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[bookmark: OLE_LINK15]Abstract: Field assisted sintering technique (FAST) has been widely employed to manufacture powder materials. The assisted-current and applied-pressure in FAST facility would strongly effect on the microstructures of the consolidated powder materials. In this work, we investigated the influence of the applied-pressure on the W-11.4Cr-0.6Y-0.4Zr alloy during FAST consolidation at 1400 °C by varying the applied-pressures (10 MPa-60 MPa). From the microstructure observation of the sintered samples, the amounts of Cr-rich phase in W-Cr-Y-Zr sintered samples decreases with an increase of the applied-pressure. This is owing to the local overheating in porous sample, which enhances the Cr precipitation during the FAST process. In addition, the average grain size increases as the applied-pressure rises from 10 MPa to 40 MPa. With the further rise of applied-pressure to 60 MPa, the average grain size decreases to 0.14 μm. High applied-pressure induced the deformation of the graphite punch, which results in a low horizontal thermal resistance. Therefore, the reduction of the grain size is mainly related to the low actual temperature of the sample. Under an applied-pressure of 60 MPa, the high density (~99.5%), fine grain and homogeneous microstructure of W-11.4Cr-0.6Y-0.4Zr alloy can be obtained. 
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1. Introduction
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Self-passivating tungsten alloys (SPTAs) with good oxidation resistance become a candidate material for the first wall in future fusion reactors to avoid a radiation leakage risk from the loss-of coolant accident and vacuum break [1]. In SPTA system, chromium (Cr) component has been considered as the promising passivating element for the formation of the oxide scale to prevent the tungsten (W) oxidation [2]; the yttrium (Y) and zirconium (Zr) are the optimized active elements used to improve the microstructure of the oxide scale and enhance the adhesive property between the oxide scale and SPTA matrix [3-5]. 
It has reported that an excellent anti-oxidation performance of SPTA requires several characteristics such as high density, microfine grain and homogeneous microstructure [6]. Due to the W alloy with high melting point, the SPTA bulk samples were manufactured following a powder metallurgy route of mechanical alloying and then hot isostatic pressuring (HIP) [7] or field assisted sintering technology (FAST) [8]. Since the sintering process of the powder materials, there exists a conflict in selection of temperature to achieve both microfine grain and high density. High density means high sintering temperature, but high sintering temperature would result in coarse grain. In addition, the extra requirement of homogeneous microstructure further aggravates this contradiction. Therefore, the selection of sintering technique and the corresponding sintering process are critical for the SPTA consolidation. Generally, the HIP consolidation of SPTA bulks were always conducted at a temperature below the solution temperature. Naturally, duplex SPTA would be inevitably obtained. 
[bookmark: OLE_LINK8]FAST featured sintering technology with assisted-current and applied-pressure includes several advantages of high heating rate, low densification temperature and short sintering time, which has been employed widely for the production of refractory metal/alloy [9], nano-crystalline metals [10], functionally graded materials [11] and ceramic materials [12], etc. During the consolidation of conductive powder materials using FAST, the assisted-current could enhance atom diffusion and provide benefits to the densification process and grain growth [13]. In our recent work [14], we studied the influence of heating rate on the W-Cr-Zr alloy densification process and microstructure evolution during FAST process by changing the heating rate from 50 °C/min to 300 °C/min. According to the densification curves, the densification temperature is ~1380 °C. It could be concluded that high heating rate means high current flowing through the bulk, which could improve the densification rate and also positively affect the homogeneity of the microstructure. 
However, rather few attention has been paid to the impact of the applied-pressure on the densification behavior of powder materials. In powder system, there exists soft and hard agglomerates [15]. The soft ones are the physical agglomerate particles formed due to the existence of van der Waals forces among fine powder particles [16]. After mechanical alloying, the alloyed powders are the hard agglomerate particles owing to the deformation, cold-welding and cracks [17,18]. An applied-pressure during the consolidation process can break the soft agglomerates and cause the prompt densification process through the particle rearrangement [19]. However, it is difficult to brake hard agglomerates. Several studies reported that the applied-pressure can enhance mass transport by the mechanisms of diffusion (grain boundary and particle displacement), and plastic flow and deformation [20-?]. During the sintering process, the relationship between density (ρ) of the powder materials and the effective pressure (P) acted on powder particles can be illustrated as  [21]. It has demonstrated that the applied-pressure would be benefit to the densification of powder materials. 
In this work, we consolidate the SPTA of W-Cr-Y-Zr quaternary alloy by FAST at a sintering temperature of 1400 °C. Investigation of the applied-pressure influences on the microstructure evolution of the W-Cr-Y-Zr alloy.
2. Experiment
2.1. Material preparation
The studied material is W-11.4Cr-0.6Y-0.4Zr quaternary alloy (all compositions are represented in wt.%). The elemental components of the W-Cr-Y-Zr alloy are originated from the W (99.9%, 5 μm), Cr (99.9%, 74 μm), Y (99.5%, 74μm), and zirconium hydride (ZrH2, 99.9%, 74 μm) powders. The content of ZrH2 was calculated by stoichiometry according to the composition of the W-11.4Cr-0.6Y-0.4Zr alloy. Based on the composition, these raw powders were processed by mechanical milling. The details on the mechanical alloying process is similar to those in our previous work in [14]. 
The milled W-Cr-Y-Zr powder was consolidated in a FAST facility (Labox-350, Sinter land inc, Japan) with applied-pressure ranges from10 MPa to 60 MPa at a sintering temperature of 1400 °C. The configuration diagram of the sintered sample and graphite die in FAST facility is the same as in [14]. Fig. 1 shows the FAST consolidation process of the W-Cr-Y-Zr alloy. Before each consolidation process, the vacuum chamber of the FAST facility was pumped below 10 Pa and then the W-Cr-Y-Zr green compact was applied a pressure of 10 MPa. The FAST facility in this study was operated in an artificial heating mode according to the electrical current curves. At the heating stage, a current was drawn stepwise to the samples at a step rate of 200 A/min. Once the temperature reaches up to 1400 °C, the input current was shut down immediately and the sample was cooled with the FAST facility. To relieve smoothly the residual gas in green compact, the applied-pressure was gradually loaded up to the designed pressure value when the temperature was heated up to 800 °C. The applied-pressure was held until the temperature was cooled down to 1000 °C. After FAST consolidation, the dimension of resulting sintering sample was Ø20 mm in diameter and 5-6 mm in thickness.
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Fig. 1. The FAST consolidation process of the W-Cr-Y-Zr alloy sintered at 1400 °C with different applied pressure of 10 MPa, 20 MPa, 40 MPa and (d) 60 MPa.
2.2. Characterization
The phase components of the milled W-Cr-Y-Zr powder and the sintered bulks were measured by the X-ray diffraction (XRD, X'Pert PRO MPD, PANalytical B.V) operating at 40 kV and 40 mA scanned from 30° to 90° using Cu Kα radiation. The scanning speed is 6 °/min. 
The microstructures or fracture morphologies of W-Cr-Y-Zr sintered samples were characterized by field emission scanning electron microscopy (FESEM, Gemini 300, Sigma Zeiss, Germany). Based on the fracture morphology containing at least 400 grains, the grain size for each samples were measured by the interception method [ref?]. The specimens for the microstructural examination were processed with grinding firstly and then mechanical polishing. Considering the fine grain of the W-Cr-Y-Zr samples after FAST consolidation and surface distortion during the grinding and polishing process, the mechanical polished specimens were further polished by three ion beam cutter (LEICA EM TIC 3X, Leica, Germany).
The density of the W-Cr-Y-Zr bulk samples after FAST consolidation were measured by the Archimedes’ principle. The relative density is defined as the ratio of the measured density and the theoretical density. Notably, the theoretical density is simply calculated based on the mixing rules. For the W-Cr-Y-Zr alloy, the theoretical density of W, Cr, Y and Zr elemental components were taken as 19.25 g/cm3, 7.19 g/cm3, 4.47 g/cm3 and 6.52 g/cm3, respectively. After calculation, the theoretical density of the W-11.4Cr-0.6Y-0.4Zr alloy is 15.79 g/cm3.
3. Results and discussions
3.1. XRD spectra
[bookmark: OLE_LINK30][bookmark: OLE_LINK31]Fig. 2 shows the XRD spectra of the milled W-Cr-Y-Zr powder and the corresponding sintered samples at different pressures applied. It could be confirmed that the phase structure of the milled powder is body-centred cubic (bcc). In addition, no pure Cr peaks can be detected. It means that the Cr has completely dissolved into the W lattice. Notably, the XRD spectrum of the milled powder possess an obvious double-peak structure. It demonstrates that two compositions of W-Cr-Y-Zr alloyed powder could be made in the milled powder with similar components but with different W amounts. After FAST consolidation, a strong single-phase can be confirmed in W-Cr-Y-Zr samples. Notably, an obvious Cr-rich phase peak can be detected in the case of the W-Cr-Y-Zr sample sintered with an applied-pressure of 10 MPa.
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Fig. 2. XRD spectra of the milled powder and the sintered W-Cr-Y-Zr samples.
3.2. SEM microstructure
To observe the phase composition in more detail, Fig. 3 shows the microstructures of W-Cr-Y-Zr samples sintered with different applied-pressures. Two representative grains of grey and dark could be discovered in Fig. 3. After the EDX characterization, the grey grains are the normal phase of W-Cr-Y-Zr alloy and the dark grains are the Cr-rich phases. The amounts of Cr-rich phase in W-Cr-Y-Zr sintered samples decreases with increase of applied-pressure. In case of the sample sintered with applied-pressure of 10 MPa, the largest of Cr-rich phases can be found in Fig. 3a, which coincide with the corresponding the XRD spectrum in Fig. 2. The Cr-rich phases could not be detected in sintered samples with applied-pressure of 20 MPa, 40 MPa and 60 MPa, which would be owing to the detection limitation of XRD detector. When the applied-pressure reaches 60 MPa, the Cr-rich phase is almost disappeared. In addition, the large magnification images were inserted in Fig. 3, several dots particles could be detected, which are the Y-containing or Zr-containing particles. However, it is difficulty to confirm the grain size of the sintered samples from the inserted images due the blurry grain boundaries.
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Fig. 3. Microstructure of the W-Cr-Y-Zr samples after FAST consolidation at 1400 °C with different pressure (a) 10 MPa; (b) 20 MPa; (c) 40 MPa; (d) 60 MPa.
Based on the W-Cr binary phase diagram [22], it can be deduced that the formation of Cr-rich phases requires the W-Cr-Y-Zr alloy to be held long enough at an enough high temperature but below its solution temperature. From the FAST consolidation process in Fig. 1, the high temperature lasts for several minutes only. In addition, the Cr has completely dissolved into W after the W-Cr-Y-Zr powder milling with 80 h [14]. It has reported that the assisted-current during FAST densification can enhance atom diffusion [23], which accelerates the formation of Cr-rich phase. From Fig. 3, large amount of Cr-rich phase is existed in W-Cr-Y-Zr sample sintered with a low applied-pressure of 10 MPa. During the compression process of the powder material, the lower pressing-pressure means more porous structures. High contact resistance would be existed at the contact region between two adjacent particles during the FAST consolidation process. In addition, when the applied electric current flows through the powder material, a local high electric current density will be existed at the place of particles contact. Therefore, high joule heat can be created in the area of particle contact, which results in the local overheating. Such an overheating would be the reason why the Cr-rich phases are presented in W-Cr-Y-Zr samples sintered with a low applied-pressure in Fig. 3. 
3.3. Fracture morphology
The fracture morphologies of the W-Cr-Y-Zr sintered samples with different applied-pressure were presented in Fig. 4. Several pore structures can be detected in Fig. 3a and Fig. 3b, as marked with the white circles. As the applied-pressure increases, the pore structures decrease in density and disappeared. Based on the density calculation, the relative density of these samples sintered with different applied-pressure of 10 MPa, 20 MPa, 40 MPa and 60 MPa are 84.5%, 97.8%, 98.6% and 99.5%, respectively. When the W-Cr-Y-Zr samples sintered at 1400 °C with an applied pressure of 10 MPa, it is difficult to promote the powder particles to cause the desired displacement rearrangement. Thus, the sample has the lowest relative density. When increasing the pressure, the powder particles will undergo displacement-rearrangement and even plastic deformation, thereby increasing the density of the sample. It verifies directly that the applied-pressure is benefit to the W-Cr-Y-Zr alloy densification. 
[bookmark: OLE_LINK14]From the fracture morphologies in Fig. 4, homogeneous microstructure in grain size can be detected in samples sintered with applied-pressure of 10 MPa and 60 MPa. Unfortunately, the unusually large grain can be found in samples sintered with applied-pressure of 20 MPa and 40 MPa. Based on the previous discussions in Fig. 3, such large grains should be related to the local over-heating during the FAST consolidation process. In case of the W-Cr-Y-Zr sample sintered with 60 MPa, the high pressure would result in a uniform stress field and be benefit to the formation of homogeneous microstructure. In addition, the fracture modes of these sintered samples feature mainly intergranular fracture and partially transgranular fracture. Notably, the transgranular fracture could be occurred in unusually large grains.
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Fig. 4. Fracture morphologies of W-Cr-Y-Zr samples after FAST consolidation at 1400 °C with different pressure (a) 10 MPa; (b) 20 MPa; (c) 40 MPa and (d) 60 MPa.
[bookmark: OLE_LINK1][bookmark: OLE_LINK13]According to the Fig. 4, the grain size of W-Cr-Y-Zr sample sintered with different applied-pressure are measured by the interception method. The distribution histogram of the grain sizes is shown in Fig. 5. After statistical calculation, the average grain size of the W-Cr-Y-Zr samples sintered with different applied-pressure of 10 MPa, 20 MPa, 40 MPa and 60 MPa are approximately 0.12 μm, 0.19 μm, 0.23 μm and 0.14 μm, respectively. The applied-pressure could promote the mass diffusion [19], thus, the average grain size of W-Cr-Y-Zr samples shows an increasing trend with the applied-pressure increases from 10 MPa to 40 MPa. Interestingly, further increasing the pressure up to 60 MPa, the average grain size decreases to ~0.14 μm. Apart from the applied-pressure accelerating the grain growth by promoting mass diffusion, it would induce the difference between the actual temperature and the detection temperature and will effect on grain size. From the configuration diagram of the sintered sample and graphite die in FAST facility [13], there exists a temperature difference between the detected temperature of the sample and the detection temperature, which is mainly determined by the horizontal interface thermal resistance and the thermal conductivity of graphite. In this work, all samples were consolidated using the same graphite die and punches. Therefore, the effect of the graphite thermal conductivity does not need to be considered. Increasing the applied-pressure would enhance the contact between the graphite die and the punches due to the thermal deformation of the graphite punches. Better contact means lower horizontal interface thermal resistance. Salvatore Grasso et. al [24] reported if the powder materials sintered at 1400 °C with the applied-pressure of 40 MPa and 60 MPa, the temperature differences between the actual temperature of sample and the detection temperature are approximately 270 °C and 200 °C, respectively. The lower actual temperature of the sample sintered with 60 MPa, it is reasonable to obtain the sintered sample with a fine grain size of ~0.12 μm. In addition, the high pressure induced uniform stress field could accelerate the uniform growth of the grains, which may be also benefit to achieve fine grain microstructure.
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Fig. 5. The grain size of the W-Cr-Y-Zr sample after FAST sintered with different applied-pressure of (a) 10 MPa; (b) 20 MPa; (c) 40 MPa and (d) 60 MPa.
4. Conclusion
In this work, the SPTAs of W-Cr-Y-Zr samples were consolidated at 1400 °C using FAST facility varied different applied-pressure of 10 MPa-60 MPa. A high density (~99.5%), fine grain (~0.14 μm) and homogeneous microstructure of W-11.4Cr-0.6Y-0.4Zr alloy can be obtained under an applied-pressure of 60 MPa. The influence of the applied pressure on microstructure evolutions including the formation of Cr-rich phase and the grain size change were investigated. Two main conclusions can be drawn as below:
From XRD spectra and microstructures characterization, the Cr-rich phase in sintered W-Cr-Y-Zr samples disappears gradually with increase of applied-pressure. At lower pressing pressure, more porous structures in powder materials were detected. Due to the existence of porous structures and induced local high current, the local overheating can occur, lead to the formation of detected Cr-rich phase. When the applied-pressure reaches up to 60 MPa, the Cr-rich phase has almost disappeared. 
Based on the fracture morphology of W-Cr-Y-Zr samples, the distribution histogram of the grain sizes was obtained. After statistical calculation, the average grain size shows an increasing trend with the applied-pressure increases from 10 MPa to 40 MPa. When the pressure increasing up to 60 MPa, the average grain size decreases to ~0.14 μm. Compared to sample sintered at 40 MPa, the reduction in grain size in case of sample sintered at 60 MPa is mainly because of the lower actual sintering temperature. It would be attributed to the reduction in the horizontal thermal resistance between the graphite punches and the graphite die due to the high applied-pressure induced deformation. 
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