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Abstract

:

For the first time, an equiatomic refractory high entropy alloy (RHEA) TiNbZrHfTa compact with a single-phase body-centered cubic (BCC) structure was fabricated via a titanium hydride (TiH2) assisted powder metallurgy approach. The constituent pure Ti, Zr, Nb, Hf, and Ta powders were mechanically alloyed (MA) with titanium hydride (TiH2) powder. The resultant MA powder was dehydrogenated at 1073 K for 3.6 ks and subsequently sintered through spark plasma sintering (SPS). Additionally, TiNbZrHfTa counterparts were prepared from pure elements without MA with TiH2. It was observed that the compact prepared from pure powders had a chemically heterogeneous microstructure with hexagonal close packed (HCP) and dual BCC phases. On the other hand, despite containing many constituents, the compact fabricated at 1473 K for 3.6 ks via the hydride approach had a single-phase BCC structure. The Vickers microhardness of the TiNbZrHfTa alloy prepared via the hydride process was Hv 520 (±30). The exceptional microhardness of the alloy is greater than any individual constituent, suggesting the operation of a simple solid-solution-like strengthening mechanism and/or precipitation hardening. In addition, the heat treatments were also carried out to analyze the phase stability of TiNbZrHfTa prepared via the hydride process. The results highlight the substantial changes in the phase as a function of temperature and/or time.
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1. Introduction


High entropy alloys (HEAs) are multicomponent alloys composed of equiatomic or near-equiatomic mixtures (between 5 to 35 at.%) of five or more principal elements, wherein the mixing entropy is maximized. It leads to the extended solid solubility and formation of a single or a dual-phase structure. In general, binary/ternary phase diagrams suggest that alloys having multi-elements may develop several phases and intermetallic compounds, resulting in complex and brittle microstructures that may have very limited practical value [1,2]. In contrast, the equiatomic (or near-equiatomic) HEAs exhibit simple body-centered cubic (BCC), face-centered cubic (FCC), hexagonal close packed (HCP), or a mixture of these, crystal structures due to their good mutual solubility [3,4,5,6].



The recently developed equiatomic TiNbZrHfTa Refractory High-Entropy Alloys (RHEA) belong to the BCC structure family of the HEAs. It is a promising alloy with excellent high-temperature properties due to its composition consisting of refractory elements with high melting points from 1940 K (Ti) to 3290 K (Ta) [7,8,9]. Therefore, it is considered as a replacement for heat-resistant Ni-superalloys, which are currently used for aerospace applications [10,11]. A good combination of high strength and elongation and its reduced density of 9.94 g/cm3 makes it an attractive class of structural material [12,13,14]. Additionally, TiNbZrHfTa is a biomaterial due to its biocompatible constituent elements [15].



In general, different fabrication methods, such as arc melting (liquid metallurgy), powder metallurgy (solid-state), electrodeposition method, etc., applied to the same starting compositions produce materials with distinctly different microstructures and properties [16,17,18,19,20]. The powder metallurgy has emerged as an efficient method to produce materials with a variety of compositions, controlled properties, and near-net-shape characteristics. Recently, TiNbZrHfTa RHEA was prepared from pure powders via different powder metallurgy (PM) methods [21,22,23]. However, the phase of the TiNbZrHfTa alloy is hardly controlled in most of the powder metallurgy processes [21,22,23]. These undesirable microstructures generally deteriorated the mechanical properties of alloys, which limits the potential applications of the RHEAs.



Recent studies have highlighted the prominence of the utilization of titanium hydride (TiH2) powder and its mixture with a pure Ti powder, to obtain Ti and their alloys. The ultra-fine or even nanocrystalline powders can be synthesized by mechanical milling of pure elements with brittle TiH2 powder [24,25,26]. Combined with spark plasma sintering (SPS), the nanocrystalline powders can be rapidly consolidated in high vacuum conditions to achieve a chemically homogeneous and fine-grained solid solution of the alloy. Additional advantages of the mixture of Ti and TiH2 powder include full recovery of milled powder after milling i.e., control over agglomeration and cold-welding of powder with milling media, lower initial price, fewer impurity contents, high-density compacts, and relative ease of handling during the milling process [24,25,26,27,28]. Moreover, the sintering of TiH2 powder at high temperatures prevents the surface oxidation of the powder and improves the sintering performance. Based on these advantages of the TiH2 based fabrication approach, the present work aims to analyze the feasibility of producing a single-phase BCC TiNbZrHfTa RHEA from a mixture of pure powders with TiH2 powder.



In the present study, TiNbZrHfTa compacts were prepared from a mechanically alloyed (MA) mixture of elemental and TiH2 powders through a two-step rapid sintering-based powder metallurgy process (hydride approach) [25]. Additionally, TiNbZrHfTa compacts were prepared from elemental powders via the conventional route of mixing and sintering. The influence of the process parameters (i.e., sintering time and temperature) on the microstructure and properties of the as-sintered compacts were studied. In addition, the phase stability of the TiNbZrHfTa compacts, prepared by the hydride method, was analyzed by heat-treatments at different temperatures and/or time.




2. Experimental Procedure


2.1. Starting Material


To prepare equiatomic TiNbZrHfTa RHEA, the elemental powders of Ti, Zr, Nb, Hf, Ta are used, along with TiH2 powder, as starting materials. The information on the starting powder materials is provided in Table 1.



The detailed composition of the elements required to prepare the TiNbZrHfTa RHEA compacts is shown in Table 2. The weighting and mixing of the powders was performed under an Ar protective atmosphere. As per Table 2, an equal atomic percentage was taken for each element, whereas the weight% is different and also shown.




2.2. Mechanical Alloying (MA)


In the hydride method, the MA powder was prepared from a mixture of elemental powders and TiH2 powder (with the composition shown in Table 2) by planetary ball milling (200 rpm) in an Ar atmosphere for 180 ks using stainless steel balls. The powder to ball ratio was kept at 1:5. MA powder samples were taken for microstructural evaluation to obtain the morphology of the powder particles.




2.3. Sintering of Powders via Spark Plasma Sintering


The elemental powder mixture and MA powder mixture were consolidated by SPS (Dr. Sinter, Sumitomo Coal Mining Co. Ltd., Tokyo, Japan) in high vacuum conditions (~10−3 Pa) using graphite die and punch. In the hydride process, to minimize the amount of hydrogen content in the compacts, the MA powder was dehydrogenated in SPS, without applying any external load, at 1073 K for 7.2 ks under high vacuum conditions. Subsequently, the dehydrogenated MA powders were sintered. The various SPS conditions are provided in Table 3. After SPS, disc-shaped specimens with the dimensions of 15 mm (dia.) and 4 mm (height) were obtained. Some of the sintered compacts of the hydride process were subjected to heat treatments to analyze the thermal stability of the RHEA compacts. Heat treatments were carried out at 1273 K for 86.4 ks, 1473 K for 86.4 ks, and 1623 K for 0.6 ks.




2.4. Microstructural and Phase Analysis


X-ray diffraction was carried out (XRD, Shimadzu Lab-X XRD-6100) with a CuKα (λ = 0.15406 nm) source. The morphology and microstructure were studied by a scanning electron microscope (SEM, JEOL JSM-7200F) equipped with back scattered electron (BSE) and electron back scattered diffraction (EBSD). The EBSD data were analyzed by TSL OIM data collection software (TSL OIM Analysis 8). The chemical characterization was carried out by energy dispersive X-ray spectroscopy (EDS). The microstructure of the as-fabricated sample was characterized by a transmission electron microscope (TEM, JEOL JEM-2100 plus, 200 kV). The thin samples used for the TEM observations were carefully prepared through a focused ion beam (FIB, Hitachi FB-2100).




2.5. Mechanical Properties


Vickers microhardness (SHIMADZU HMV-G21) was used to measure the hardness by indentation under the load of 980.7 mN (Hv 0.1) with a dwelling time of 10 s. All indentations were carried out randomly during the hardness measurement. The distance between two neighboring indentations was kept at least three times the size of the indent and an average of 20 indentations was used as a hardness value for further analysis.





3. Results and Discussion


3.1. Morphology of Initial Powders


The morphologies of the starting powder materials are shown in Figure 1. Pure Ti had a spherical shape whereas TiH2, Nb, Zr, Hf, and Ta powder particles exhibited irregular shaped morphology. All the starting powders contain both coarse and fine-sized particles.




3.2. Phase and Morphology of MA Powder


Figure 2 shows the XRD patterns of the MA powder, obtained through the hydride process. As shown in Figure 2, only diffraction peaks corresponding to HCP (α) and BCC (β) phases were identified. A maximum intensity peak of the BCC phase, along with a few other small peaks of the BCC phase, are visible in the pattern. Along the BCC phase, comparatively small peaks of α phase are also noticed. Therefore, it is evident from the XRD results that the MA powder has existence of both the phases. However, the higher intensity of the BCC phase shows that it is the dominating phase in MA powder.



Comparing the diffraction peaks of the MA powder and the individual elements, it can be deduced that the diffraction peaks corresponding to α and β are either associated with HCP and BCC solid solutions, respectively, or they could be broadened and overlapped peaks of initial powders. Therefore, it is complex to identify particular peaks associated with the elements. However, it is interesting to notice that the diffraction peaks are significantly broadened and their intensities are also significantly reduced compared to the initial powders, which can be attributed to the severe plastic deformation and fragmentation of powder particles during milling [29]. Therefore, it is reasonable to mention that when fabricating the HEAs via the powder metallurgy process, it is not essential for the milling process to form a single BCC solid solution phase. It also shows that no significant oxide peaks were observed and confirmed the absence of any significant quantity of oxides. Figure 3 illustrates the morphology of the MA powder. Interestingly, irrespective of the shapes of the initial powder particles, the maximum volume of spherical shape is observed in the MA powder particles. The average particle size of spherical shaped power is approximately 10 μm.




3.3. Phase and Microstructure of Compacts Prepared from Pure Elemental Powders


Figure 4 shows the XRD patterns of the TiNbZrHfTa RHEA compacts developed from Ti, Nb, Zr, Hf, and Ta pure elemental powders at 1273 and 1473 K. It is clear from Figure 4 that the compacts prepared from pure elemental powder exhibit multiple phases, which were confirmed as one HCP phase (α) and two BCC phases (β1 and β2). However, with an increase in sintering temperature and time, several minor peaks of the β2 phase disappeared. The lattice parameters of both the compacts are shown in Table 4.



The microstructure (BSE) of the TiNbZrHfTa compact obtained from pure elemental powders is shown in Figure 5. Figure 5a is the representative micrograph of the TiNbZrHfTa compact at low magnification, and Figure 5b is the magnified image of the dark black region frequently observed in the microstructure matrix. From Figure 5a,b, it is apparent that the TiNbZrHfTa compacts are basically composed of four distinct distinguishable areas, i.e., a light grey matrix, a “brighter” white area, a dark black region, and a dark grey region. To analyze the chemical compositions of these distinct regions, chemical composition analysis was carried out using SEM-EDX mapping (Table 5). The bright white region is distinctly enriched in the Ta element. This qualitatively implies that the bright white area may be enriched in elements with abundant electrons. Simultaneously, significant compositional segregation of Zr and Hf in the dark grey matrix is also detected, indicating an incomplete alloying process. A large fraction of the dark black phase was detected as the Zr rich area, which remained undissolved in the microstructure matrix during the sintering process. On the other hand, the matrix region with a light grey appearance is a BCC solid solution, which is composed of an approximately equiatomic composition of the constituent elements. Therefore, it was observed that a chemically heterogeneous microstructure was achieved after the sintering of pure elemental powders, wherein the majority of the elements are either unalloyed or partially alloyed under the given conditions of the temperature and time (as shown in Table 3). Therefore, it can be assumed that due to the large particle sizes of the initial powders, the solid solutions of the pure elements have extremely high melting points, such as Nb: 2741 K, Zr: 2125 K, Hf: 2495 K, and Ta: 3269 K, which requires sintering at a higher temperature for a prolonged time.




3.4. Phase and Microstructure of Compacts Prepared from the Hydride Process


Figure 6 shows the XRD patterns of the TiNbZrHfTa RHEA compacts prepared from the hydride process involving a mixture of TiH2 powder with constituent elemental powders at different temperatures and time. It is clear from Figure 6 that the compacts prepared at a lower temperature of 1273 K (3.6 ks) exhibit multiple phases, which were confirmed as α (HCP) and β (BCC) phases. However, with an increase in sintering temperature up to 1473 K (3.6 ks), approximately all the peaks of the α phase disappeared and diffraction peaks corresponding to the approximately single-phase β structure were observed. However, interestingly, increasing the sintering time up to 7.2 ks at 1473 K leads to the diffraction peaks of the α phase. Therefore, it can be assumed that with increasing holding time at high temperatures, α precipitation occurs. It is to be noted that the diffraction peaks related to oxides or hydrides were not observed. The lattice parameters of both the compacts are shown in Table 6. The lattice parameters of the RHEA compacts were comparable to those reported in the literature [12,30], which show the feasibility of the hydride process to achieve equiatomic TiNbZrHfTa alloys with a BCC solid solution of constituent elements. It is worth noting that this RHEA system could be successfully achieved by MA followed by the SPS process (hydride process), and it could not be fabricated by the SPS process of pure elements only (without the milling).



Figure 7 illustrates the BSE micrographs, presenting the microstructure of the TiNbZrHfTa compacts prepared by the hydride process. The compact sintered at 1273 K for 3.6 ks has a grain size of about 3 μm and increases to ~500 μm after higher temperature sintering. Therefore, significant grain growth occurs with increasing temperature. It can be observed that at a low temperature of 1273 K (3.6 ks), a chemically heterogeneous microstructure was achieved wherein bright and dark areas can be distinguished from the grey matrix (Figure 7a). To identify the chemical compositions of the matrix and inclusions, a semi-quantitative energy dispersive X-ray spectrometer (EDS) analysis was conducted (Table 7). The spot EDS analysis results indicates that the chemical composition of the matrix of the compact, sintered at 1473 K for 3.6 ks, well matches the nominal composition of the equiatomic TiNbZrHfTa (Table 2). However, at a lower temperature of 1273 K (3.6 ks), compared to the matrix phase, the bright and darker regions of Ta-rich and Hf-rich areas, respectively, were observed. Therefore, the EDS results with the XRD patterns combinedly indicate that the α phase is associated with the dark phase (Hf-Zr rich) whereas the β phase is majorly associated with the matrix with near equiatomic fractions of constituent elements. However, at a higher temperature (1473 K, 3.6 ks), a majorly grey phase can be seen, which can also be confirmed by XRD results showing a single β phase (Figure 6). In addition, visible porosities were observed. It is worth mentioning that the TiNbZrHfTa alloy with a single β phase was obtained by the hydride process (Figure 7b). All the constituent elements were equally distributed, forming the BCC phase. However, minor traces of Ta rich areas were noticed, and these traces were still present even after prolonged sintering at the same temperature (1473 K, 7.2 ks). In addition, in some areas, precipitation was noticed at the grain boundaries (Figure 7c). Figure 8 illustrates the TEM images and selected area diffraction (SAD) pattern of the TiNbZrHfTa compact prepared at 1473 K for 3.6 ks by the hydride method. The SAD pattern of the matrix is centered along with the [012]bcc beam direction, which represents a BCC structure. However, fine particles were seldom noticed in the microstructure matrix, which might indicate that fine Ta rich regions are present in the compact. Therefore, it can be deduced that at a certain sintering condition, i.e., 1473 K for 3.6 ks, a bcc phase was achieved for the hydride-based PM processed TiNbZrHfTa alloy, which starts to dissociate after sintering for a prolonged time.



To achieve a homogeneous microstructure, the BCC stabilized compact of TiNbZrHfTa RHEA, sintered at 1473 K (3.6 ks), was heat-treated in an ultra-high vacuum furnace (UlVAC MILA 5000). The heat treatment was carried out at different temperatures and times, i.e., 1273 K for 86.4 ks (Figure 9a), 1473 K for 86.4 ks (Figure 9b), and 1623 K for 0.6 ks (Figure 9c). Despite the heat treatments at higher temperatures for a prolonged time, element segregation was noted in the matrix. The elemental segregation during heat treatment is consistent with the results obtained during prolonged sintering (Figure 7c) wherein fine precipitates of Hf-Zr rich areas were noticed. The chemical analysis data are provided separately in the supplementary file (Figure S1 (Supplementary Materials)). These results are not consistent with the equiatomic TiNbZrHfTa RHEA fabricated by ingot metallurgy wherein phase decompositions are usually reported during annealing below 1273 K and at a temperature above 1273 K, a single bcc phase is usually observed [12,20,31,32,33]. The chemical composition and presence of fine elements may have a significant influence on the phase stability during heat treatments of the TiNbZrHfTa compact prepared by the powder metallurgy process; however, this is a task for further investigations.



The average Vickers microhardness values for the as-fabricated and heat-treated compacts of the TiNbZrHfTa RHEAs are shown in Figure 10. It is clear that the microhardness of the as-fabricated TiNbZrHfTa RHEA gradually increases with the increasing sintering temperature and/or time. Based on the microstructure characterization above, the improved microhardness of the as-sintered compacts is probably attributed to the homogeneous microstructure, which can be evidenced by standard deviation from the average hardness value, e.g., the specimen fabricated at 1473 K for 3.6 ks. However, holding for a prolonged time leads to the nucleation of fine precipitates of the Hf-Zr phase. Therefore, among the as-fabricated alloy compacts, the compact fabricated at 1473 K (7.2 ks) exhibited the highest hardness with a wide standard deviation. However, after annealing, the hardness of the TiNbZrHfTa alloy compacts was increased depending on the heat treatment conditions. In general, it is well-known that the mechanical properties of materials are basically influenced by various strengthening mechanisms, such as precipitate, solid solution, grain boundary, dislocations, etc. Based on the rule of mixtures guidelines [30], the microhardness of the equiatomic TiNbZrHfTa RHEA can be roughly calculated to be Hv 119. However, for the present alloy fabricated by the hydride process, the microhardness does not follow the rule of mixtures. The significantly higher microhardness of the present alloy has likely originated from the combined effect of solid solution strengthening, and the presence of different phases and/or fine precipitates (depending on the fabrication temperature/time). Similar results of higher hardness were also reported in the literature [30,31,34,35,36].





4. Conclusions


In this study, an equiatomic TiNbZrHfTa refractory high entropy alloy (RHEA) was successfully fabricated with the hydride-based powder metallurgy approach, involving mechanical alloying (MA) of titanium hydride powder with other constituent elemental powders, i.e., Ti, Nb, Zr, Hf, and Ta. Subsequently, the bulk specimens were prepared by SPS under different sintering temperatures from 1273 K to 1473 K and sintering times of 3.6 ks to 7.2 ks. The MA powder shows a single-phase BCC solid solution due to the fine powder particles formed during milling with brittle type titanium hydride powder. After dehydrogenation and sintering, the single BCC solid solution of the TiNbZrHfTa RHEA was achieved without any trace of oxides or hydrides. The significantly high hardness of Hv 520 (±30) proves the promising applications of the alloy. The higher hardness was attributed to the combined effects of the solid solution of the β phase and fine α precipitates.
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Figure 1. SEM micrographs of the starting powders. 






Figure 1. SEM micrographs of the starting powders.
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Figure 2. XRD patterns of the mechanically alloyed powder. 
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Figure 3. SEM images of mechanically alloyed powder at; (a) low, and (b) high magnifications. 
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Figure 4. XRD patterns of the TiNbZrHfTa compact prepared from pure elemental powders. 
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Figure 5. Back scattered electron (BSE) images of the TiNbZrHfTa alloy prepared from pure elements. (a) Representative micrograph at low magnification, (b) magnified image of the dark black area. 
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Figure 6. XRD patterns of the TiNbZrHfTa compacts prepared by the hydride process. 
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Figure 7. BSE micrographs of the TiNbZrHfTa refractory high entropy alloy (RHEA) compacts prepared by the hydride process, at; (a) 1273 K, 3.6 ks, (b) 1473 K, 3.6 ks, and (c) 1473 K, 7.2 ks. 
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Figure 8. (a) TEM image (magnified image of the marked fine precipitate is shown in inset), and (b) selected area diffraction (SAD) image (at the matrix) of the TiNbZrHfTa alloy prepared at 1473 K for 3.6 ks. 
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Figure 9. BSE image of the TiNbZrHfTa RHEA fabricated by the hydride process after heat treatment at; (a) 1273 K for 86.4 ks, (b) 1473 K for 86.4 ks, and (c) 1623 K for 0.6 ks. 
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Figure 10. The Vickers microhardness of the TiNbZrHfTa compact prepared with different sintering and heat treatment conditions. 
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Table 1. Purity, particle size, and manufacturer of the starting powder materials.
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	Powder
	Structure
	Purity (%)
	Particle Size (μm pass)
	Manufacturer





	Pure-Ti
	HCP
	99.98
	~45
	Osaka Ti technology, Japan



	Pure-Nb
	BCC
	99.9
	~45
	Kojundo, Japan



	Pure-Zr
	HCP
	98
	~45
	Kojundo, Japan



	Pure-Hf
	HCP
	99.5
	~325
	Sigma Aldrich, USA



	Pure-Ta
	BCC
	99.9
	~45
	Kojundo, Japan



	TiH2
	cubic
	99
	~45
	Kojundo, Japan
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Table 2. Various compositions of initial powder mixtures.
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Compositions

	
Powders

	
Pure Ti (+TiH2)

	
Nb

	
Zr

	
Hf

	
Ta






	
Standard Composition

	
atomic%

	
20

	
20

	
20

	
20

	
20




	
weight%

	
8.1

	
15.7

	
15.4

	
30.2

	
30.6




	
Hydride Method

	
~weight%

	
3.96 (+4.14)

	
15.7

	
15.4

	
30.2

	
30.6
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Table 3. Different dehydrogenation and/or sintering conditions of the spark plasma sintering (SPS) process.
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Process

	
SPS

	
Heating/Cooling Rate (K/min)

	
Temperature (K)

	
Pressure (MPa)

	
Holding Time (ks)






	
Elemental powders

	
Consolidation

	
100

	
1473

	
50

	
7.2




	
Hydride Process

	
Dehydrogenation

	
50

	
1073

	
0

	
7.2




	
Consolidation

	
100

	
1273, 1473

	
50

	
3.6, 7.2
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Table 4. Lattice parameters of the TiNbZrHfTa compacts prepared from pure elements.
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Lattice Parameters (nm)

	
HCP (α)

	
BCC (β1)

	
BCC (β2)






	
TiNbZrHfTa compact

	
a

	
c

	
a

	
a




	
1273 K, 3.6 ks

	
0.32730

	
0.50068

	
0.34220

	
0.33325




	
1473 K, 7.2 ks

	
0.32724

	
0.52318

	
0.34068

	
-
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Table 5. Chemical composition (in wt.%) of the alloy compact prepared from pure elements.
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	Region
	Ti
	Nb
	Zr
	Hf
	Ta





	Light grey Matrix
	8.9
	17.5
	15.4
	29.7
	28.5



	Bright white
	ND
	0.2
	0.4
	ND
	99.4



	Dark grey
	1.2
	0.5
	59.3
	34.6
	4.4



	Dark black
	ND
	ND
	97.0
	2.5
	0.5
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Table 6. Lattice parameters of the alloy compacts prepared by the hydride process.






Table 6. Lattice parameters of the alloy compacts prepared by the hydride process.





	
Lattice Parameters, nm

	
HCP (α)

	
BCC (β)






	
TiNbZrHfTa compacts

	
a

	
c

	
a




	
1273 K, 3.6 ks

	
0.32234

	
0.51363

	
0.34004




	
1473 K, 3.6 ks

	
-

	
-

	
0.34175




	
1473 K, 7.2 ks

	
-

	
-

	
0.34220
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Table 7. Chemical analysis (wt.%) of the alloy compacts prepared by the hydride process.
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TiNbZrHfTa Compacts

	
Regions

	
Ti

	
Nb

	
Zr

	
Hf

	
Ta






	
1273 K, 3.6 ks

	
Matrix

	
9.1

	
14.2

	
13.1

	
33

	
30.6




	
Ta-rich Phase

	
6.0

	
13.8

	
3.2

	
10.8

	
66.2




	
Dark Precipitates

	
5.5

	
3.1

	
20

	
69.0

	
2.4




	
1473 K, 3.6 ks

	
Matrix

	
8.2

	
15.3

	
15.1

	
31.0

	
30.4




	
1473 K, 7.2 ks

	
Matrix

	
8.1

	
15.2

	
15.6

	
30

	
31.1
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