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Abstract

:

Alloying with V and Ti elements effectively improves the strength of WMoTaNb refractory high entropy alloys (RHEAs) at elevated temperatures. However, their effects on the oxidation resistance of WMoTaNb RHEAs are unknown, which is vitally important to their application at high temperatures. In this work, the effect of V and Ti on the oxidation behavior of WMoTaNb RHEA at 1000 °C was investigated using a thermogravimetric system, X-ray diffraction and scanning electron microscopy. The oxidation of all alloys was found to obey a power law passivating oxidation at the early stage. The addition of V aggravates the volatility of V2O5, MoO3 and WO3, and leads to disastrous internal oxidation. The addition of Ti reduces the mass gain in forming the full coverage of passivating scale and prolongs the passivation duration of alloys.
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1. Introduction


Refractory high entropy alloys (RHEAs) were reported to possess excellent mechanical properties at elevated temperatures and high thermal stability, making them extremely promising high-temperature structural materials [1,2,3]. In reported RHEAs, WMoTaNb is famous for retaining high strength above 400 MPa at temperatures up to 1600 °C and has a great potential for high temperature applications; however, its compressive plastic strain at room temperature (RT) is inferior at 3%, severely limiting its processing formation performance [4]. The microstructure and performance of RHEAs can be changed dramatically by alloying other elements [5,6,7]. It is reported that alloying with V effectively improves the strength of WMoTaNb alloys to approximately 200 MPa at elevated temperatures of 600 °C–1200 °C [4]. Alloying with Ti is found to improve both the strength (46% higher than WMoTaNb) and ductility (11.5% and five times higher than that of WMoTaNb) of WMoTaNbTi alloy at room temperature by solid solution hardening effect and grain-boundary cohesion improvement [8].



The investigation of WMoTaNb alloys has been focused on their structure and mechanical properties; however, the oxidation behaviors of these alloys at elevated temperatures determine the application and have rarely been studied [9,10]. It is known that RHEAs, especially WMoTaNb alloys, suffer from poor oxidation resistance at elevated temperatures, which may be attributable to the evaporation of volatile oxides (MoO3, WO3 and V2O5) and the scale fractures caused by the high Pilling–Bedworth ratio (PBR) of Ta2O5 (2.47) and Nb2O5 (2.74) [11,12,13,14]. Researchers have undertaken a large number of studies on improving the oxidation resistance of HEAs by alloying beneficial elements, such as Al, Ti, Cr and Si [15,16,17,18]. Gorr and Lo found that a CrTaO4-based oxide layer can provide long-term oxidation resistance for RHEAs at elevated temperatures [19,20]. In this work, an attempt has been made to investigate the effect of V and Ti on the oxidation behavior of WMoTaNb RHEAs at elevated temperatures and to explain the associated oxidation mechanism.




2. Materials and Methods


WMoTaNb, WMoTaNbV and WMoTaNbTi RHEAs were prepared by vacuum induction levitation melting from high purity (>99.9 wt.%). Each prepared ingot was remelted six times to ensure alloy homogenization. The chemical composition of these alloys is measured by EPMA and summarized in Table 1. The discrepancy between the experimental composition of RHEAs as cast here and their normal composition is due to the different saturated vapor pressure of elements. In the studied RHEAs, W has a lower saturated vapor pressure than Ti or V, leading to the lower volatilization of W compared to other elements. This phenomenon has also been reported in the study of WMoTaNb RHEA by Senkov [4]. The resulting ingots were cut into small samples (4.5 mm × 4.5 mm × 2 mm) by electrical discharge machining. Subsequently, these samples were polished to 2000# and ultrasonically cleaned in ethanol. In order to limit the undesirable edge effect, the size of samples was controlled to be as uniform as possible. The structures of the three alloys was investigated by X-ray diffraction (XRD, Bruker D8, Bruker AXS, Karlsruhe, Germany, Cu-Kα radiation) and scanning electron microscopy (SEM, QuantaFEG400, FEI, Hillsboro, OR, USA). The prepared samples were put in a thermogravimetric system (TG-DSC, STA449F3, Netzsch, Germany) to conduct isothermal oxidation tests. The oxidation condition was set to 1000 °C in dry air (>99.999 vol.% pure, 50 mL∙min−1) and the heating rate was fixed at 10 °C/min to ensure uniform isothermal oxidation and make the comparative study reliable. The blank sample test was conducted before the isothermal oxidation experiments, and deducted in the final mass change curves. Each isothermal oxidation test was carried out until complete oxidation.



According to the reported studies, the oxidation behavior of alloys can be described by a power law equation as follows:


   (    Δ m  A   )  = K  t n   



(1)




where Δm is the oxidation mass change and A and t are the total surface area of the sample and exposure duration, respectively. K is the oxidation coefficient and n is the oxidation exponent. It is generally acknowledged that passivating oxidation behavior consists of the formation and growth of the passivating scale. Researchers suggest that the oxidation coefficient (K) and the oxidation exponent (n) stand for the mass gain of forming the full coverage of passivating scale and the growth rate of the passivating scale, respectively [21]. According to Equation (1), when n = 1, the power law equates linear law behavior; when n = 0.5, it complies with parabolic law oxidation; when n =1/3, it conforms to the cubic law [22].




3. Results and Discussion


It can be seen in Figure 1a–c that all of the as-cast alloys present dendrite (DR) and interdendrite (ID) structures. The average grain size in as-cast WMoTaNb, WMoTaNbV and WMoTaNbTi RHEAs is 50 μm, 30 μm and 18 μm, respectively. The difference in cooling rates during solidification not being significant indicates the grain refinement of V and Ti on the WMoTaNb RHEA. The XRD patterns indicate that the three alloys all had a single-phase BCC structure. With the addition of V, the BCC peaks are broadened and shift to higher 2θ, and the lattice constant decreases from 0.3215 nm to 0.3179 nm. The XRD peak broadening was likely due to the lattice strain caused by lattice distortion, which is frequently found in the solid solution structure of HEAs. The decreased lattice constant is due to the solute V, with the smallest radius (1.35 Å) compared with the other elements in WMoTaNbV RHEAs. The addition of Ti has little impact on the lattice constant due to its similar radius to the other elements (seen in Table 2).



A power-law equation was applied to describe each kinetics curve, and the fitted curves in Figure 2 are marked with red and dotted lines. It can be clearly seen in Figure 2 that the mass gain continues to decrease after the prolonged oxidation. The descending mass change is due to the ending of oxidation and the volatilization of some oxides. This state is suggested to be completely oxidized, and has been reported by Müller et al. [23] The initial power law kinetics indicate the oxides formed in the early stage can provide effective protection from further oxidation. It can be seen clearly in Figure 2 that the mass gain of alloys at the initial linear stage decreases with the addition of Ti and increases with the addition of V, which indicates that the mass gain in forming a passivating oxide layer is reduced by the addition of Ti and increased by the addition of V. Besides this, the oxidation exponent (n) of the power law is found to increase with the addition of V and Ti, indicating a higher growth rate of the oxide layer. The oxidation exponent (n) of a V-containing alloy is higher than that of a Ti-containing alloy, showing worse oxidation resistance. In addition, the ranges of fitted power laws represent the passivation duration, and those of WMoTaNb, WMoTaNbV and WMoTaNbTi RHEAs are 8 h, 10 h and 5 h, respectively. The shorter passivation duration of WMoTaNbV could be attributed to the severe volatility of V2O5, which allowed oxygen in-diffusion and resulted in complete oxidation. The passivation duration of WMoTaNb was prolonged by the addition of Ti from 8 h to 10 h, which benefits from the improvement in scale adhesion. However, the higher oxidation rate of the passivating oxide layer indicates that the internal oxidation of the alloy was aggravated by the addition of Ti. The total mass gain of WMoTaNbTi RHEA after complete oxidation was higher than that of other RHEAs, which was likely be due to less W and Mo forming volatile oxides. The lower mass gain of WMoTaNbV compared to other samples should be attributed to the evaporation of volatile V, Mo and W oxides.



Figure 3 is the XRD patterns of oxide scales formed on the three alloys after 0.5 h and 4 h oxidation. The WMoTaNbV sample oxidized for 4 h was hideously deformed and unfit for an XRD test. As the WMoTaNbV was oxidized sufficiently after the initial 0.5 h, the surface XRD after further oxidation did not make sense and is not shown in Figure 2. As shown in Figure 3, after an initial 0.5 h of oxidation at 1000 °C, Nb2O5, Ta2O5 and WO3 phases were found on the surface of the WMoTaNb RHEA. With a progressive oxidation duration of 4 h, the oxides on the surface mainly consisted of Nb2O5 and some Ta2O5. The WO3 phase was observed after the initial 0.5 h, which is due to the low volatilization rate of WO3 at 1000 °C. The surface being replete with Nb2O5 after further oxidation should be attributed to the fast kinetic rate of Nb out-diffusion. The oxides formed on the surface of WMoTaNbV RHEA after the first 0.5 h vary from those of WMoTaNb, and mainly consist of Ta18V4O55. β-Ta2O5 was found to transform into nine Ta2O5∙2V2O5 (Ta18V4O55) with V2O5 at elevated temperatures, which can explain the mass gain of WMoTaNbV being higher than that of WMoTaNb after complete oxidation [24]. The addition of Ti leads to the complex scale of Nb2O5, TiO2 and Ta2O5 in the further oxidation. Based on the theory of the Pilling–Bedworth ratio for metals, the PBR values of oxides formed in this study were calculated and summarized in Table 3 [25,26]. It is obvious that the PBR value of TiO2 was significantly less than that of the other oxides, which can effectively relieve the interstress of the scales.



As seen in Figure 4, the scales formed on the surface of WMoTaNb were homogeneous and flat, except for many pores and a few cracks. By combining the results of XRD and EDS (seen in Table 4), the oxide particles can be inferred to be Nb2O5, Ta2O5 and WO3. The pores present on the scales can be attributed to the volatilization of MoO3 and WO3. The surface of WMoTaNbV RHEA varied from that of WMoTaNb and was full of tiny tubules and some larger ones. The surface of WMoTaNbTi RHEA was also different from that of WMoTaNb and had many more cracks. The white mounds near the cracks can be inferred to be Ta2O5 from the EDS results. According to the elemental distribution mapping, the oxide scales of WMoTaNb, WMoTaNbV and WMoTaNbTi RHEAs were enriched with oxygen, and were measured from the O profiles to be about 15.4 μm, 346 μm and 43 μm in thickness, respectively. It is clear that the thickness of the oxide scale increased with the addition of V and the addition of Ti, indicating worse oxidation resistance. It is worth noting that the oxide scale of the V-containing alloy was porous and had a rugged surface, which may have been caused by the severe volatility of V2O5, MoO3 and WO3, and resulted in disastrous internal oxidation. The increased cross-sectional thickness of WMoTaNbTi RHEA can be ascribed to the large cracks observed on the surfaces (Figure 4c), which led to massive oxygen ingress and resulted in severe internal oxidation. The relatively dense scale of WMoTaNbTi reduced the volatile oxidation, which led to the volume expansion of the internal scale and resulted in the cracks of the outer scales




4. Conclusions


The effects of V and Ti on the oxidation behavior of WMoTaNb RHEA at 1000 °C were investigated. The oxidation of WMoTaNb, WMoTaNbV and WMoTaNbTi RHEAs all obeyed a power law oxidation kinetic at the early stage. The SEM/EDS results and oxidation kinetic indicate that WMoTaNb RHEA had the best oxidation resistance. The addition of V was found to aggravate the volatility of V2O5, MoO3 and WO3, and result in disastrous internal oxidation. The addition of Ti reduced the mass gain in forming the full coverage of passivating scale and prolonged the passivation duration of the alloys, which is attributed to the decreased PBR of oxides and the relief of interstress.



The results obtain in this paper indicate that the oxidation resistance of WMoTaNb, WMoTaNbTi and WMoTaNbV is poor at high temperature. In our following works, the effect of the addition of Si and Y, aiming at the improvement of the oxidation resistance of WMoTaNb RHEA, will be studied. In addition, micro-arc oxidation (MAO) and plasma spraying coatings on the surface of WMoTaNb RHEA to improve the oxidation resistance will be investigated in our future works.
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Figure 1. BSE micrographs and XRD patterns (d) of as-cast (a) WMoTaNb, (b) WMoTaNbV and (c) WMoTaNbTi alloys. 
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Figure 2. The oxidation kinetics of WMoTaNb, WMoTaNbV and WMoTaNbTi RHEAs during isothermal exposure to dry air at 1000 °C. 
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Figure 3. XRD patterns of the oxide scales formed on three alloys after different oxidation times at 1000 °C. 
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Figure 4. Surface morphologies, cross sections and EDS results of (a,d) WMoTaNb, (b,e) WMoTaNbV and (c,f) WMoTaNbTi RHEAs after 0.5 h of oxidation at 1000 °C. 
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Table 1. Chemical composition of the three alloys measured by EPMA (in at.%).
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	RHEA
	W
	Mo
	Ta
	Nb
	V
	Ti





	WMoTaNb
	28.2
	23.3
	26.5
	22.1
	-
	-



	WMoTaNbV
	22.7
	19.5
	22.2
	17.8
	17.8
	-



	WMoTaNbTi
	26.4
	18.0
	23.4
	17.1
	-
	15.1
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Table 2. The radius of elements of the three alloys.
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	Element
	W
	Mo
	Ta
	Nb
	V
	Ti





	Radius (Å)
	1.41
	1.40
	1.48
	1.48
	1.35
	1.45
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Table 3. Data used to calculate PBR and the PBR values of corresponding oxides.
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	Material
	Crystal System
	W (g) Mole Weight
	ρ (g∙cm−3)
	ICSD
	PBR





	W
	Cubic
	183.9
	19.25
	653430
	-



	Mo
	Cubic
	95.94
	10.2
	162278
	-



	Ta
	Monoclinic
	180.9
	16.29
	96594
	-



	Nb
	Cubic
	92.91
	8.37
	170906
	-



	V
	Cubic
	50.94
	6.11
	260470
	-



	Ti
	Hexagonal
	47.88
	4.65
	99778
	-



	WO3
	Tetragonal
	231.9
	6.65
	89092
	3.65



	MoO3
	Orthorhombic
	143.94
	4.71
	166362
	3.25



	Ta2O5
	Tetragonal
	441.8
	8.17
	157683
	2.43



	Nb2O5
	Monoclinic
	265.82
	4.55
	16605
	2.63



	V2O5
	Monoclinic
	181.88
	4.16
	156054
	2.62



	TiO2
	Tetragonal
	79.88
	4.26
	165925
	1.82










[image: Table] 





Table 4. Quantitative results for the EDS point analysis of the spots noted in Figure 4 (at %).
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	Spot
	O
	W
	Mo
	Ta
	Nb
	V
	Ti





	1
	89.8
	-
	-
	4.3
	5.9
	-
	-



	2
	70.5
	9.2
	-
	10.4
	9.9
	-
	-



	3
	86.5
	-
	-
	11.0
	-
	2.6
	-



	4
	55.0
	8.9
	1.5
	13.7
	17.5
	3.3
	-



	5
	86.9
	-
	-
	13.1
	-
	-
	-



	6
	77.7
	8.5
	-
	7.2
	6.6
	-
	-
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