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Abstract

:

Tungsten is a metal with a high melting point and thermal conductivity, but its inherent brittleness limits its application in the industry. Dispersion strengthening and plastic deformation are considered to be an effective means to improve the properties of tungsten alloys. In this work, the mechanical properties and thermal shock performance of W-1% TaC alloy prepared by hot pressing followed by high-energy-rate forging (HERFing) and annealing treatment were investigated. The microstructure of the tungsten material was characterized via metallography, scanning electron microscopy and electron backscattering diffraction imaging. The mechanical properties were studied by tensile testing. The thermal shock performance of the HERFed W-TaC was evaluated using an electron beam device. The forged tungsten possessed a disc-shaped grain structure. The forged W-TaC alloy exhibited a good mechanical performance at an elevated temperature, which was different from the response of other tungsten alloys. The HERFing process effectively increased the cracking threshold of W-TaC alloy under electron beam transient thermal load. The lamellar grain structure of the forged tungsten material prevented cracks from propagating deeply into the material.
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1. Introduction


Tungsten and tungsten-based alloys are attracting a growing amount of interest for their use as functional and structural materials in advanced nuclear facilities [1,2,3,4]. Tungsten is a promising plasma-facing material for fusion reactor divertors because of its high melting temperature, high thermal conductivity, low tritium retention, and low sputtering yield [5,6,7,8]. The International Thermonuclear Experimental Reactor Organization decided to use a full tungsten divertor from the beginning of operation [9]. The divertor is designed to exhaust heat and particle fluxes. Inside the fusion device, the divertor faces three major challenges: neutron irradiation, ion irradiation, and high heat flux load. Currently, pure commercial tungsten exhibits low ductility, high ductile–brittle transition temperature (>400 °C), low recrystallization temperature (~1300 °C), and embrittlement due to recrystallization and irradiation [10,11,12]. These inherent disadvantages could be a big problem for the safe operation of future fusion reactors.



Several studies have recently attempted to combat the disadvantages of tungsten-based alloys. The performance of tungsten materials can be enhanced in terms of their composition and thermo-plastic processing. Micro-alloy and dispersion strengthening have been widely used in the preparation of tungsten alloy materials to enhance their composition. Tungsten–rhenium alloys can achieve room temperature (RT) ductility and promising machining capabilities [13]. Tungsten alloys strengthened by the dispersion of rare earth oxides, such as La2O3 and Y2O3, have been prepared by powder metallurgy methods; oxides can effectively inhibit grain growth and reduce grain size [14,15,16,17,18]. Rotary-forged W-1% Y2O3 can obtain certain ductility at 250 °C, which is approximately 100 °C and 250 °C lower than those of SPSd + ball-milled and SPSed + sol-gel W-1%Y2O3, respectively [19]. The addition of trace carbides, such as TiC [20] and ZrC [21], can also refine the grains and achieve good mechanical performance and low temperature ductility. In terms of the thermo-plastic processing of tungsten materials, swaging and rolling methods can be used for industrial applications. High-energy-rate forging (HERFing) is also an effective thermo-plastic processing technology used to engineer the properties of copper and 304 L stainless steel [22]. Lian [23] prepared the W-Y2O3 alloy with a certain ductility at 100 °C and good tensile strength via this technology.



In the present work, a bulk tungsten alloy was prepared by carbide dispersion strengthening in powder metallurgy and thermo-plastic deformation processing. Bulk W-1.0wt% TaC alloy was fabricated through mechanical alloying, hot pressing, and HERFing. W-TaC alloy undergoes severe plastic deformation during the HERFing process, and elongated grains and deformed texture can be obtained in the deformed samples. The effects of working processes and carbide addition on the microstructure, mechanical properties, and thermal shock performance of the W-TaC samples were explored.




2. Materials and Methods


W-1wt% TaC (WTC) alloys were prepared with pure tungsten (purity > 99.999%, average particle size of 2.5 μm, Xiamen Tungsten Co., Ltd., Xiamen, China) and nanosized TaC powders (average particle size 100 nm, purity > 99.9%, ZhongNuo Advanced Material Technology Co., Ltd., Beijing, China). The powders were ball milled by a planetary ball mill in an argon atmosphere at a ball-to-powder weight ratio of 6:1 and at 175 rpm for 10 h. Tungsten carbide balls were used to minimize impurity contamination. The milled powders were sintered at 1800 °C under a pressure of 30 MPa for 1 h in a vacuum furnace to yield sintered bulks. The hot-pressed WTC obtained was heated to 1550 °C and forged by HERFing with one pass into a disc with a height of 7 mm (from an initial cylinder with 25 mm height and 30 mm diameter), as displayed in Figure 1. Finally, the forged WTC disc was annealed at 1100 °C for 30 min to release thermal stress.



Tensile properties were investigated via tensile tests along the diameter direction with an Instron-5967 device from RT to 600 °C in air at a strain rate of 2 × 10−4 s−1. Dog-bone-shaped specimens with a working length of 5 mm and a rectangular cross-section of 1.5 mm × 1.0 mm were cut from the forged disc. The testing samples were mechanically polished with SiC abrasive paper. At least two to three samples were tested for each temperature to ensure repeatability.



Edge Localized Mode (ELM) transient thermal loads simulated the electron beam device EMS-60 (60 kW Electron Beam Material Test Scenario) installed at the Southwestern Institute of Physics [24]. An electron beam was extracted from a tungsten cathode with an acceleration voltage of 120 KV. The beam was scanned across the surface with a high frequency of 37 kHz in the x-direction and 27 kHz in the y-direction. The power absorption coefficient is closely related to the type of material [25]. In the current study, a power absorption coefficient of 0.46 was determined using absorbed current measurements [26]. The dimensions of samples were 10 mm × 10 mm × 2.0 mm, and the loading area was approximately 4 mm × 4 mm. All test samples suffered 100 cycles with 1 ms pulse duration, and three different absorbed power densities of 220, 330, and 440 MW/m2 were used. The surface morphology changes of the sintered and forged samples that underwent electron beam thermal loading were investigated.



The densities of the WTC samples were determined with the Archimedes method. The hardness measurements were carried out at RT using a Vickers hardness tester with a load of 5000 g and a dwell time of 15 s. Each sample was measured at least five times and averaged. Field-emission scanning electron microscopy was used to image the fracture surfaces of the WTC samples and their surface morphologies after electron beam thermal loading. The preferred orientation of the grains of forged WTC samples was studied with an electron backscatter diffraction (EBSD, Oxford Instruments Nanotechnology Tools Ltd., High Wycombe, UK) system. Tungsten grain size distribution and misorientation angle were also obtained by EBSD technology.




3. Results and Discussion


The relative density, Vickers hardness, and grain size of WTC alloys with different working processes are listed in Table 1. The HERFing process remarkably increased the relative density and Vickers hardness of the WTC alloy. The WTC materials’ approximate relative density of 99.2% was achieved through HERFing. The Vickers hardness of the HERFed WTC sample was 552 HV, which was higher than that of the hot-pressed WTC sample. Metallographic analyses, which are shown in Figure 2, indicated that the WTC grains show evident changes after HERFing. The grain shape of the sintered WTC alloy was nearly equiaxial with a grain size of 3.74 μm, as shown in Figure 2a. After forging, The WTC alloy presents a lamellar structure and the grains are in a large disc shape, as shown in Figure 2b–d. These results may be due to recrystallization during HERFing resulting from high forging temperature (1550 °C), which differed from the result of the HERFed W-Y2O3 alloy [23].



The fracture surfaces of the as-forged and as-sintered WTC samples at RT observed with SEM are shown in Figure 3a,b. The fracture modes of the as-forged and as-sintered samples are markedly different. The forged and sintered samples are essentially ruptured in transgranular cleavage and intergranular fracture modes, respectively. The grain shape of the forged WTC specimen presents a long strip shape, whereas the equiaxed grains are dominant to the sintered specimen. Given that second-phase particles in tungsten alloy play a very important role, tungsten matrix should be inspected for the existence of TaC particles. The EDS results shown in Figure 3c demonstrate the presence of TaC particles. The red arrows in Figure 3a indicate the positions of some TaC particles in the tungsten matrix.



The tensile results of the forged WTC material from RT to 600 °C are presented in Figure 4a. The forged WTC alloy showed a typical brittle fracture from RT to 400 °C. Evident plastic deformation was detected when the temperature increased to 500 °C. The ultimate tensile strength and total elongation of the HERFed WTC alloy at 500 °C were 1001 MPa and 5.4%, respectively. The ultimate tensile strength of the forged WTC alloy is shown as a function of the test temperature in Figure 4b. The results of swaged W-Y2O3 [27], HERFed W-Y2O3 [23], rolled W-ZrC [21], and rolled W [28] are also presented for comparison. To some extent, the strength of forged WTC alloy increased with the test temperature. However, the strength of other reported tungsten materials decreased with increasing temperature. These materials showed the opposite trend. The strength of the WTC alloy exceeded those of other tungsten materials at 300 °C. Furthermore, with increasing temperature, the difference in strength increased. This result implied the good mechanical performance of forged WTC alloy at elevated temperatures.



It is well known that the microstructure of materials is closely related to their mechanical properties. Thus, microstructures should be intensively studied. The grain structure and texture of the HERFed WTC material were investigated by EBSD analysis. Figure 5 shows the microstructure of the HERFed WTC material. The green and black lines in Figure 5a indicate the low-angle grain boundaries (LAGBs, <15°) and high-angle grain boundaries (HAGBs, >15°) respectively. Dislocations are generated inside the grains under the effect of strain. With the accumulation of strain, dislocation density increased, and LAGBs were formed. The photograph is filled with numerous green lines, which indicated that a large number of dislocations were present inside the material. Figure 5b shows the distribution of the grain boundary misorientation angle. The fractions of LAGBs and HAGBs were 0.823 and 0.177, respectively. The distribution of grain boundary orientation (Correlated) and Mackenzie curve (Random) based on the random distribution of grain orientation largely differed, indicating that most of the grain boundaries are subgrain boundaries of low energy. In deformed materials, a single grain is generally defined only when the misorientation angle of the grain is greater than 15°. Otherwise, it is a subgrain. The grains with misorientation angles θ > 15° were measured and calculated (Figure 5d). The average grain size is 4.99 μm. Quantitative analysis of the grain size distribution reveals a bimodal size distribution with two maxima: one <5 μm and the other >10 μm. Intuitively, Figure 5a also shows the bimodal size distribution of the WTC material. This lamellar bimodal structure may be the key of high mechanical strength. It has been reported that the heterogeneous structure can make dislocations pile up and accumulate to enhance back-stress hardening and dislocation hardening [29]. At the same time, the elongated grains sandwiched between fine grains can produce high strain hardening [30]. These hardening effects combined with coarse grains with better stability at high temperature make the WTC alloy possess better high temperature strength than other tungsten materials.



Inverse pole figure (IPF) mapping and IPFs are shown in Figure 5c,e. The data were obtained from the cross-sectional plane parallel to the forging axis. In HERFing, a disc-shaped material has only two directions, namely, forging and radial. In Figure 5e, Y0 is the forging direction, and X0 and Z0 are the radial directions. As indicated in IPFs, the forged WTC material displays a strong 〈111〉 texture with a maximum intensity of 5.97 times random, which indicates a remarkable preferred orientation.



In future fusion devices, ELM transient events are inevitable during normal operation in the H-mode. Thus, transient thermal load resistance is very important for the performance of tungsten materials. To examine the response to transient thermal loading of WTC alloy, we conducted ELM-like thermal load tests upon hot-pressed and HERFed WTC samples at room temperature and adopted three absorbed power densities (220, 330, and 440 MW/m2). The surface morphologies of these samples exposed to the electron beam are displayed in Figure 6. The surface morphology of the two samples with ELM-like thermal load remains unchanged at 220 MW/m2. With exposure to 330 MW/m2, the sintered sample sustains cracks, and the forged one merely exhibits slight plastic deformation. As the absorbed power densities are increased to 440 MW/m2, cracks appear in both samples. The surface of the forged sample is darker than that of the sintered one, which indicates that the degree of plastic deformation of the forged sample is greater than that of the sintered one. This result is due to the plastic deformation that caused the surface to roughen. The diffusion of the reflection of light due to the rough surface caused the sample surface to appear dark.



After thermal load tests, further information of the cracks under the surface is obtained by examining cross-section images. The light images of the cross-section of the WTC samples after thermal load are displayed in Figure 7. Figure 7a–c show the crack depth distribution of the as-sintered sample exposed to 330 MW/m2 thermal load, the as-sintered sample exposed to 440 MW/m2 thermal load, and the as-forged sample exposed to 440 MW/m2 thermal load, respectively. The crack depth distribution of the three samples is different. The crack depth shown in Figure 7a is different, while the crack depths in Figure 7b are almost the same, and the crack depths in Figure 7c are also almost the same.



Figure 8 shows the arithmetic mean depth of the major cracks. The crack depth of sample 2 was deeper than that of sample 1, and the depth was relatively uniform. This result was due to the larger absorbed power density of sample 2 compared with sample 1. Under the same absorbed power density, the crack depth of sample 3 was much lower than that of sample 2 and even lower than that of sample 1. This finding was due to the lamellar grain structure of forged tungsten material, which prevented the cracks from further propagating into the material.




4. Conclusions


A tungsten material strengthened by TaC dispersion was prepared by hot pressing and subsequent HERFing. The mechanical properties, microstructures, and thermal shock performances were studied. Relative to the hot-pressed samples, the WTC alloy that underwent plastic deformation showed remarkably increased density and hardness. After HERFing, the WTC grains changed from equiaxed grains to disc-shaped grains. To some extent, the strength of the forged WTC alloy increased with testing temperature, which was markedly different from the response of other tungsten-based materials, including swaged/forged/rolled pure W and W-Y2O3 and W-ZrC composites. The thermal load test showed that the plastic deformed WTC material exhibited good resistance to thermal shock under ELM-like loads. The addition of carbide particles could improve the high-temperature mechanical properties. In addition, the thermal load tests showed that HERFing effectively improved the ductility of tungsten.
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Figure 1. A schematic diagram showing the HERF process, and a tensile specimen cut from the forged disc. 
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Figure 2. Metallograph of the hot-pressed WTC (a), thickness direction of HERFed WTC (b), and radial direction of HERFed WTC (c,d). 
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Figure 3. Tensile fracture of an as-forged WTC sample (a) and an as-sintered sample (b) at RT, black arrow shows the forging direction, and red arrows show TaC particles. (c) is an enlarged view of the yellow box in (a), it shows the TaC particle in tungsten matrix. 
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Figure 4. Tensile behaviors of forged WTC alloy (a) and the strength of some materials at different temperatures for comparison (b). Strength variation of swaged W-Y2O3 [27], HERFed W-Y2O3 [23], rolled W-ZrC [21], rolled W [28], and WTC at different temperatures. 
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Figure 5. EBSD results of the HERFed WTC material. (a) Distribution of grain–subgrain boundary. (b) Misorientation distribution. (c) IPF mapping in the forging direction. (d) Grain size distribution. (e) Inverse pole figures. 
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Figure 6. Surface morphologies of the WTC samples after ELM-like thermal loading. (a) As-sintered at 330 MW/m2; (b) As-sintered at 440 MW/m2; (c) As-forged at 330 MW/m2; (d) as-forged at 440 MW/m2. 
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Figure 7. Light micrographs of the cross section of WTC samples after thermal loading. (a) As-sintered at 330 MW/m2, (b) as-sintered at 440 MW/m2, and (c) as-forged at 440 MW/m2. The scale indicated is the same for all graphs. 
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Figure 8. Comparison of the arithmetic mean depth of cracks after ELM-like thermal loading; 1, 2, and 3 represent the as-sintered sample with 330 MW/m2 thermal load, the as-sintered sample with 440 MW/m2 thermal load, and the as-forged sample with 440 MW/m2 thermal load. 
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Table 1. Working process, relative density, and hardness of the WTC alloy.
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	Working Process
	Relative Density
	Hardness/Hv
	Average Grain Size/μm





	Hot pressing
	96.8%
	436
	3.74



	HERFing
	99.2%
	552
	--
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