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Abstract

:

Tungsten and its alloys are considered to be the most nominated plasma-facing materials in fusion reactors, which will be exposed to enormously rigorous conditions such as thermal load, plasma exposure, and neutron radiation. At present, the research on the behavior of oxide particle-reinforced tungsten-based materials under long-term steady-state heat load and transient thermal shock is insufficient. The purpose of this study is to investigate the performance of yttria particle-reinforced tungsten plates prepared by the wet chemical method under heat loads by means of indirect coupling experiments. An Nd:YAG laser device is used to perform thermal shock events. The surface damage and microstructure evolution of rolled and fully recrystallized samples exposed to laser thermal shock are observed and analyzed. The cracking threshold of the rolled and fully recrystallized samples is about 0.40~0.48 GW/m2; the degree of surface damage of them aggravates with the increased laser power density. What is more, cracks or even melting damage could be observed on the surface and be accelerated by the process of recrystallization, resulting in the degradation of the ability to withstand the thermal shock of the material.
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1. Introduction


One of the biggest challenges in magnetic confinement fusion reactors is the performance of plasma-facing materials (PFMs), which are subjected to enormously rigorous conditions during service, such as thermal load, plasma exposure, and neutron radiation [1,2]. Tungsten and its alloys have an incredible advantage in high melting point (about 3410 °C), high thermal conductivity, high sputtering resistance, and low tritium retention, and are considered to be the most potential nominated materials for PFMs [3,4,5]. However, their applications are restricted on account of inherent shortcomings such as low-temperature brittleness, poor toughness, higher ductile-brittle transition temperature (DBTT), and lower recrystallization temperature under nuclear fusion service conditions. The heat flux of the tungsten PFMs surface can be up to 20 MW/m2 during ITER steady-state heat load operation [2], leading to the degradation of material performance, such as a decrease in mechanical strength or fracture toughness, and an increase in DBTT [6,7]. In addition to the steady-state heat load, tungsten-based materials will also be exposed to transient thermal shock, causing surface roughness, cracks, recrystallization, and even melting [8,9]. Furthermore, the higher the recrystallization volume fraction and thermal shock power density, the deeper the degree of surface damage and the weaker the ability to resist transient thermal loads [9,10,11]. In addition, that is extremely detrimental to the continued service of tungsten materials in nuclear fusion reactors. These problems can be tackled by alloying [12,13], fiber toughening [14,15], and particle reinforcing [16,17] with the aim of improving the comprehensive performance of tungsten-based materials. In terms of the particle reinforcement, carbide (ZrC [18,19], TiC [20,21], TaC [22]) or oxide particles (La2O3 [8,23], Lu2O3 [24], Y2O3 [25,26,27]) are introduced into the tungsten matrix to improve the mechanical properties, recrystallization temperature, and thermal shock resistance. In recent years, the rare earth oxide Y2O3 has been broadly applied in the second phase of strengthening of tungsten materials because of its stable chemical properties and thermal stability [25]. The yttria particles are dispersed in the tungsten matrix, which impedes the movement of grain boundaries and dislocations. Meanwhile, the dispersion-strengthened particles will produce a large number of phase interfaces and refine the grains, making the tungsten mechanical properties, recrystallization temperature, creep resistance, and radiation resistance substantially improved [4,28]. Lv et al. found that the ultra-fine grain W-Y2O3 composite material was capable of withstanding the thermal shock power density of 600 MW/m2 without any cracking in the high heat load experiment, demonstrating that it had an excellent thermal shock resistance [25]. Research by Lian et al. found that W-Y2O3 composite material obtained by the high-energy rotary forging process had higher mechanical properties and thermal shock resistance, and the damage degree of the material increased with the increase in the thermal shock power density [17]. Kang et al. conducted a detailed study on the recrystallization kinetics of yttria particle-reinforced tungsten, finding that the introduction of Y2O3 particles increased the recrystallization temperature and reduced the recrystallization rate, significantly retarding the recrystallization process [29].



At present, there are no exclusive experimental facilities that can achieve the synergistic loading of steady-state heat load and transient heat load. What is more, the research on the behavior of oxide particle-reinforced tungsten-based materials under long-term steady-state heat load and transient thermal shock is insufficient. Although research on the thermal shock behavior of tungsten and its alloys has been widely reported, these studies mainly focus on the distinction between cracking threshold and crack propagation of samples obtained in different states or preparation processes under different thermal shock conditions. It is known that a small amount of damage can be tolerated. Therefore, it is necessary to study the microstructural evolution of materials in the presence of a small amount of damage. The novelty of this paper is not only to observe and analyze the surface damage of yttria particle-reinforced tungsten plate under laser thermal shock loadings but also to explore the detailed evolution of the microstructure and texture in all heat-affected zones. In the present study, laser thermal shock loadings with different power densities are applied to the yttria particle-reinforced tungsten in deformed and fully recrystallized states, aiming to explore the damage threshold and the influence of the yttria particles on crack propagation. The microstructure evolution of the tungsten matrix and the redistribution of yttria particles after melting will be discussed.




2. Materials and Experiment


W-Y2O3 composite powder is obtained by wet chemical method. The power was prepared from the nitrate of Y2O3 (Y(NO3)3·6H2O) and ammonium paratungstate (NH4)6H2W12O40·xH2O). Oxalic acid (C2H2O4·2H2O) served as the precipitating agent aimed at the preparation of precursor. Then put the precursor power into the continuous reduction furnace after evaporating precipitation. Next, W-Y2O3 composite powder was condensed by cold isostatic pressing and sintered in a hydrogen atmosphere furnace at 2300 °C for 6 h to obtain sintered billet, which was warm-rolled to a thickness reduction of 50% at Beijing Tian-Long Tungsten & Molybdenum Co., Ltd, Beijing, China. (W- 2 vol% Y2O3, abbreviated as WY50). The ratio of the 2 vol% Y2O3 dopant was calculated using the stoichiometry of Y(NO3)3·6H2O. The size of Y2O3 particles ranged from 0.5 μm to 2.1 μm, uniformly distributed in the tungsten matrix. After rolling, an isothermal annealing treatment at 1000 °C was carried out for 2 h to eliminate stress [29]. Small specimens of 10 × 10 × 3 mm3 were cut from the rolled plate along rolling direction (RD) × normal direction (ND) × transverse direction (TD) by electrical discharge wire cutting. The high-temperature heat treatment experiment was required to obtain recrystallized samples. The specimens were sealed in a vacuum quartz tube to prevent the oxidation of tungsten before heat treatment. After that, an isothermal annealing experiment at 1300 °C was performed for 42 h in a muffle furnace to obtain fully recrystallized samples in accordance with the hardness evolution curve of the recrystallization kinetics process obtained in the previous study [29].



The surface of all samples was ground with SiC papers and mechanical polished with diamond paste, subsequently corroded with boiling H2O2 aqueous solution (H2O: 30% H2O2 = 2:1) about 50 s for metallographic and 3D laser confocal microstructure observation.



Then, laser thermal shock experiment was conducted on the RD–ND surface of rolled and fully recrystallized samples. The set-up and parameters are shown in Table 1.



Three-dimensional confocal laser scanning microscope (CLSM, VK-X1000, Keyence, Osaka, Japan) was utilized to observe the surface morphologies of the thermal shock samples and the surface damage parameters were statistically analyzed by the Multi File Analyzer software equipped by CLSM.



Electron backscatter diffraction (EBSD) was used to accurately characterize the microstructure of samples. For EBSD investigations, the surfaces of all the samples were mechanically ground with silicon carbide paper and polished with 2.5 μm and 0.5 μm diamond polishing paste, then finishing polished with 0.04 μm OP-U non-drying suspension produced by Struers. Finally, the samples were additionally electropolished with 3 wt% NaOH aqueous solution at a constant voltage of 8 V about 15 s. EBSD testing was conducted by a scanning electron microscope (SEM, ZEISS Gemini 500, Carl Zeiss AG, Oberkochen, Germany) with an Oxford C-Swift detector (Oxford Instruments, Oxford, UK) using a voltage of 20 kV with a step size of 1 μm.




3. Results and Discussion


3.1. Initial Samples before Thermal Shock


The initial microstructure of the RD–ND surface and TD–ND surface of the rolled and fully recrystallized samples is presented in Figure 1. The grains on the RD–ND surface of the rolled sample are elongated along the rolling direction (Figure 1a). After full recrystallization, the microstructures of the two sections change significantly, and the original deformed grains are replaced by the equiaxed grains.



Figure 2 shows the grain boundary and misorientation distribution figures of the TD–ND surface of the rolled and fully recrystallized samples. The solid green line is a low-angle grain boundary with a misorientation angle of between 2° and 15°, and the black line is a high-angle grain boundary with a misorientation angle of more than 15°. The rolled sample has the typical characteristic of a deformed structure with a large number of low-angle grain boundaries inside the grains. As for the fully recrystallized sample, it is mainly composed of undistorted equiaxed grains, whose misorientation distribution is closer to the Mackenzie distribution baseline.



The orientation maps and inverse pole figures (IPF) of the rolled and fully recrystallized sample with a TD–ND surface are shown in Figure 3. The rolled sample mainly consisted of grains with <110> // RD and <111> // ND. After complete recrystallization, the intensity of <110> // RD is weakened, while there is almost no obvious change in the intensity of <111> // ND.



Figure 4 gives the orientation distribution functions (ODFs) of φ2 = 45° for the rolled and fully recrystallized sample, showing that the typical texture of the rolled sample with a body-centered cube structure is mainly composed of the following three fiber texture components: α-fiber with {112} <110> components, γ-fiber with {111} <112>, {111} <110> components, and a weaker θ-fiber. The textures of samples with α-fiber and θ-fiber disappeared and degenerated, but they still maintained a strong γ-fiber texture after complete recrystallization.




3.2. The Samples after Thermal Shock


Figure 5 presents the surface morphologies in the center affected area of the rolled and fully recrystallized samples with different thermal shock power densities. There is no obvious crack damage or melting on the surface of all samples when the power density is 0.32 GW/m2. A crack parallel to the horizontal direction along the RD direction is found on the surface of all samples at a power density of 0.40 GW/m2, which is higher than that of pure tungsten [30]. The thermal tensile stress is caused by the temperature gradient perpendicular to the heated surface during the heating process, when the tensile stress exceeds the tensile strength of W-Y2O3 materials, cracks will occur [31]. The grains are elongated along the rolling direction, and the grain boundaries are parallel to the RD direction. While the cracks in the ND direction are longitudinal, the cracks will propagate along the grain boundaries under the thermal shock, so the cracks parallel to the RD direction will be observed on the surface [32,33]. It can be observed that melting has emerged to appear on the thermal shock surface of all samples apart from cracks under the power density of 0.48 GW/m2. When the power density increases to 0.64 GW/m2, the degree of melting aggravates, and the shape of the molten area is different from that of the fully recrystallized sample, which is closer to a circle.



Figure 6 exhibits the local surface morphologies from Figure 5 of thermal shock samples. Only one crack along the rolling direction appears on the surface of the rolled sample at a power density of 0.40 GW/m2, while the cracks along the RD direction begin to bifurcate, and secondary cracks can be observed on the surface of the fully recrystallized sample. The propagation direction of the crack may be changed and even hindered by the yttria particles. What is more, the grain-bonding strength will be reduced after recrystallization, which leads to the appearance of microcracks on the surface of the fully recrystallized sample [34]. There is no obvious difference in the molten zone and cracking behavior between the rolled and fully recrystallized samples under the higher power density.



Figure 7 shows the 3D height color map of the fully recrystallized samples under laser thermal shock with different power densities, observing that the higher the power density, the more apparent the fluctuation of the surface. As shown in the heightmap, a bulge formed in the center of the molten zone with the increased power density. Under the circumstances of higher thermal shock power density, the heat-loading region of the sample melts. Then, a molten pool is generated, and the edge of it rises because of surface tension. Next, molten tungsten converges from the edge to the center because of counteracting force and starts to fluctuate. Finally, after laser thermal shock, molten W solidifies as it gathers from the edge to the center [35,36]. Figure 8 presents the variation of the maximum and minimum height values of the thermal shock surface with the increased power density, showing that the power density of 0.40 GW/m2 is a dividing line. The highest and lowest heights of the surface of the sample remain stable below the power density of 0.40 GW/m2, while the height of the surface is varied drastically owing to the melting of the sample when the power density is increased. The higher the power density, the higher the temperature on the surface, and the lower the viscosity of molten tungsten and yttria; therefore, they are likely to flow, and the fluctuation is more intense under the action of thermal shock.



The schematic diagram of the damage with different power densities is shown in Figure 9. It reveals that the thermal shock surface can be classified into three zones at higher power densities, namely, the molten zone (I), the heat-affected zone (HAZ, II), and the unaffected zone (III). Figure 10 represents the SEM images of the surface morphologies of the fully recrystallized sample at a power density of 0.64 GW/m2. Under the effect of laser power impact, tungsten and yttria particles melt. Yttria particles may gather and solidify owing to the fluctuation, eventually possibly being pushed into the HAZ because of its lower density than W. Part of them flows back to the molten zone under the flow action of metal liquid in the HAZ, ultimately forming the larger yttria particles in the molten zone after solidification. The pressure above the exposed surface from the evaporated material generates a pressure gradient, which causes liquid material movement mainly along the radial direction, resulting in the formation of a ridge around the periphery of the irradiated spot. A possible mechanism of liquid droplet splashing was Kelvin–Helmholtz instability and boiling of superheated liquid as a result of the reduction in vapor pressure [37]. Similar splashing of liquid droplets has been reported from the tungsten surface at a heat load higher than the melting threshold with a plasma gun [38].



Figure 11 demonstrates the surface morphologies of the molten zone at the center of the surface under the power density between 0.48 and 0.64 GW/m2. In the case of the same recrystallization volume fraction, numerous and finer cracks are observed at a power density of 0.48 GW/m2, and the width of cracks remarkably increases with the increased power density. When the power density is constant, the crack width of the fully recrystallized samples is larger than that of the rolled samples under a high power density (Figure 11c,d), demonstrating that the thermal shock resistance of the material degrades with the increase in the recrystallization volume fraction. In the recrystallization process, some impurities may be enriched in the grain boundary. The surface energy will be reduced with the increased recrystallization. The stress would be concentrated on the grain boundary under the heat loading, accelerating the propagation of cracks [39].



Figure 12 illustrates the distribution of surface damage characteristics of the rolled and fully recrystallized samples under laser thermal shock with different power densities. There is no apparent damage on the surface when the power density is less than 0.40 GW/m2; cracks can be observed on the surface, and recrystallization has a great influence on the crack propagation of the material when the power density exceeds 0.40 GW/m2; the surface of the samples melts when it is more than 0.48 GW/m2. The higher the power density, the more severe the damage. The higher the power density, the higher the surface temperature and the heat flux, which will cause a stronger thermal impact and increase severe damage [40].



The average crack width on the surface calculated from Figure 11 is shown in Figure 13, indicating that the average crack width with power density increases overall, but there is an abnormality that the average crack width decreases when the power density increases from 0.40 to 0.48 GW/m2. The reason for the above result is that the sample melts first and forms a molten pool on the surface under the high laser thermal shock power density. Then the molten sample solidifies and releases most of the thermal stress after the laser thermal shock, forming the wider cracks in the molten zone [36]. The average crack width of the fully recrystallized samples is wider than that of the rolled samples all the time, no matter what the power density is. Furthermore, the average crack width on the surface of the fully recrystallized samples increases sharply with the increased power density, revealing that the ability of the material to resist laser thermal shock is prominently degenerated because of recrystallization.



Figure 14 shows the microstructure of the TD–ND surface of the rolled and fully recrystallized sample at a power density of 0.40 GW/m2 after electropolishing. The recrystallized sample has a deeper crack depth than the rolled sample, about 86.855 μm deeper, which indicates that the ability of the material to resist thermal shock declines after recrystallization.



Figure 15 shows the 3D confocal microstructure of the rolled and fully recrystallized sample at a power density of 0.64 GW/m2, whose thermal shock surface (RD–ND surface) and corresponding cross-section (TD–ND surface) are represented by height color image and laser image, respectively. The molten zone (I) and the HAZ (II), as shown in Figure 9 (zone III cannot be observed in the magnification of Figure 15) in the cross-section, can be marked by the heightmap above. What is more, the crack propagation manner at this power density is the same as that at a power density of 0.40 GW/m2.



Figure 16 displays the microstructure of the TD–ND surface of the rolled and fully recrystallized samples at 0.64 GW/m2, finding that the molten zone is the columnar zone and the cracks in the zone are intergranular fractures from the backscattering electron (BSE) image and the orientation map. What is more, the width of the columnar grains is associated with the grain size of the initial matrix below. The columnar grains formed in rolled samples are finer and more numerous, while those of the fully recrystallized samples are coarser.



Figure 17 represents the IPFs and ODFs of the molten zone of the rolled and fully recrystallized samples at 0.64 GW/m2. The molten zone of the rolled sample was not only composed of grains with <111> // ND and <110> // RD but also consisted of grains with <100> // ND, compared with the initial rolled sample (Figure 3c,d). After fully recrystallization, the intensity of the grains with <110> // RD is significantly enhanced, while that of <100> // ND is evidently weakened, arising stronger grains with an orientation of <332> // ND and <411> // TD. From the ODFs, the texture of the molten zone of the rolled sample is mainly composed of θ-fiber and γ-fiber with a component of {111} <112>. After full recrystallization, only γ-fiber with a higher strength component of {111} <110> exists in the molten zone, and the θ-fiber is completely degraded.





4. Conclusions


The surface damage morphologies and the microstructure evolution of the rolled and fully recrystallized W-Y2O3 samples subjected to the transient laser heat load with different power densities have been investigated. The following conclusions can be drawn:




	(1)

	
The cracking threshold of the rolled and fully recrystallized samples is about 0.40~0.48 GW/m2. The degree of surface damage of the samples aggravates with the increased laser power density. What is more, cracking, or even melting damage, could be observed on the surface and be accelerated by the process of recrystallization, resulting in the degradation of the ability to withstand the thermal shock of the material;




	(2)

	
The average crack width with power density increases overall, but there is an abnormality that the average crack width decreases when the power density increases from 0.40 to 0.48 GW/m2. In addition, the average crack width of the fully recrystallized sample is always wider than that of the rolled sample, no matter what the power density is. Furthermore, the average crack width on the surface of the fully recrystallized sample increases sharply with the increased power density;




	(3)

	
Yttria particles have the ability to inhibit crack propagation to a certain extent at low-power densities. In the case of high-power densities, the heat-loading region melted, and most of the Yttria particles were pushed into the HAZ, contributing to the fewer particles and coarser cracks in the molten zone;




	(4)

	
Plenty of columnar grains appear in the molten zone, and the cracks in the zone are intergranular fractures at a power density of 0.64 GW/m2. What is more, the width of the columnar grains is closely associated with the grain size of the initial material. The columnar grains formed in the rolled samples are finer and more numerous, mainly consisting of grains with the orientation of <100> // ND, <111> // ND, and <110> // RD. On the contrary, the columnar grains formed in the fully recrystallized samples are coarser. The grains with an orientation of <110> // RD and <100> // ND are significantly enhanced and weakened, respectively, generating the new grains with an orientation of <332> // ND and <411> // TD.
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Figure 1. Microstructure of WY50 plate: rolled sample (a,c) and fully recrystallized sample (b,d). 
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Figure 2. Grain boundary maps (top) and orientation distribution maps (bottom) of the TD–ND surface of the rolled sample (a,c) and fully recrystallized sample (b,d). 
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Figure 3. Orientation maps (top) and IPFs (bottom) of the TD–ND surface of the rolled sample (a,c) and fully recrystallized sample (b,d). 
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Figure 4. The ODFs of the rolled sample (a) and fully recrystallized sample (b). 
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Figure 5. Surface morphologies of WY50 samples under different laser thermal shock power densities: rolled samples (a–d); fully recrystallized samples (e–h). 
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Figure 6. The local surface morphologies corresponding to the Figure 5 (a–h): rolled samples (a–d); fully recrystallized samples (e–h). 






Figure 6. The local surface morphologies corresponding to the Figure 5 (a–h): rolled samples (a–d); fully recrystallized samples (e–h).



[image: Metals 12 00686 g006a][image: Metals 12 00686 g006b]







[image: Metals 12 00686 g007 550] 





Figure 7. The 3D height color maps of the fully recrystallized samples under laser thermal shock with different power densities:(a) 0.32 GW/m2; (b) 0.40 GW/m2; (c) 0.48 GW/m2; (d) 0.64 GW/m2; (e) the sectional image of (c) along the red dotted line; (f) the sectional image of (d) along the red dotted line. 
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Figure 8. The variation of the maximum height value and the minimum height value of the fully recrystallized samples with the power density. 
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Figure 9. The schematic diagram of the damage with different power densities: (a) 0.32 GW/m2; (b) 0.40 GW/m2; (c) 0.48 GW/m2; (d) 0.64 GW/m2. 
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Figure 10. SEM images of the fully recrystallized sample at 0.64 GW/m2: (a) the heat loading zone; (b) the HAZ; (c) the molten zone. 
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Figure 11. The local surface morphologies from Figure 6c,d,g,h: rolled sample (a,c) and fully recrystallized sample (b,d). 
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Figure 12. The distribution of surface damage characteristics of the rolled and fully recrystallized samples under laser thermal shock with different power densities. 






Figure 12. The distribution of surface damage characteristics of the rolled and fully recrystallized samples under laser thermal shock with different power densities.



[image: Metals 12 00686 g012]







[image: Metals 12 00686 g013 550] 





Figure 13. The average crack width variation of WY50 sample with different power densities. 
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Figure 14. The 3D confocal microstructure of the TD–ND surface at the power density of 0.40 GW/m2: the rolled sample (a); fully recrystallized sample (b). 
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Figure 15. The 3D confocal microstructure of the thermal shock surface (RD–ND surface) and the cross-section (TD–ND surface) at the power density of 0.64 GW/m2: the rolled samples (a) and fully recrystallized samples (b). 
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Figure 16. The BSE image (top) and orientation map (bottom) of the TD–ND surface of the rolled samples (a,c) and fully recrystallized samples (b,d) at 0.64 GW/m2. 
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Figure 17. The IPFs (top) and ODFs (bottom) of the molten zone of the rolled sample (a,c) and fully recrystallized samples (b,d) at 0.64 GW/m2. 
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Table 1. The parameters of laser thermal shock experiment.
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Parameter/(Unit)

	
Values






	
Frequency/(Hz)

	
15




	
Laser point diameter/(mm)

	
0.6




	
Irradiation time/(ms)

	
2




	
Flow rate of H2/(L·min−1)

	
10




	
Current/(A)

	
60

	
75

	
90

	
105

	
120




	
Power density/(GW·m−2)

	
0.32

	
0.40

	
0.48

	
0.56

	
0.64
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