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Abstract

:

Tungsten heavy alloy composite was developed by using novel CoCrFeMnNi high-entropy alloy as the binder/reinforcement phase. Elemental tungsten (W) powder and mechanically alloyed CoCrFeMnNi high-entropy alloy were mixed gently in high energy ball mill and consolidated using different sintering process with varying heating rate (in trend of conventional sintering < microwave sintering < spark plasma sintering). Mechanically alloyed CoCrFeMnNi high-entropy alloy have shown a predominant face-centered cubic (fcc) phase with minor Cr-rich σ-phase. Consolidated tungsten heavy high-entropy alloys (WHHEA) composites reveal the presence of Cr–Mn-rich oxide phase in addition to W-grains and high-entropy alloys (HEA) phase. An increase in heating rate restricts the tungsten grain growth with reduces the volume fraction of the Cr–Mn-rich phase. Finally, spark plasma sintering with a higher heating rate and shorter sintering time has revealed higher compressive strength (~2041 MPa) than the other two competitors (microwave sintering: ~1962 MPa and conventional sintering: ~1758 MPa), which may be attributed to finer W-grains and reduced fraction of Cr–Mn rich oxide phase.
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1. Introduction


High-entropy alloys (HEA) is a novel alloying concept that got its attention since the publication of an article based on configurational entropy by Cantor et al. [1,2,3,4,5]. Such an alloy system shows microstructural stability at room, cryogenic, and elevated temperatures, and shows better structural properties like higher tensile/compressive strength [6,7,8,9,10,11], fracture toughness [12,13,14], fatigue properties [15], and creep resistance [16] and electrochemical properties (oxidation and corrosion resistance) [17,18,19,20], as the consequence of the observed simple microstructure.



The development of new alloys was restricted for past decades by the traditional alloying concept, that is, the alloying of more principal elements could lead to formation of the amorphous or complex intermetallic compounds and phases [21,22,23,24]. The introduction of the HEA concept accelerated the research in the field of materials science, where the concept of attaining simple solid solutions from multiple principal alloying elements have been established [25,26]. Yeh et al. [4] illustrated that the addition of five or more principal alloying elements, each with an atomic percentage between 5 and 35 wt % could increase the configurational entropy at a random state (larger than 1.5R). Such an increase in configurational entropy reduces the Gibb’s free energy of the alloy system and forms a simple solid solution with simple fundamental crystal structures (face-centered cubic (fcc), body-centered cubic (bcc) and hexagonal closest packed (hcp) or their combination) with reduced number of phases as expected by Gibb’s phase rule [3].



Researchers around the globe are extensively working on HEA research, and designing HEAs to tailor and improve the properties of the engineering materials [25,26,27]. One such application is the use of HEA as a reinforcement/binder in the metal matrix composites [28,29,30]. Tan et al. [28] has developed amorphous alloy metal matrix composite with outstanding compressive strength (~3120 MPa) by spark plasma sintering (SPS) by reinforcing Al0.6CoCrFeNi HEA particles in the Al65Cu16.5Ti18.5 matrix. In another case, HEA has been used as binder for a hard tungsten-based matrix. Velo et al. [29] has developed a tungsten carbide-based cermet with a CoCrFeMnNi HEA binder. Similarly, Zhou et al. [30] has produced tungsten heavy alloy (WHA) with promising tensile strength of about 1132 MPa (~8% ductility) by using AlCrFeNiV HEA as a matrix alloy. The increase in the strength was attributable to finer W grain size and higher strength of HEA binder matrix, whereas the lower ductility was attributable to the high W–W contiguity and porosity [30].



Tungsten heavy alloys (WHA) are a two-phase metal matrix composite, where bcc structured tungsten is dispersed in the Ni-based fcc binder matrix [31,32,33]. The structure comprises of interconnected tungsten grains with interpenetrating matrix phase [34]. Owing to their higher density, better strength and toughness properties, they found their application in aerospace as counterbalance and in military applications such as kinetic energy penetrators [35]. These alloys are developed by sintering the powder mixture with >90 wt % of tungsten with low melting point elements such as Co, Cu, Fe, Ni, and so forth. [34,35,36,37]. Currently, WHA has been effectively produced by different processing routes like conventional liquid phase sintering, microwave sintering and spark plasma sintering [37,38,39]. Since the HEAs have superior mechanical properties than pure elements like Co, Cu, Fe, Ni, and so forth, and still exhibit simple fcc/bcc microstructures, there exists a novel idea of replacing the individual elements with the HEAs. This may improve the mechanical properties of the resultant composite material.



CoCrFeMnNi HEA is one of the foremost developed alloys in the HEA family introduced by Cantor [3]. Since the CoCrFeMnNi HEA shows a single fcc crystal structure [40] and contains lower melting point elements (no refractory elements), CoCrFeMnNi HEA can be used as a potential binder in the WHA system. Hence, an attempt is made to develop WHA with CoCrFeMnNi HEA binder by dispersion of 7 wt % of CoCrFeMnNi HEA prepared by mechanical alloying (MA) in 93 wt % pure tungsten by conventional, microwave and spark plasma sintering processes. The fabricated WHA with HEA binder will be mentioned as tungsten heavy high-entropy alloys (WHHEA) in upcoming discussions. This is for the first instance where WHHEA was produced by three consolidation routes and their properties were compared.




2. Experimental Details


2.1. Preparation of High-Entropy Alloy by Mechanical Alloying (MA)


The details of elemental powders used in the present study for the production of HEA is shown in Table 1. The HEA was prepared by mechanical alloying (MA) of elemental powder mixtures (Co, Cr, Fe, Mn and Ni). MA was carried out in Insmart systems Ltd., Hyderabad, India make two station planetary ball mills. A ball-to-powder ratio of 10:1 was employed for 30 h. Wet milling was carried out with toluene as a process control agent (PCA) to avoid the oxidation and excessive welding of powder during the MA process.




2.2. Consolidation of Tungsten Heavy High-Entropy Alloy (WHHEA)


The mechanically alloyed HEA powders (7 wt %) were mixed with 93 wt % of tungsten (W) powder and subsequently ball milled gently for 24 h with a ball-to-powder ratio of 1:1. Such gentle ball milling procedure is followed to have a uniform mixture of the HEA reinforcement in the W matrix. Finally, the powders were reduced in a tubular hydrogen furnace at 600 °C for 2 h to relieve the cold working stresses that were generated during the ball milling process. Conventional sintering (CS): The reduced powders were then compacted into cylindrical bar in a cold isostatic press (Fluidhydro, Gujarat, India) at 200 MPa, followed by sintering in conventional continuous pusher type hydrogen furnace at 1450 °C for 120 min. The sintered bars were then subjected to solution annealing at 1100 °C for 4 h then oil quenched. In order to evaluate the impact of the processing routes on the microstructure and the properties, WHHEA powders were consolidated with microwave sintering (MWS) and spark plasma sintering (SPS) processes, respectively. The MWS was carried out in a 2.45 GHz furnace (Energion, New Delhi, India). The sample was placed inside a susceptor and sintering was carried out at 1450 °C for 1 h. SPS was carried out using FCT system GmbH, Frankenblick, Germany make spark plasma sintering furnace by simultaneous application of pressure and high currents using a 20 mm graphite die. A load of 50 MPa was applied at 1350 °C for 5 min during the SPS process. Temperature profiles observed in the three different processes are shown in Figure 1.




2.3. Characterization and Testing of Powders and Bulk Composites


The powders and consolidated bulk alloys (WHHEA) were subjected to XRD analysis (UltimaIII, Rigaku, Neu-Isenburg, Germany) for phase identification and lattice parameter calculation. The microstructure of the samples was evaluated using scanning electron microscope (SEM) (HITACHI S-3000H SEM, Mannheim, Germany). Elemental analysis was carried out using energy-dispersive X-ray spectroscopy (EDS) analyzer (Thermo scientific, Waltham, MA, USA).



The specimens with a diameter to height ratio of 1:1.1 was extracted from the consolidated WHHEAs and the compressive strength was analyzed in a universal testing machine (Asian, Ghaziabad, India) with a cross-head speed of 2 mm/min. The flexural strength was measured using the three-point bending test (Generic, Bangalore, India) with sample specification of 1.5 × 5 × 40 mm3 at a strain rate of 0.1/s. The hardness of the WHHEA samples were measured using Vickers microhardness tester (Ratnakar, Ichalakaranji, India). At least five readings were measured at different locations and the average values are reported.





3. Results and Discussion


3.1. Analysis of Powders


The morphology of the powders is shown in Figure 2. The SEM micrograph of the elemental W powder (Figure 2a) are cuboid in shape with an average particle size of 4 µm. In addition, smaller satellite powder particles (1–2 µm) stick on the larger particles (4–8 µm), which may affect the flowability of the powder particles [41]. However, the presence of such satellite particle may improve the tap density of the powders, thereby adjusting between the voids during the consolidation process. The SEM micrograph of HEA powder prepared by high-energy milling is given in Figure 2b. As expected, the elemental powders lose their identity and exhibits as irregular shaped powder mixture with an average size of 2 µm. However, the distribution of powder particle size is quite large compared to the monolithic W particles, with particles as small as 0.3 µm and bigger particles up to ~8 µm observed.



Figure 3 shows the X-ray diffraction patterns of elemental W powder, CoCrFeMnNi HEA powders and WHHEA bulk samples. W powders show the presence of a body-centered cubic (bcc) crystal structure, which confirms with the Joint Committee on Powder Diffraction Standards (JCPDS) number: 9-4900. On the other hand, mechanically alloyed CoCrFeMnNi HEA powders exhibit a face-centered cubic (fcc) crystal structure with minor peaks corresponding to Cr-rich σ-phase. Such occurrence of σ-phase in CoCrFeMnNi HEA was already reported by Rahul et. al. [42] during the preparation of CoCrFeMnNi HEA by mechanical alloying. Moreover, the Cr-rich σ-phase has been found very commonly in Cr-containing HEAs in mechanical alloyed condition [43] as well as in heat treated cast alloys [44]. However, the consolidation of such MA CoCrFeMnNi HEA by SPS was reported to promote the formation of a single phase fcc crystal structure [45], suggesting the dissolution of Cr-rich σ-phase during the consolidation process. No other distinct phases other than Cr-rich σ phase are observed from the XRD patterns, ruling out the formation of carbides/oxides during the MA process. It may be that such compounds are present below the detectable limit of the XRD patterns. Nevertheless, with the absence of such peaks, the presence of such carbides/oxides cannot be validated.




3.2. Analysis of Bulk WHHEA Consolidated by Sintering


XRD patterns of bulk WHHEA composites prepared by conventional sintering (WHHEAC), microwave sintering (WHHEAM) and spark plasma sintering (WHHEAS) techniques are displayed in Figure 3. All bulk WHHEA samples predominantly show the presence of body-centered cubic (bcc) peaks that correspond to W particles with minor fraction of peaks corresponding to Cr–Mn-rich phase (PCPDF No: 89-3746). The formation of Cr–Mn-rich oxide phases was also observed after spark plasma sintering of mechanically alloyed (ethanol as PCA) CoCrFeMnNi HEA [46]. The absence of peaks corresponding to HEA (face-centered cubic phase) in the WHHEA samples suggests that the very small volume fraction of the binder phase does not fall within detectable limit of the X-ray diffractometer. Close observation on to the XRD peaks (Figure 3) of the three consolidated samples show that the intensity of the Cr–Mn-rich oxide phases increases with the decrease in the heating and cooling rates of the consolidation process. A maximum intensity is observed for the samples produced by CS and the least intensity for samples produced by SPS process, suggesting that higher exposure time and/or temperature leads to an increased formation of oxides. Hence, the time of exposure should be limited to as minimal as possible for avoiding the oxidation process. In this view, the samples produced by SPS are least exposed to high temperature and hence have the least intense Cr–Mn-rich oxide peak (minimum time available for oxidation process).



SEM images of WHHEAC, WHHEAM and WHHEAS composites are displayed in Figure 4. The microstructure of WHHEA composites is comprised of a bright tungsten particle with a greyish colored binder phase (HEA phase) [37,38,39]. In addition to the two phases, the microstructure also reveals a dark phase in between the HEA and W particles, as well as in between the W particles. It is in agreement with the dark Cr–Mn-rich oxide observed by Moravcik et al. in SPSed CoCrFeMnNi HEA [46]. Metallic oxide (TiO) formation was also reported in similar kinds of HEAs with substitution of titanium in place of manganese (Ni1.5Co1.5CrFeTi0.5) [47]. Hence, the WHHEA composites comprise of three phases: bright W phase, greyish HEA phase and dark Cr–Mn-rich oxide phase.



The elemental composition analysis results of the three different phases in WHHEAc are tabulated in Table 2. It can be noted that the greyish phase corresponds to the solid solution of CoFeNiW with minor Cr and Mn content. The bright phase corresponds to the W particles, whereas EDS analysis of the dark phases confirms that they are rich in Cr, Mn and oxygen. Such microstructural evolution can be explained thermodynamically with enthalpy of mixing between each binary pair. The mixing enthalpy of a different binary elemental pair in HEA along with tungsten particle was calculated by Miedema’s approach [48,49] and given in Table 3. The positive mixing enthalpy between Cr–Mn (2.1 kJ/mol) in CoCrFeMnNi HEA enables the segregation of the compounds rich in Cr and Mn with minor other alloying elements. Such phenomenon of segregation of elements like Mn and Cr was observed during the fabrication of cemented carbides by embedding WC in CoCrFeMnNi HEA through liquid phase sintering technique [29]. The point analysis at the dark phases reveals the presence of the significant amount of tungsten (W) (Table 3). This is also due to a contribution from the higher positive enthalpy of mixing between the W–Cr (1 kJ/mol) and W–Mn (6 kJ/mol) binary pairs. Though W–Mn binary pair has a higher enthalpy of mixing (6 kJ/mol), the dark phase shows less tungsten (W) fraction than Cr and Mn; this could be due to a lower sintering temperature and the higher melting point of tungsten (W).



EDS line mapping across the phases in WHHEAC is displayed in Figure 5. Interphase between the tungsten grain and the binder phase shows solubility of a certain fraction of tungsten in the binder matrix. However, limited tungsten solubility in Cr–Mn-rich oxide phase, denotes the poor binding strength between the Cr–Mn oxide phase and the tungsten grain and/ binder phase.



The average tungsten grain size and volumetric fraction of tungsten particles, HEA binder phase and Cr–Mn-rich oxide phase in WHHEAC, WHHEAM and WHHEAS are tabulated in Table 4. The variation in the tungsten grain size is attributable to heating rate, holding time and the peak temperature of the process. The sintering process with a higher heating rate, lower holding time and higher cooling rate may lead to refined tungsten grain size [50,51]. The microwave sintering with a higher heating rate (20 °C per min) than conventional sintering (5 °C per min) has shown finer tungsten grain size (33 µm). Similarly, SPS, with the highest heating rate (50 °C per min) among the three processes, has resulted in finer tungsten grain size (15 µm) due to inhibition of grain growth during fast heating, short holding. Fast heating not only refines the W-grain size, it also limits the extension of the Cr–Mn-rich oxide phase formation due to limited time availability for diffusion kinetics during the rapid heating and shorter holding time and rapid cooling. Hence, volumetric percentage of Cr–Mn-rich oxide phase is decreased with increased heating rate and shorter holding time. W-grain size and Cr–Mn-rich oxide phase fraction varies in trend of WHHEAS < WHHEAM < WHHEAC.




3.3. Mechanical Properties


The relative density of WHHEAS, WHHEAM and WHHEAC composites were found to be 96.3%, 96.1% and 94.8%, respectively. The density of the WHHEA is inversely proportional to the fraction of Cr–Mn-rich oxide phase. Hence, the reduction in densification may be attributed to the Cr–Mn-rich oxides formation during the consolidation process. The mechanical properties of WHHEAC, WHHEAM and WHHEAS are presented in Table 5. The micrographs of the indents are given in Figure 6. It may be observed from the size of the indents that the change in hardness are not dramatically different between the three materials considered. The Vickers hardness shows that WHHEAC exhibits comparatively higher hardness than WHHEAM and WHHEAS. However, a small increase in hardness is not accountable in determining the mechanical properties of this alloy. Compression testing was done in order to evaluate the structural properties of WHHEA composites. This is because these WHHEA composites in applications may be subjected to compressive or bending loads during metalworking or fabrication processes that involve large compressive deformation such as forging or rolling, which is required in applications such as kinetic penetrator, ballasts or pre-fragment processing of WHAs [31,32].



WHHEAC shows compressive strength of ~1758 MPa, whereas WHHEAM (~1962 MPa) and WHHEAS (~2041 MPa) exhibit higher compressive strengths as compared to conventional sintered parts. Moreover, the increase in strength is corroborated with tungsten (W) grain size. The WHHEA with finer W-grain size shows higher strength and confirms the application of the Hall–Petch relation in determining the strength of the alloy [52]. Figure 7 displays the graphical plot of W grain size versus compressive strength of the WHHEA composites. It clearly shows that the finer the W grain size, the higher the compressive strength is.



The three-point bend test results also show the same trend of increasing flexural strength with refinement of W grain size, where a higher flexural strength of 246 ± 15 MPa is observed for WHHEAM samples as compared to WHHEAC samples (208 ± 20 MPa). However, due to the size limitation of the samples prepared by spark plasma sintering, a three-point bending test was not carried out. Figure 8 shows the fractography of bend tested samples (WHHEAC and WHHEAM). The fracture surface reveals a brittle cleavage like feature of tungsten grains, and it may be observed that the crack initiates from the Cr–Mn-rich oxide phase. The only difference is that the WHHEAC fracture surfaces shows a number of minor cracks in tungsten grains, while the WHHEAM fracture surface does not exhibit such cracks in tungsten grains. Some ductile features may also be observed along the HEA phase, suggesting that the overall mode of failure should be a mixed mode. Ultimately, the Cr–Mn-rich oxide phase in this WHHEA alloy induces the brittleness during compressive loading and reduces the overall strength of the WHHEA. It is in conformance with the superior strength of WHHEAS with a lower fraction of Cr–Mn-rich oxide phase among them.





4. Conclusions


In the present study a tungsten heavy alloy has been successfully processed with CoCrFeMnNi high-entropy alloy as binder/reinforcement by conventional, microwave and spark plasma sintering techniques. The structure property correlation for WHHEA composites prepared by different sintering techniques with different heating rates/modes was also carried out and the summary of the present work is as follows:




	(1)

	
High-energy mechanical alloying of the elemental powders in equimolar proportion result in the formation of CoCrFeMnNi high-entropy alloy with predominant fcc phase and minor σ-phase.




	(2)

	
Tungsten heavy alloy (WHA) can be prepared with CoCrFeMnNi high-entropy alloy as binder/reinforcement without any crack formation by conventional, microwave and spark plasma sintering techniques.




	(3)

	
High heating rate and shorter holding time in sintering have resulted in significant reduction of W grain size and reduced volume fraction of Cr–Mn-rich oxide phase in WHHEA.




	(4)

	
Compressive strength and bending strength of WHHEA is more when sintering techniques with a higher heating rate and shorter holding time are employed, due to finer W grain size (microstructures).
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Figure 1. Temperature profiles observed for different processing routes (conventional sintering, microwave sintering and spark plasma sintering). 
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Figure 2. Scanning electron micrograph (SEM) images of (a) tungsten (W) particles and (b) mechanically alloyed CoCrFeMnNi HEA powder showing the powder morphology. 
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Figure 3. X-ray diffraction patterns of pure tungsten (W) powder, mechanically alloyed CoCrFeMnNi high-entropy alloy powder and consolidated tungsten heavy high-entropy alloys (WHHEA) samples prepared by conventional, microwave and spark plasma sintering processes. 
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Figure 4. Scanning electron microscopy images of tungsten heavy high-entropy alloy (WHHEA) composites consolidated by (a) conventional sintering (CS), (b) microwave sintering (MWS) and (c) spark plasma sintering (SPS). 
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Figure 5. EDS line mapping across the tungsten grain, binder phase and Cr–Mn-rich oxide phase shown from the secondary image. 
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Figure 6. The micrograph of the indents after Vickers microhardness measurement in (a) WHHEAC, (b) WHHEAM and (c) WHHEAS respectively. 
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Figure 7. Variation of compressive strength with W grain size (as a function of different sintering processes). 
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Figure 8. Fractography of bend tested WHHEA specimen consolidated using (a) conventional and (b) microwave sintering process. 
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Table 1. Details of the elemental powders used for the synthesis of single phase high-entropy alloys (HEA).
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	Name of the Element
	Purity (%)
	Avg Particle Size (µm)
	Melting Point (°C)
	Crystal Structure
	Atomic Weight





	Cobalt (Co)
	99.7
	4
	1495
	hexagonal closest packed (hcp)
	58.93



	Chromium (Cr)
	99.8
	7
	1907
	body-centered cubic (bcc)
	51.99



	Iron (Fe)
	99.9
	4
	1538
	body-centered cubic (bcc)
	55.85



	Manganese (Mn)
	99.8
	7
	1246
	body-centered cubic (bcc)
	54.94



	Nickel (Ni)
	99.7
	4
	1455
	face-centered cubic (fcc)
	58.69
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Table 2. The chemical composition of the three different phases (W, HEA and Cr–Mn-rich oxide phase) found by EDS analysis (wt %) in WHHEA composites consolidated by conventional sintering (CS).
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	Region Under Consideration
	Co
	Cr
	Fe
	Mn
	Ni
	W
	O





	Greyish phase
	13.9
	1.4
	16.3
	0.8
	26.7
	40.9
	--



	Bright phase
	0.3
	0.1
	0.3
	0.1
	0.3
	98.9
	--



	Dark phase
	0.8
	39.9
	1.1
	20.6
	0.9
	11.1
	25.6
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Table 3. Table showing the mixing enthalpy of binary pairs in WHHEA calculated by Miedema’s approach [46,47].
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	Element
	Co
	Cr
	Fe
	Mn
	Ni
	W





	Co
	0
	−4.5
	−0.6
	−5.2
	−0.2
	−1



	Cr
	
	0
	−1.5
	2.1
	−6.7
	1



	Fe
	
	
	0
	−2.9
	−1.6
	0



	Mn
	
	
	
	0
	−8.2
	6



	Ni
	
	
	
	
	0
	−3



	W
	
	
	
	
	
	0
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Table 4. Table showing the average W grain size and the volume fraction of the observed three different phases (W, HEA and Cr–Mn-rich oxide phase).
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	Consolidation Condition
	W Grain Size [µm]
	Average Volume Fraction of Tungsten [%]
	Average Volume Fraction of HEA Phase [%]
	Average Volume Fraction of Cr–Mn-Rich Oxide Phase [%]





	WHHEAC
	42 ± 13
	74 ± 2
	19 ± 2
	7 ± 1



	WHHEAM
	33 ± 20
	70 ± 2
	23 ± 2
	7 ± 1



	WHHEAS
	15 ± 7
	80 ± 1
	15 ± 1
	5 ± 1
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Table 5. Mechanical properties of alloy in different heating modes.
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	Process
	Average Hardness (HV30)
	Compressive Strength (MPa)
	Flexural Strength (MPa)





	Conventional sintering
	439 ± 15
	1758 ± 50
	208 ± 20



	Microwave sintering
	431 ± 18
	1962 ± 25
	246 ± 15



	Spark plasma sintering
	422 ± 12
	2041 ± 45
	−











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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