27.06 1646 11.46 24.81

B-Ti 8.64 11.56 5.18 3.56 71.05

NbCrMoVAlys
22,50 23.04 22.16 10.15 22.15
(H-V)
Dendrite 22.63 19.10 2847 7.30 22.50
Interdendrite 23.25 3322 1097 11.22 21.33
NbCI'MOTlVAlQ5
18.35 1892 18.08 8.15 18.12 18.38
(H-TiV)
Dendrite 19.38 1341 26.59 5.8 15.85 18.97
Interdendrite 17.22 2391 11.55 931 17.95 20.06
B-Ti 577 5.01 3.05 1.7  79.36 5.12
NbCI‘MOTiVAl()jSng

17.68 1695 17.14 696 1826 1732 5.69
(H-TiVSig3)

Dendrite 1835 14.71 2498 7.01 1453 1871 1.70

Interdendrite 17.18 17.68 7.85 691 23.08 1523 12.07

(Nb,T1)s5S13 21.69 5.30 440 29.28 8.46 30.87
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Table 3 The microstructures and the parameters £ and ¢ for the refractory HEAs. The

superscript “*” denotes the empirical criterion for forming solid solution phase [21].

Alloys Microstructure 0 (%) Q
H-Ti RMg + B-Ti 5.14 2.50
H-V RMs 4.75 3.40

H-TiV RMg + B-Ti 5.00 3.30
H-TiVSip3 RMj+ (Nb,Ti)sSi3 597 1.80
criterion* <6.6 >1.1
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Table 4 Average chemical compositions (at.%) of the phases present in the oxide scales

obtained after oxidizing the HEAs at 1300 °C for 20 h

Alloy Phases Nb Cr Mo Al Ti vV Si. 0O

(TiCrNb)O, 12.8 11.3 3.6 11.1 61.3

H-Ti
Al,O4 7.4 31.8 04 60.4
CrNbO4 14.8 14.7 3.5 7.7 594
CrVNbOg 159 123 1.0 15.0 55.9

H-V
VO 1.0 91 06 21.6 67.7
Al,O3 15.4 31.3 0.5 529
(TiCrNbV)O, 12.0 122 1.6 109 7.8 55.5
H-TiV VO I5 94 15 12 301 56.4
Al,O4 10.4 36.7 1.2 51.7
(TiCINbV)O, 13.6 11.6 1.7 104 82 0.5 54.0

H-TiVSip3

Al,O5 9.9 247 03 1.7 92 542
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Figure Captions

Figure 1. XRD patterns of the HEAs.
Figure 2. BSE microstructures of the HEAs: (a) H-Ti, (b) H-V, (¢) H-TiV, (d) H-TiVSig3.
Figure 3. TEM bright-field image of the H-Ti alloy showing lamellar -Ti, the corresponding

diffraction pattern in the [111] zone axis indicating BCC phase (a =3.29 A).

Figure 4. Phase diagram schematically depicts the hypomonotectic reaction in H-Ti alloy.

Here, element A represents the mixture of Nb, Cr, Mo and Al.

Figure 5. Schematic binary phase diagrams [24], where the liquidus shows (a) a minimum,
when I < 0, (b) a maximum, when Iag > 0, and (¢) neither minimum nor maximum, when

IAB= 0

Figure 6. Schematic illustration for the liquidus and solidus in Ti-Mo, Ti-Nb, Ti-Cr, Ti-V and

Ti-Al binary phase diagrams

Figure 7. The isothermal oxidation curves for the HEAs at 1300 °C, showing the effects of Ti,

V and Si addition.

Figure 8. XRD patterns of the oxidation products obtained after oxidizing the HEAs at

1300°C for 20 h: (a) H-V, (b) H-TiV, (c) H-TiVSig 3, (d) H-Ti.

Figure 9. BSE images showing the cross sections of the outer oxide scales of the HEAs

oxidizedat 1300 °C for 10 h: (a) H-Ti, (b) H-V, (c) H-TiV, (d) H-TiVSig3.

Figure 10. BSE images showing the large size pores in the outer oxide scales of the HEAs: (a)

H-V; (b) H-TiV.
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Figure 1. XRD patterns of the HEAs.
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Figure 2. BSE microstructures of the HEAs: (a) H-Ti, (b) H-V, (c) H-TiV, (d)
H-TiVSig 3.
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Figure 3. TEM bright-field image of the H-Ti alloy showing lamellar -Ti, the corresponding

diffraction pattern in the [111] zone axis indicating BCC phase (0. =3.29 A).
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Figure 4. Phase diagram schematically depicts the hypomonotectic reaction in H-Ti alloy.

Here, element A represents the mixture of Nb, Cr, Mo and Al.
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IAB: 0
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Figure 7. The isothermal oxidation curves for the HEAs at 1300 °C, showing the effects
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Figure 8. XRD patterns of the oxidation products obtained after oxidizing the HEAs at
1300°C for 20 h:(a) H-V, (b) H-TiV, (c) H-TiVSig3, (d) H-Ti.
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Figure 10. BSE images showing the large size pores in the oxide scales of the HEAs: (a) H-V,
(b) H-TiV.
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Highlights
» Four types of new refractory HEAs are designed

» These HEAs mainly consist of a simple BCC solid solution.

» The formation mechanism of B-Ti is proposed.

» The oxidation resistance of the HEAs is significantly improved with Ti and Si addition, but

reduced with V addition.
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