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 1.8 ODS-W alloys prepared by S-L doping method combined with different sintering processes: (a) sintering in vertical direction, followed by hot rolling process [START_REF] Shen | Microstructure of a commercial W-1% La2O3 alloy[END_REF]; (b) SPS [START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF]; (c) SPS [START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF] W-based materials as the most promising high Z-candidate for civil nuclear application, exhibit following two main disadvantages:
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1. High DBTT, leading to low ductility at low temperature [START_REF] Dong | The simultaneous improvements of strength and ductility in W-Y2O3 alloy obtained via an alkaline hydrothermal method and subsequent low temperature sintering[END_REF]. During cooling of W-based materials, thermal stress caused by temperature gradient will lead to cracks in the material.

2. Low recrystallization temperature, leading to the instability of structure and performance in high temperature environment [START_REF] Wang | Evolution of microstructure and texture in a warm-rolled yttria dispersion-strengthened tungsten plate during annealing in the temperature range between 1200° C and 1350° C[END_REF]. The high temperature during the fusion The improvement of mechanical properties of Carbon and Oxide particles Dispersion-Strengthened (CDS and ODS) W alloy is limited for their application at high temperature. The increase of their mechanical strength is often accompanied with the decrease of the ductility.

The coarse oxide particles are usually located at their grain boundaries, which induces stress concentration and weakens the cohesion of interface between oxide particle and matrix [START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF]. The strengthening effect of the oxide particles on W alloys is more significant with a smaller and more uniformly distribution. The preparation of high-quality composite precursor powder is an important feature for W-based alloys in powder metallurgy process [START_REF] Dong | The synthesis of composite powder precursors via chemical processes for the sintering of oxide dispersion-strengthened alloys[END_REF].

Scientific issue

Mechanical alloying (MA) of W and carbon / oxide particles is a simple method for fabricating ultrafine doped W powders. It may lead to introduction of detrimental contaminants, inhomogeneous distribution of particles and high internal stresses [START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF]. Solid-liquid (S-L)

doping by using ammonium paratungstate (APT) and soluble metal salts as raw materials is proposed to prepare doped W powder [START_REF] Liu | Eliminating bimodal structures of W-Y2O3 composite nanopowders synthesized by wet chemical method via controlling reaction conditions[END_REF]. The reaction only on the surface of APT powder results in the agglomeration of W and the heterogeneous distribution of oxide particles. 

Liquid

Objective of this thesis

In current research, different L-L processes will be employed to fabricate the W powders and Zr(Y)O2 particles. The morphology and microstructure of the obtained powders are compared to achieve the optimization of the L-L process. The strengthening and toughening mechanisms between the W matrix and reinforced particles are studied to validate the experimental observation. Various conventional and innovative sintering processes are investigated to elaborate the reinforced W alloys. Their physical and mechanical behaviour will be investigated to optimize the sintering process parameters. The particle size and distribution are compared with the other W alloyed in the literature to prove the efficiency of the methodology. The mechanical properties of the obtained reinforced W alloys will be investigated under different solicitations (tensile, compressive and shear) with large range of temperature and strain rate. These experimental data will be compared with the literature to quantify the improvement of performances of the innovative materials. Based on the stressstrain curves in mechanical tests, the materials behaviour law will be identified to predict their mechanical properties. The numerical simulation with 2-D and 3-D geometry models will be effectuated to study the effects of the particle reinforcement, including the particle mass fraction, size and distribution. The proposed methods permit to mechanical design of innovative W alloys with extreme properties. The use of traditional fossil energy would bring a lot of nitrogen (N), carbon (C) and sulfur (S) oxides resources. The discharge of these pollutants could cause serious environmental damage. These resources are non-renewable energy sources and will face exhaustion in the future. In addition to fossil fuels, energy development is mainly focused on wind, water, solar, tidal, and nuclear. Nuclear is considered to be a highefficiency and clean energy that can meet the growing power demands and greatly reduce the environmental impact. Nuclear is further divided into fission energy and fusion energy. Fission energy is released from the process of splitting heavy nuclei into light nuclei. It is a relatively clean energy source and does not produce a lot of pollutants such as sulfur dioxide (SO2) and carbon dioxide (CO2). The limit of the fission energy is the high-level radioactive nuclear waste disposal and nuclear proliferation. A large amount of radioactive fission products and transuranic elements will be produced during nuclear fission. Once leaked, it will cause long-term environmental pollution.

Highlights

Fission energy is not the best energy choice from a safety perspective.

Compared with fission energy, nuclear fusion energy has the advantages of unlimited resources, no environmental pollution, and no high-level radioactive products.

Fusion is considered as the best energy and becomes the dominant form of human future energy [START_REF] Harms | Principles of fusion energy: an introduction to fusion energy for students of science and engineering[END_REF]. Controlled thermonuclear fusion is suitable to effectively satisfy future energy requirements [START_REF] Adamantiades | Nuclear power for sustainable development: current status and future prospects[END_REF][START_REF] Hirai | ITER relevant high heat flux testing on plasma facing surfaces[END_REF]. In the fusion reactor, the first-wall materials are subjected to multiple coupling effects, namely, high thermal load, strong neutron force and highcurrent plasma irradiation. The surface of the reactor strainer will be impacted by high thermal load, which will cause a temperature gradient in the material.

W-based materials are considered as the most promising high Z-candidate of the first-wall materials. These materials exhibit following two main disadvantages [START_REF] Yang | Tungsten-zirconium carbide-rhenium alloys with extraordinary thermal stability[END_REF]:

1. High ductile-brittle transition temperature (DBTT), leading to low ductility at low temperature [START_REF] Coenen | Tungsten Fibre Reinforced Tungsten (Wf/W) using Yarn Based Textile Preforms[END_REF]. High ductility at room temperature or above is very useful for the applications of these materials. During cooling of W-based materials, thermal stress caused by temperature gradient will lead to cracks in the material. 1. PFMs should exhibit high melting point ( > 1000 °C ), thermal conductivity (~ 90  m -1  K -1 )) and thermal coefficient of expansion (~ 1.5 × 10 -5  K -1 ) [START_REF] Zhao | Thermal shock behavior of fine grained W-Y2O3 materials fabricated via two different manufacturing technologies[END_REF]. In the reactor, PFMs will be bombarded by high-energy particles and high thermal load. It must be able to heat transferred in time, reduce temperature and stress gradients to improve material stability.

2.

A lower sputtering yield rate permits to reduce the amount of impurities produced by physical sputtering, chemical sputtering, and enhance sublimation by irradiation. This ensures that the PFMs will not fail and pollute the plasma. These alloys are fabricated as the first wall and divertor materials of facing plasma.

High-temperature tensile strength can effectively inhibit the occurrence of cracks during thermal shock. The material must be stiff at low temperatures to avoid cracks caused by thermal strain. 4. PFMs exhibit low hydrogen retention behavior (deuterium D, tritium T). The tritium must be produced in the fusion device to effectively proceed the D-T fusion reaction. If most of the tritium is adsorbed by PFMs, it is unfavourable for the fusion reaction. A large amount of hydrogen absorption will form hydrogen bubbles, leading to hydrogen embrittlement phenomena, and ultimately affecting material properties.

5. PFMs should be low-level radioactive waste, whose radioactive energy can be reduced quickly to a safe level.

Selection of materials for the first wall of fusion reactor

The selection of PFMs is an important scientific and technological issues in the World Fusion Agency [START_REF] Loarte | A new look at JET operation with Be as plasma facing material[END_REF]. It is difficult to find adequate single material that can meet all the above performance requirements at the same time. It is necessary to consider the physical requirements and engineering practice [START_REF] Roth | Recent analysis of key plasma wall interactions issues for ITER[END_REF]. Beryllium (Be), carbon (C) and W are mainly selected as the first wall material of International Thermonuclear Experimental Reactor (ITER).

Be is widely used in the neutron reflecting layer of nuclear weapons and fission reactors. The light element Be is employed as the PFMs inside the fusion device, directly subjected to plasma etching process [START_REF] Behrisch | Material erosion at the vessel walls of future fusion devices[END_REF]. It possesses a high thermal conductivity (190 W  m -1  K -1 at room temperature), which can quickly remove the surface heat flow to avoid overheating of the structure. The inconvenient of Be is summarized in [START_REF] Knaster | Materials research for fusion[END_REF][START_REF] Konings | Comprehensive nuclear materials[END_REF]: (1) Under high-energy neutron irradiation effects, it will change Be crystal structure, resulting in a large amount of D and T retentions and obvious swelling and brittleness; (2) The melting point of Be is approximately 1287 °C, which is relatively low for the first wall materials; (3) Be is highly toxic material. These disadvantages limit its applications in fusion reactors.

C possesses high melting point (3550 °C), high scattering cross section and low absorption cross section for neutrons, so it is largely employed in large / medium size tokamak ITER. The sputtering threshold of carbon is low, and the high-energy plasma easily bombards carbon atoms and then escapes from the surface of the material. It makes the surface of the carbon-based material rough, peeling, or even broken. Carbonbased materials exhibit strong chemical sputtering near 527 °C, and radiation-enhanced sublimation above 927 °C. These conditions cause an increase in carbon corrosion and a serious redeposition effect, which affects the safety of the tokamak reactor.

W possesses many special properties, such as high-density (19.3 g/cm 3 ), chemically stability at room temperature, highest melting point (3410 °C), low linear expansion coefficient (4.32×10 6  K -1 ) and high thermal conductivity (173 W  m -1  K - 1 ) [START_REF] Zhang | The thermal stability of dispersionstrengthened tungsten as plasma-facing materials: a short review[END_REF][START_REF] Yang | Influence of the applied pressure on the microstructure evolution of W-Cr-Y-Zr alloys during the FAST process[END_REF]. W is the most promising candidate for plasma facing material in a future fusion device [START_REF] Rieth | Recent progress in research on tungsten materials for nuclear fusion applications in Europe[END_REF][START_REF] Gietl | Interlayer properties of tungsten fibre-reinforced composites and their determination by different methods[END_REF]. In the first phase of the ITER program, except for the vertical target where the plasma is directly bombarded using carbon fibre reinforced materials, the rest are all made up of W. The ability of W is to induce bremsstrahlung radiation, which is much stronger than that of light elements (C and Be), which would cause energy loss 150 times than that of C and Be based-materials. Fig. 1.2 presents the advantages and disadvantages of W as the first wall material [START_REF] Coenen | Materials for DEMO and reactor applications-boundary conditions and new concepts[END_REF]. W as a wall material can suppress sputtering due to its high atomic mass. It has a rather high thermal conductivity, which can facility heat exhaust. W possesses rather low hydrogen solubility and facilitates low retention under fusion conditions. 

Development of W materials for fusion reactors

W-based materials are reputed because of their high melting point (3410 °C), thermal conductivity (64 W  m -1  K -1 ), thermal coefficient of expansion (4.5 × 10 -5  K -1 ), low self-sputtering rate for energy (< 1 eV until 600 °C and > 100 eV), and hightemperature strength (see Table 1.1) [START_REF] Zhao | Thermal shock behavior of fine grained W-Y2O3 materials fabricated via two different manufacturing technologies[END_REF][START_REF] Xie | Grain growth behavior and mechanical properties of zirconium micro-alloyed and nano-size zirconium carbide dispersion strengthened tungsten alloys[END_REF][START_REF] Xie | High thermal shock resistance of the hot rolled and swaged bulk W-ZrC alloys[END_REF]. W exhibits low room temperature ductility, high DBTT, and low recrystallization temperature (RCT).

Low temperature brittleness is one of the disadvantages of W-based materials in terms of mechanical properties, which is related to the purity of the material and the manufacturing process [START_REF] Xie | Extraordinary high ductility/strength of the interface designed bulk W-ZrC alloy plate at relatively low temperature[END_REF][START_REF] Xiao | A hybrid microstructure design strategy achieving W-ZrO2 (Y) alloy with high compressive strength and critical failure strain[END_REF]. When the divertor surface is impacted by a high thermal load, the temperature gradient is induced and then generates the thermal stress, which causes cracks in the material. It requires high ductility of W at room and high temperature. The DBTT of W is around 150 -400 °C, which means that W is usually brittle. The cracking of the brittle materials is usually sudden and catastrophic with no damage or prior warning.

When the temperature exceeds the recrystallization temperature (~ 1200 °C) of W alloys, they will recrystallize and lead to the grain growth [START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF][START_REF] Chanthapan | Sintering of tungsten powder with and without tungsten carbide additive by field assisted sintering technology[END_REF], resulting in a decrease in physical and mechanical properties and an increase in the DBTT [START_REF] Kurishita | Current status of nanostructured tungstenbased materials development[END_REF]. Fig. 1.
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presents the recrystallization curve of annealed W at different temperatures [START_REF] Coenen | Materials for DEMO and reactor applications-boundary conditions and new concepts[END_REF]. It is necessary to increase the recrystallization temperature of W alloy to keep its stability and performance. In the future fusion reactor, greater thermal load will be applied on the W with the irradiation by high-energy neutrons, low-energy ions, etc. Neutron irradiation will increase the DBTT of W materials and reduce the recrystallization temperature.

Radiation defects can increase the diffusion effect, and accelerate a series of behaviors controlled or affected by diffusion, such as precipitation, dissolution, segregation, and then affect the mechanical properties of the materials [START_REF] Barabash | Neutron irradiation effects on plasma facing materials[END_REF].

Research on nanostructured W-based materials

Nanostructured W-based materials offer many advantages for use as PFMs exposed to heavy thermal loads combined with irradiation with high-energy neutron and low-energy ion. At present, the principal research directions include alloying and dispersion strengthening, microstructure stabilization, composite material preparation, and processing technology optimization.

Solid solution strengthened W-based material

The alloying of tantalum (Ta), vanadium (V), titanium (Ti), rhenium (Re) elements can improve the ductility and fracture toughness of W alloys. These elements are mainly added to achieve solid solution strengthening. The incorporation of ultrafine powders improves ductility, tensile strength and radiation resistance performance of the W alloys.

The ultrafine and nanocrystalline-grained W alloys are metastable, and these fine- Tejado et al. [START_REF] Tejado | The effects of tantalum addition on the microtexture and mechanical behaviour of tungsten for ITER applications[END_REF] applied hot isostatic pressing to prepare W-5 wt. % Ta and W-15 wt. % Ta alloys. The DBTT of W-Ta alloy is higher than that of pure W. Its DBTT is 1000~1050 °C, tested by three-point bending method. Aguirre et al. [START_REF] Aguirre | Mechanical Behavior of W-Y2O3 and W-Ti Alloys from 25°C to 1000°C[END_REF] studied the effect of Ti addition (2 ~ 4 wt. %) on the mechanical properties, which indicated nosignificant toughening effect.

To improve the stability of microstructure, small amounts of thermally stable carbon / oxide particles, such as ZrC, HfC, zirconium oxide (ZrO2), lanthanum oxide (La2O3), and Y2O3 [START_REF] Muñoz | La2O3reinforced W and W-V alloys produced by hot isostatic pressing[END_REF][START_REF] Li | Preparation and sintering of nanometer W-2 wt. % Y2O3 composite powders[END_REF][START_REF] Daoush | Enhancement of physical and mechanical properties of oxide dispersion-strengthened tungsten heavy alloys[END_REF], were often dispersed into W matrix, forming the so-called carbon / oxide dispersion-strengthened W (CDS / ODS-W) alloys.

Based on Fig. 1.5, the addition of carbide and oxide particles can refine the crystal grains and stabilize the microstructure of W-based materials to avoid the grain growth [START_REF] Xie | Grain growth behavior and mechanical properties of zirconium micro-alloyed and nano-size zirconium carbide dispersion strengthened tungsten alloys[END_REF]. These materials were annealed at temperatures from 1120 °C to 1400 °C. 

Oxide particles dispersion-strengthened W-based materials

When the nanosized oxide particles, such as La2O3, Y2O3, thorium anhydride (ThO2), ZrO2, aluminium oxide (Al2O3), are uniformly distributed in the matrix phase, it would have a strengthening effect to some extent [START_REF] Liu | Nanostructured highstrength molybdenum alloys with unprecedented tensile ductility[END_REF]. The mechanism is the interaction between the doped oxide particles and the dislocations. These particles hinder the movement of the dislocations and improve the deformation resistance and thus increase the strength of the alloy. However, when the second phase particles are coarse and unevenly distributed, not only the strengthening effect is not achieved, but the alloy becomes significantly brittle [START_REF] Liu | Nanostructured highstrength molybdenum alloys with unprecedented tensile ductility[END_REF]. When the alloy is deformed, the second phase can hinder the movement of grain boundaries, delay the recrystallization process, and increase the recrystallization temperature of the alloy.

The ThO2 particles dispersion-strengthened W alloy (W-ThO2) exhibits high mechanical strength at elevated temperatures, its radioactive potential is an obstacle to practical applications [START_REF] Xie | Effect of high temperature swaging and annealing on the mechanical properties and thermal conductivity of W-Y2O3[END_REF]. La2O3-and Y2O3-dispersion-strengthened W alloys exhibit high creep resistance and high tensile strength at high temperatures [START_REF] Mabuchi | Deformation behavior and strengthening mechanisms at intermediate temperatures in W-La2O3[END_REF][START_REF] Mabuchi | Tensile properties at elevated temperature of W-1% La2O3[END_REF]. The La2O3 particles exhibit higher hygroscopic property [START_REF] Arbelaez | High-purity synthesis of La2SiO5 by solid-state reaction between La2O3 and different characteristics of SiO2[END_REF][START_REF] Seppälä | Atomic layer deposition of lanthanum oxide with heteroleptic cyclopentadienyl-amidinate lanthanum precursor-Effect of the oxygen source on the film growth and properties[END_REF][START_REF] Gangwar | Modifying the hygroscopic property of La2O3 by Pr, Sm and Nd doping[END_REF][START_REF] Fleming | The rapid formation of La (OH) 3 from La2O3 powders on exposureto water vapor[END_REF]. Seppä lä et al. [START_REF] Seppälä | Atomic layer deposition of lanthanum oxide with heteroleptic cyclopentadienyl-amidinate lanthanum precursor-Effect of the oxygen source on the film growth and properties[END_REF] reported that lanthanum was the most hygroscopic in the rare earth elements. The character makes La2O3 become coarse particles in La2O3 dispersion-strengthened W (W-La2O3) alloy during sintering [START_REF] Kim | Fabrication of high temperature oxides dispersion strengthened tungsten composites by spark plasma sintering process[END_REF][START_REF] Qu | Effects of high magnetic field on the melting behavior of W-1wt% La2O3 under high heat flux[END_REF].

The Y2O3 particles in W matrix are unstable at temperatures above 1600 °C, which results in coarse particles, affecting the mechanical properties of W alloys [START_REF] Muñoz | La2O3reinforced W and W-V alloys produced by hot isostatic pressing[END_REF][START_REF] Itoh | Strength properties of yttrium-oxide-dispersed tungsten alloy[END_REF].

Zhao et al. [START_REF] Zhao | The investigation of Y doping content effect on the microstructure and microhardness of tungsten materials[END_REF] fabricated the W-3 wt. % Y alloy by MA and SPS. The MA process was conducted in high purity argon (Ar) atmosphere (99.99 %) with a rotation speed of 380 rpm and milling time of 30 h. The powders were sintered by SPS at 1700 °C for 1 min under a pressure of 50 MPa. In etched microstructure, the Y2O3 particles were unevenly distributed W matrix with the size reaching 2.5 μm.

Liu et al. [START_REF] Liu | Nanostructured yttria dispersion-strengthened tungsten synthesized by sol-gel method[END_REF] investigated the W-1 wt. % Y2O3 alloy by MA combined with SPS.

The powders were ball-milled with a planetary ball for 4 h in Ar atmosphere with a rotation speed of 240 rpm. The milled powder was sintered by SPS at 1800 °C for 2 mins under a uniaxial pressure of 50.9 MPa. The size of Y2O3 particles reached 1 μm.

It indicated that the initial nano-sized Y2O3 particles aggregated to coarser larger Y2O3 particles after sintering.

The Al2O3 particles tend to aggregate during high-temperature sintering. Hu et al. [START_REF] Hu | Fabrication, characterization, and mechanical properties of 93W-4.9 Ni-2.1 Fe/95W-2.8 Ni-1.2 Fe-1Al2O3 heavy alloy composites[END_REF] fabricated the Al2O3 strengthened W heavy alloy (WHA) by mix process and CPS.

The powders of W, Ni, Fe, and α-Al2O3 (1.0 ~ 1.2 μm) were blended for 10 h in a Vshaped mixer. The sintering temperature was 1520 °C with a holding time of 90 minutes.

In etched microstructure of alloy, the size of Al2O3 particle reached 10 μm.

Wang et al. [START_REF] Wang | Microstructure and preparation of an ultra-fine-grained W-Al2O3 composite via hydrothermal synthesis and spark plasma sintering[END_REF] fabricated the W-Al2O3 by SPS at 1800 °C for 5 minutes under the pressure of 30 MPa. Because of the relatively lower melting point of Al2O3 (2072 °C), Al2O3 particles agglomerated and the size reached 2.0 μm after sintering. Lee et al. [START_REF] Lee | Effect of mechanical alloying process on microstructure and mechanical properties of ODS tungsten heavy alloys[END_REF] elaborated partially stabilised zirconia (PSZ) dispersionstrengthened WHAs by two-step MA to control the location of oxide particles. The PSZ particles in the alloys still grew to be as large as 1.5 μm and some adhesive oxide particles exist in W matrix.

Carbide particles dispersion-strengthened W-based materials

Titanium carbide (TiC, ~ 3000 °C) [START_REF] Kurishita | Current status of ultra-fine grained W-TiC development for use in irradiation environments[END_REF], TaC (~ 3880 °C) [START_REF] Antusch | Mechanical and microstructural investigations of tungsten and doped tungsten materials produced via powder injection molding[END_REF], tungsten carbide (WC, ~ 2870 °C) [START_REF] Chanthapan | Sintering of tungsten powder with and without tungsten carbide additive by field assisted sintering technology[END_REF], ZrC (~ 3500 °C) [START_REF] Yaghobizadeh | Investigation of effect of acrylate gel maker parameters on properties of WC preforms for the production of W-ZrC composite[END_REF] and HfC (~ 3900 °C) are mainly used for particles dispersion-strengthened W alloys [START_REF] Wang | Thermal stability and mechanical properties of HfC dispersion strengthened W alloys as plasma-facing components in fusion devices[END_REF]. Carbide particles possess higher melting point and higher thermal stability than oxide particles. They can not only refine the grains, but also stabilize the crystal structure and inhibit grain growth at high temperatures, which improve the thermal stability and mechanical properties of Wbased materials [START_REF] Fan | Micro/nano composited tungsten material and its high thermal loading behavior[END_REF].

Antusch et al. [START_REF] Antusch | Mechanical and microstructural investigations of tungsten and doped tungsten materials produced via powder injection molding[END_REF] prepared a high-density ultra-fine crystal W-1 % TiC and W-2 % TaC by powder injection moulding (PIM) process. Their ultimate fracture stress reaches 900 MPa and 770 MPa, respectively. Chanthapan et al. [START_REF] Chanthapan | Sintering of tungsten powder with and without tungsten carbide additive by field assisted sintering technology[END_REF] fabricated the W-5 vol. % WC alloys by SPS at 1800 °C for 5 mins at the pressure of 85 MPa. The nano WC powder (0.1 -0.2 μm) was employed as sintering additive to obtain finer WC particles (0.75 μm) and W grains (3.1 μm). Xie et al. [START_REF] Xie | Extraordinary high ductility/strength of the interface designed bulk W-ZrC alloy plate at relatively low temperature[END_REF] applied mechanical alloying to disperse ZrC micro-nano particles into the W matrix. Large-size W-0.5 wt. % ZrC were successfully prepared with excellent low temperature ductility and high strength / toughness of W alloy. Wang et al. [START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF] fabricated the W-0.5 wt. % HfC alloys by multi-step hot-sintering rolling. The ultimate tensile strength (UTS) and total elongation (TE) reach approximately 630 MPa and 10 %, respectively. Table 1.2 summarizes the microstructure and mechanical properties of carbon particles dispersion-strengthened W-based materials. Carbide particle-reinforced W alloy powder is mainly prepared by mechanical alloying, which is a simple and efficient method. Prolonged milling time leads to incorporation of harmful contaminants [START_REF] Kiran | High energy milling on tungsten powders[END_REF], inhomogeneous distribution of oxide dispersion particles [START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF] and high internal stresses [START_REF] Ryu | The sintering behavior of nanosized tungsten powder prepared by a plasma process[END_REF]. Minimizing content of non-metallic interstitial impurities (such as O, N, C, S) is obvious in reducing the DBTT of W [START_REF] Wang | Microstructure and properties of TiN-reinforced W-Ti alloys prepared by spark plasma sintering[END_REF][START_REF] Liu | Mechanical properties and microstructures of W-1% Y2O3 microalloyed with Zr[END_REF]. 1.5 Preparation methods of W powders and alloys

Preparation of W alloy powders (1) Solid-solid method (S-S)

As one of main solid-solid methods, the MA method (i.e. high-energy ball milling) is to mix W matrix powder and the second phase powder in a sealed high-energy ball mill with inert gas filled. In the conventional powder metallurgy, the preparation of composite powder basically uses the MA process. The advantages and disadvantages of the use of MA are listed in Table 1.3. This method can be applied to grind single or multiple materials by dry or wet grinding way without pollution. It is the most effective way to prepare nanosized powders. Prolonged milling can refine crystal grain size from the microscale to the nanoscale, but the detrimental contaminants may appear [START_REF] Kiran | High energy milling on tungsten powders[END_REF]. These impurities tend to polarize at GBs and weaken grain boundary bonding, due to their low solubility in the W lattice. The ball milling may introduce a large amount of mechanical energy into the powder [START_REF] Gotor | Influence of the milling parameters on the mechanical work intensity in planetary mills[END_REF][START_REF] Bolokang | Structural characterization of mechanically milled and annealed tungsten powder[END_REF]. It will make the powder in a high-energy activation state, leading to W grain growth obviously in the sintering process and the occurrence of the high internal stress in sintering alloys [START_REF] Bolokang | Structural characterization of mechanically milled and annealed tungsten powder[END_REF][START_REF] Zhang | A study of the mechanism of microwave-assisted ball milling preparing ZnFe2O4[END_REF]. (2) Solid-liquid method (S-L) S-L doping process is usually used to obtain fine and uniformly distributed second phase in matrix. Insoluble Ammonium paratungstate (APT) and soluble metal salts are employed as raw materials to prepare doped W powder [START_REF] Shen | Microstructure of a commercial W-1% La2O3 alloy[END_REF][START_REF] He | Effect of rare earth element cerium on preparation of tungsten powders[END_REF][START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF][START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF]. The shape of these doped precursor particles is almost the same as that of APT particles, as shown in Fig. 1.7. The reaction with soluble metal salts occurs only on the surface of APT powder [START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF]. The black phases belong to La2O3 particles, with an elongation of 5 -20 μm.

Yar et al. [START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF] prepared the W-0.9 wt. % La2O3 alloy by SPS at 1400 °C for 3 mins at the pressure of 75 MPa, as listed in Table 1.4. The dark grey areas represent the La2O3 phases, as shown in Fig. 1.8b. Some particles are bonded together exceeding 2 μm in size.

Yar et al. [START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF] produced the nanosized Y2O3 particle reinforced W powder through S-L doping processes using APT and soluble metal salts as raw materials, as listed in Table 1.4. After SPS sintering at 1200 °C for 3 mins at the pressure of 75 MPa, the oxide particles are non-uniformly distributed into the W matrix, as shown in Table 1.4 lists the preparation process of the ODS-W powders by S-L method. In the method, the different doping phases are first dissolved into distilled water and then are added into insoluble APT powder with fiercely stirring. After dry, the doped precursors are obtained. By hydrogen (H2) reduction at the temperature above 800 ºC for several hours, the doped precursors transform into ODS-W powders with different particle size. After sintering, the oxide particles with different size are obtained as discussed above. In W-1 % La2O3 alloy [START_REF] Shen | Microstructure of a commercial W-1% La2O3 alloy[END_REF] and W-0.9 % La2O3 alloy [START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF], as the holding times in sintering in vertical direction and SPS are shorter, the size of La2O3 particle, almost preserves the original particle size in reduced powders. The La2O3 particles sizes in both alloys are more than 2 µm. In W-1 wt. % Y2O3 alloy [START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF], though As a conclusion, the analysis above indicates that the S-L methods would not be suitable for fabricating ultrafine and uniformly distributed oxide particles in W powder and alloy. (3) Liquid-liquid method (L-L)

The L-L doping techniques, such as hydrothermal synthesis method [START_REF] Xiao | Research on preparation process for the in situ nanosized Zr (Y) O2 particles dispersionstrengthened tungsten alloy through synthesizing doped hexagonal (NH4) 0.33• WO3[END_REF], spray drying method [START_REF] Hua | Effect of yttrium doping on the formation and stability of β-tungsten powder[END_REF], evaporation-precipitation method and sol-gel method [START_REF] Liu | Nanostructured yttria dispersion-strengthened tungsten synthesized by sol-gel method[END_REF][START_REF] Zhao | Thermal shock behavior of W-0.5 wt% Y2O3 alloy prepared via a novel chemical method[END_REF][START_REF] Zhu | Refining mechanisms of arsenic in the hydrogen reduction process of tungsten oxide[END_REF],

are developed to improve the quality of doped W powders to obtain high-performance W composites. The principle of L-L is employed raw materials in solution state. This method avoids the introduction of detrimental contaminants during the mixing process [START_REF] Xiao | Research on preparation process for the in situ nanosized Zr (Y) O2 particles dispersionstrengthened tungsten alloy through synthesizing doped hexagonal (NH4) 0.33• WO3[END_REF]. The doping phase is distributed in powders through the molecular-level mixing to realize the uniform and ultrafine oxide particles.

The schematic diagram of the hydrothermal synthesis of precursor is illustrated in Fig. 1.10. The raw material is weighted and dissolved in distilled water, forming the original solution. This solution is poured into autoclave and then placed into oven. The main advantages are: 1). The prepared precursors exhibit fine and uniform powder particle size; 2). It is easy to control the reaction conditions (including reaction time, temperature and solution pH). After drying and roasting treatments of precursors in a muffle furnace, the doped powders are reduced in H2 atmosphere to obtain doped W particles. A rubber mould was employed due to its excellent physical properties and wear resistant. The mixed powders were pressed into a rubber mould at a certain pressure using a cold isostatic press (CIP) to obtain green compact. The load applied to the powders was transferred by the rubber mould. The load was equal in all directions and the density gradients were avoided. The schematic diagram of CIP is as shown in b). The precursor powder prepared by spray drying method has a spherical shell structure, with an average particle size of 3 -6 μm, as shown in Fig. 1.13a. The formation of these spherical agglomerates is caused by the atomization of the solution into spherical droplets. After H2 reduction at 850 °C for 2 h, the morphology of reduced powder is shown in Fig. 1.13b. SEM image shows that the powder is spherical aggregate, which preserves the structure of spherical precursors. These aggregates consist of fine particles with an average size of 0.3 -0.5 μm.

Chen et al. [START_REF] Lai | Reduction, sintering and mechanical properties of rhenium-tungsten compounds[END_REF] studied the reduction behavior of W-Re powders by spray drying process. The reduced powder preserves the spherical agglomeration structure of its precursor as shown in Fig. 1. 13 (c,d). The reduced powders possess a smooth surface and lots of ultrafine pores. The doped precursor powders exhibit significantly agglomeration structure, which requires strict reduction conditions. The spray drying process retains for mass production without the introduction of impurities. Ghasemi et al. [START_REF] Ghasemi | Morphological characterization of tungsten trioxide nanopowders synthesized by sol-gel modified pechini's method[END_REF] investigated morphological characterization of W trioxide nanopowders synthesized by sol-gel method using raw material Na2WO4.2  H2O.

Fig. 1.14a shows agglomerated structure of fine sphere particles in precursor. Liu et al.

[64] fabricated the Y2O3 dispersion-strengthened W synthesized by sol-gel method.

After reduction 850 °C, the agglomeration morphology of doped powder is shown in Xia et al. [START_REF] Xia | Bulk tungsten with uniformly dispersed La2O3 nanoparticles sintered from co-precipitated La2O3/W nanoparticles[END_REF] reported the preparation process of 1 wt. % La2O3 doped W powder by a evaporation co-precipitation method, using ammonium metatungstate (AMT) and lanthanum nitrate as raw materials. A comparative study for different L-L doping processes is summarized in Table 1.5. The L-L process exhibits the following characteristics: simple processing, low reaction temperature and available for mass production. Based on the comparison of the characteristic of the L-L doping process, the hydrothermal synthesis process is the suitable method to obtain the uniform precursor with low degree of aggregation. lead to the introduction of detrimental contaminants, inhomogeneous distribution of oxide dispersion particles and high internal stresses. This is the reason why S-L method using APT and soluble metal salts as raw materials is proposed. APT powder is slightly soluble. The reaction occurs only on the surface of APT, which causes the formation of W powder aggregates and the heterogeneous distribution of oxide particles.

In contrast to S-L method, L-L method in molecular-level is expected to prepare doped W powder with uniformly distributed and nanosized phase. The doped W powders prepared by different L-L doping processes preserve the precursor's structure with different agglomeration degree and densification. The doping process would affect the size and distribution of doping phase in W powder and alloy.

Preparation of W alloy

There are many sintering processes for manufacturing W alloys: CPS, SPS, hot isostatic pressing sintering (HIP) [START_REF] Kurishita | Development of ultra-fine grained W-TiC and their mechanical properties for fusion applications[END_REF], microwave-assisted sintering (MAS) [START_REF] Liu | Microwave synthesis and properties of fine-grained oxides dispersion strengthened tungsten[END_REF] and field assisted hot pressing (FAHP) [START_REF] Dugauguez | Field assisted hot pressing of sintering Inconel 718 MIM samples[END_REF]. The comparison of process parameters and mechanical properties of alloys obtained by CPS, SPS, HIP and MAS will be described in the following section:

( The equipment of SPS is mainly composed of a heating, a vacuum and a watercooling system, as shown in Fig. 1.20 [START_REF] Nisar | Unconventional Materials Processing Using Spark Plasma Sintering[END_REF]. The heating system includes a pressureassisted device and a pulse electric field generator. The advantages and disadvantages of the use of SPS are listed in Table 1.6. SPS possesses faster heating rate, lower sintering temperatures and reduced holding times compared to CPS. It has been successfully applied to sinter refractory metals and their alloys [START_REF] Guillon | Field-assisted sintering technology/spark plasma sintering: mechanisms, materials, and technology developments[END_REF]. Due to the high melting point of W and its alloys, graphite sintering moulds at high temperatures (1000 ~ 2300 °C) are usually applied in SPS [START_REF] Xie | Microstructure and mechanical properties of nano-size zirconium carbide dispersion strengthened tungsten alloys fabricated by spark plasma sintering method[END_REF][START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF][START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF]. 

Disadvantages

Only axisymmetric sample for mass production Near net shape Difficult to manufacture tools for complex sample [START_REF] Manière | Spark plasma sintering and complex shapes: The deformed interfaces approach[END_REF] Dine et al. [START_REF] Dine | SHS synthesis, SPS densification and mechanical properties of nanometric tungsten[END_REF] developed a new methodology to synthesize nanosized pure W powders using self-propagating and high-temperature synthesis. To preserve the nanostructure after densification, these powders were sintered by SPS. Results show that full W densification is obtained at a temperature lower than 1600 °C for 5 mins at the pressure of 50 MPa.

Luo et al. fabricated the W-1 wt. % TiC and W-1 wt. % Nb-1 wt. % TiC alloys by SPS process [START_REF] Luo | Effect of doped niobium on the microstructure and properties of W-Nb/TiC composites prepared by spark plasma sintering[END_REF]. (3) Description of HIP treatment HIP is a simple sintering process that exerts an isotropic gas pressure on the powder during the heating process. It can achieve densification by the combined effects of high temperature and high pressure. The advantages and disadvantages of HIP are listed in Table 1.7. The HIP processing is used to improve materials' performance by the homogenous isotropic microstructure. It can also reduce the machining costs, thanks to near net shape or net shape options, and produce complex internal cavities. HIP would cause grain growth and is difficult to control parts' tolerance. The sample is placed in a closed container in HIP process. It is subjected to isotropic uniform pressure at high temperature, as shown in Fig. 1.22 [START_REF] Muñoz | La2O3reinforced W and W-V alloys produced by hot isostatic pressing[END_REF]. 

Process parameters:

(1) Pressure; (2) Temperature;

(3) Duration time. (

4) Description of MAS

MAS is an innovative sintering process, which has been used in the consolidation of ceramics and refractory metals. In MAS process, energy is supplied by an electromagnetic field directly to the material [START_REF] Thostenson | Microwave processing: fundamentals and applications[END_REF]. It possesses the advantages of rapid heating rate and short sintering time, which are beneficial to inhibiting the grain growth.

In conventional sintering, the heat energy is transferred from the sample surface to the shows the schematic for microwave furnace [START_REF] Singh | Optimization of pressure-less microwave sintering of Ti6Al4V by response surface methodology[END_REF]. The advantages and disadvantages of MAS are listed in Table 1.8. Excessive heating rate will cause a large temperature gradient in the material. It would result in material cracking due to excessive thermal stress. 

Disadvantages

Significant temperature gradient between the surface and the interior for no adapted sintering parameters Non-conductive materials Producing internal stress Mondal et al. [START_REF] Mondal | Effect of heating mode on sintering of tungsten[END_REF] investigated the effect of CPS and MAS processes on the microstructure, RD and hardness of pure W. Microwave sintering was carried out at the heating rate of 25 °C/min in microwave furnace (3 kW, 2.45 GHz). The sintering temperature of the two processes was 1600 °C. Fig. 1.26 shows the microstructural images of samples. The average grain size reaches 2.9 μm and 2.6 μm, for CPS and

Process parameters:

(1) Microwave frequency;

(2) Microwave power;

(2) Sintering time;

(3) Heating rate.

MAS, respectively. The RD and densification parameter are compared as shown in Fig. 1.27. The densification parameter is calculated by the ratio of the difference between sintered and green density divided by the difference between theoretical and green density. The green density is around 49 % of theoretical.

The densification parameter of samples reaches about 0.82 and 0.9 for CPS and MAS, respectively. It indicates the density of the sample obtained by MAS is more elevated than that obtained by CPS. (

5) Conclusion of different sintering methods

CPS is adapted for mass production of W based-materials in mechanical engineering. The higher sintering temperature would result in the higher density with significant grain growth. Li et al. [START_REF] Li | Fabrication and mechanical properties of tungsten alloys reinforced with c-ZrO2 particles[END_REF] fabricated ZrO2 dispersion-strengthened W (W-ZrO2) alloy by L-L method, followed by CPS at 2700 °C for 5 mins. The grain size of alloy reaches 40 -80 μm and the RD reaches 98.7 %.

SPS possesses a shortening process cycle due to the high heating rate, combined with uniaxial pressure. The obtained grains can be smaller compared with those by CPS.

Wang et al. [START_REF] Wang | Preparation, microstructure, and constitutive equation of W-0.25 wt% Al2O3 alloy[END_REF] prepared the W-ZrO2 alloy by SPS at 1800 °C for 5 mins at 40 MPa.

The W alloy exhibits the RD of 99.6 % and the average grain size is 4.65 μm. The difference between SPS and HIP is that HIP provides the isotropic uniform pressure.

The samples fabricated by HIP reach full density. Antusch et al. [START_REF] Antusch | Powder Injection Molding for mass production of He-cooled divertor parts[END_REF] fabricated the pure W sample. The grain size of pre-sintering sample is 3.5 μm and the RD is 94.7 %.

(a) (b)

After HIP treatment at 1600 °C for 3 h at 250 MPa, the RD of alloy increases to 97.6 %, but its grain grows up to 5 μm.

Liu et al. [START_REF] Liu | Microwave synthesis and properties of fine-grained oxides dispersion strengthened tungsten[END_REF] fabricated the W-1 wt. % Y2O3 alloy by MAS using a multi-mode 2.45 GHz, 3 kW at 1500 °C for 30 mins. After sintering, the RD reaches 96.8 %, and the average grain size is 0.7 μm. It indicates that the W-1 wt. % Y2O3 alloy can obtain higher density at lower temperature. Microstructure and physical characteristics of ODS-W alloys fabricated by different doping and sintering processes are summarized in Table 1.9. These alloys were obtained from the doped powders prepared by L-L, S-L or S-S doping methods, respectively. Seen from Table 1.9, the oxide particle sizes in alloys by L-L method range from 0.01 -3 μm, while, the oxide particle sizes in alloys by S-L and S-S methods are in the range of 0.05 -5 μm. It indicates those smaller oxide particles are obtained by L-L doping process. La2O3 particles in the W-La2O3 prepared by SPS and CPS exhibit the large size of 2 -20 μm [START_REF] Shen | Microstructure of a commercial W-1% La2O3 alloy[END_REF][START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF]. Yar et al. [START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF] prepared the nanosized Y2O3 particles reinforced W alloy by S-L doping process, Y2O3 particles are non-uniformly distributed in W matrix due to the reaction occurred at the surface of APT. The refinement effect on oxide particles is limited in MA for ODS-W powders, even though the doping oxide particles are nanosized [START_REF] Muñoz | La2O3reinforced W and W-V alloys produced by hot isostatic pressing[END_REF][START_REF] Kim | Fabrication of high temperature oxides dispersion strengthened tungsten composites by spark plasma sintering process[END_REF]. Muñoz et al. [START_REF] Muñoz | La2O3reinforced W and W-V alloys produced by hot isostatic pressing[END_REF] prepared the W-La2O3 powder by using nanosized La2O3 particles ranging from 10 to 50 nm in size as raw material. The large adsorption effect of nanosized oxide particles leads to particle aggregations even after ball-milling for 30 h [START_REF] Kim | Fabrication of high temperature oxides dispersion strengthened tungsten composites by spark plasma sintering process[END_REF].

Mechanical properties of W alloys

W alloys are fabricated as the first wall and divertor materials of facing plasma.

High-temperature tensile / bending strength can effectively inhibit the occurrence of cracks during thermal shocks. It can avoid the crack formation caused by thermal strain during cooling.

Liu et al. [START_REF] Liu | Nanostructured yttria dispersion-strengthened tungsten synthesized by sol-gel method[END_REF] investigated the tensile strength and ductility of W-1 wt. % Y2O3

(sol-gel W-1 wt. % Y2O3) alloys synthesized by sol-gel method, followed by SPS sintering at 1800 °C for 2 mins at the pressure of 50.9 MPa. For comparison, some W-1 wt. % Y2O3 (ball-milling W-1 wt. % Y2O3) alloys obtained by ball-milling method were consolidated using the same SPS process. It indicates that the sol-gel W-1 wt. % Xie et al. [START_REF] Xie | Grain growth behavior and mechanical properties of zirconium micro-alloyed and nano-size zirconium carbide dispersion strengthened tungsten alloys[END_REF] investigated the mechanical properties of the W-1.0 wt. % Zr (WZ), W-1.0 wt. % ZrC (WZC) and W-1.0 wt. % Zr-1.0 wt. % ZrC (WZZC) alloys at hightemperature. The W alloys were sintered by SPS at 1800 °C for 2 mins at the pressure of 50.9 MPa. As shown in Fig. 1.31, WZC alloys exhibit the highest UTS. Especially, the UTS of WZC alloy is up to 798 MPa at 600 °C, about 2.6 times higher than that of pure W. The ductile fracture of WZC alloy at 600 °C appears at the elongation of 7.2 %, indicating that the ductility is improved compared with that of pure W. 

Constitutive modeling of W alloys

Pure W exhibits the brittleness during its recrystallization, which occurs easily at 1200 °C. This brittleness would cause crack during deformation of W alloy at high temperature. In recent years, many researchers have investigated the deformation of W alloys in microscale [START_REF] Sharma | Constitutive modelling and processing map analysis of tungsten heavy alloy (92.5 W-5.25 Ni-2.25 Fe) at elevated temperatures[END_REF][START_REF] Wang | Establishment of processing map and analysis of microstructure on multi-crystalline tungsten plastic deformation process at elevated temperature[END_REF]. The constitutive behavior law of W and its alloys is quite important for the achievement of the numerical simulation in manufacturing technology [START_REF] Panchal | Instantaneous work hardening behaviour of two-phase tungsten heavy alloys: a phenomenological approach[END_REF].

In order to accurately describe the mechanical property of metallic materials, many constitutive behavior laws have been developed in recent years, such as Johnson-Cook (JC) model [START_REF] Sagar | Determination of johnson cook material model constants and their influence on machining simulations of tungsten heavy alloy[END_REF], modified Johnson-Cook (MJC) model [124,[START_REF] Sagar | Effect of johnson-cook material model constants on predicted chip morphology and forces in FE simulations of machining operation for 93% WHA alloy[END_REF], Zerilli-Armstrong (ZA) model [START_REF] Zinovev | Constitutive law for thermally-activated plasticity of recrystallized tungsten[END_REF][START_REF] Liu | Flow stress prediction of hastelloy C-276 alloy using modified zerilli-armstrong, johnson-cook and arrheniustype constitutive models[END_REF], modified Zerilli-Armstrong (MZA) model [START_REF] Gurusamy | A finite element study of large strain extrusion machining using modified zerilli-armstrong constitutive relation[END_REF], and straincompensation Arrhenius model [START_REF] Sharma | Constitutive modelling and processing map analysis of tungsten heavy alloy (92.5 W-5.25 Ni-2.25 Fe) at elevated temperatures[END_REF][START_REF] Richou | Recrystallization at high temperature of two tungsten materials complying with the ITER specifications[END_REF].

JC model considers that the thermal softening, strain rate hardening and strain hardening are independent. It does not consider the coupled effects of strain rate (𝜀)

and temperature (T) on flow stress (σ) [START_REF] Sagar | Determination of johnson cook material model constants and their influence on machining simulations of tungsten heavy alloy[END_REF]. JC model cannot be suitable to describe the hot deformation behavior of materials at elevated temperature. 

Numerical simulation of particle reinforced composites

With the continuous development of numerical methods, the prediction of mechanical properties of materials with simulation has become an important scientific issue [START_REF] Kocich | Cold rotary swaging of a tungsten heavy alloy: Numerical and experimental investigations[END_REF]. Compared with the traditional experimental methods, the numerical simulation exhibits the following advantages: 1). It is difficult to determine the deformation processing parameters for W alloys, due to their brittleness during the recrystallization. The simulation can predict the mechanical properties over a large temperature range, in which the experimental tests are difficult to carry out; 2). The parameters in simulation could be adjusted easily without the wasting of time and cost;

3). The test conditions, including temperature, duration time and pressure, could be set up smoothly in the simulation. In the past decades, more and more researchers developed the numerical tools to investigate the mechanical properties in room and high temperatures, microstructure evaluation and fracture law of W-based materials [START_REF] Zhan | A rate-dependent peridynamic model for predicting the dynamic response of particle reinforced metal matrix composites[END_REF]. In Fig. 1.33, the matrix of this material is silver gray. Among matrix, the inner regions of some SiC particles are colored according to the damage parameter φ. It indicates that more broken particles are in the samples with higher volume fraction. The effects of the particle volume fraction on the rate-dependent behavior of the composite could not be negligible. The simulation results show that in the longitudinal direction, the stress in the SiC particles increases with their aspect ratio and the stress in the metal decreases. The effects of the particles' shape and size on the mechanical properties of the reinforced composites are essential to achieve the numerical simulation with W alloys. 1.9 The research context and content

Research context

W is promising material of PFMs due to its excellent physical properties.

Thermally stable carbon / oxide particles, such as La2O3, Y2O3, Al2O3, ZrC and TaC, could be successfully dispersed in W matrix. These particles effectively prevent the recovery taken place in the recrystallization process at high temperatures and decrease the DBTT. These mechanisms can improve the mechanical properties of W alloy [START_REF] Xiao | Research on preparation process for the in situ nanosized Zr (Y) O2 particles dispersionstrengthened tungsten alloy through synthesizing doped hexagonal (NH4) 0.33• WO3[END_REF].

CDS / ODS-W has attracted considerable research attention.

The application CDS / ODS-W alloy is limited due to the low mechanical properties at high temperature. The improvement of structural materials is required to increase the strength and the ductility. The coarse carbon / oxide particles are usually located at GBs of alloys and then act as stress concentration, weakening the cohesion of interface between carbon / oxide particle and matrix, and then leading to intergranular fracture and low toughness [START_REF] Zhang | Microstructure and strengthening mechanism of oxide lanthanum dispersion strengthened molybdenum alloy[END_REF]. Thus, reducing the carbon / oxide particle size becomes one of the research topics for CDS / ODS-W alloy.

The microstructure and mechanical property of W-based materials are determined by the W powder particle morphology and its chemical composition [START_REF] He | Effect of rare earth element cerium on preparation of tungsten powders[END_REF][START_REF] Li | Particle size distribution control and related properties improvements of tungsten powders by fluidized bed jet milling[END_REF]. The synthesis of high-quality powders is strongly required [START_REF] Gai | Particle shape modification and related property improvements[END_REF]. For mechanical CDS / (a) (b) (c)

ODS-W alloys, the powders with high purity and bulk density, fine carbon / oxide particle size would be helpful to prepare high-performance materials.

L-L methods involving doping at molecular level are retained to prepare ODS-W alloy with uniformly distributed and ultrafine oxide particles. In the past decades, a large number of studies have shown that the physical and chemical characteristics of the precursor powder, the phase evolution process and the evolution of mechanisms significantly affected the resultant reduced powders [START_REF] Hua | Effect of yttrium doping on the formation and stability of β-tungsten powder[END_REF][START_REF] Liu | Influence of yttrium addition on the reduction property of tungsten oxide prepared via wet chemical method[END_REF][START_REF] Ahangarkani | In-situ formation of tungsten nano-particles by oxidationreduction mechanism-New approach in sintering activating by means of oxide nanostructures[END_REF][START_REF] Song | Preparation of ultrafine W powder via carbothermic prereduction of tungsten oxide followed by deep reduction with hydrogen[END_REF]. Moreover, in syntheses of precursor powders by L-L methods, the effects of solution acidity, reaction mechanism and refinement mechanism on precursor agglomeration have not been investigated in detail. Few studies have focused on these areas during the synthesis of doped W powder by L-L methods.

In recent years, a lot of work has been done to improve the strength and stability of W alloys at high temperature. Most of them have focused on the dispersion strengthening of W alloys reinforced by oxide particles, such as La2O3, Y2O3 and Al2O3 etc. These oxide particles not only increase the recrystallization temperature, but also inhibit grain growth and stabilize the microstructure at intermediate temperature, which increases the strength and creep resistance of W alloys. At high temperature, these ODS-W alloys cannot maintain thermal stability owing to the coarsening of oxide particles subjected at elevated temperature. Some innovative technologies have been proposed to elaborate the ODS-W alloy with small oxide particle size, to improve its performance at high temperature.

W carbide powder is mainly prepared by MA, which is an efficient method for fabricating ultrafine doped W powders. MA introduces the impurities, which would aggregate at GBs, reducing the fracture strength [START_REF] Kiran | High energy milling on tungsten powders[END_REF]. The powder milling process causes great internal stress in the powder, which affects the sintering performance of the powder and accelerates grain growth [START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF].

Among various ceramic reinforcing particles, ZrO2 is distinguished by its excellent physical properties, such as high hardness, wear resistance, thermochemical stability, strength and corrosion resistance [START_REF] Ali | Synthesis and characterization of ZrO2/CeO2 nanocomposites for efficient removal of Acid Green 1 dye from aqueous solution[END_REF][START_REF] Beltowska-Lehman | Heat treatment of ultrasonic electrodeposited Ni-W/ZrO2 nanocomposites[END_REF][START_REF] Li | Fabrication and optimization of Ni-W/ZrO2-CeO2 composite coating for enhanced hardness and corrosion resistance[END_REF][START_REF] Rambabu | ZrO2 incorporated polysulfone anion exchange membranes for fuel cell applications[END_REF][START_REF] Beltowska-Lehman | Effect of hydrodynamic conditions of electrodeposition process on microstructure and functional properties of Ni-W/ZrO2 nanocomposites[END_REF]. It exhibits higher melting temperature (2715 °C), which is much higher than La2O3 (2215 °C), Y2O3 (2425 °C), and Al2O3 (2072 °C) [START_REF] Wang | Thermal stability and mechanical properties of HfC dispersion strengthened W alloys as plasma-facing components in fusion devices[END_REF]. These excellent performances make ZrO2 very attractive in the strengthening of W alloys. ZrO2 has been used as a candidate material for particle strengthened W alloys [START_REF] Li | Fabrication and mechanical properties of tungsten alloys reinforced with c-ZrO2 particles[END_REF]. W-0.25 wt. % ZrO2 alloys were fabricated by CPS at 2700 °C for 5 minutes. The W grain size was reduced by 30 % compared with pure W.

It indicated that ZrO2 exhibited a significant refinement effect on W grain.

Muthuchamy et al. [START_REF] Muthuchamy | Particulate-reinforced tungsten heavy alloy/yttria-stabilized zirconia composites sintered through spark plasma sintering[END_REF] investigated that mechanical properties of 90 W-7 Ni-3

Fe reinforced with 0 wt. %, 0.25 wt. %, 0.5 wt. %, 0.75 wt. % and 1.0 wt. % of yttriastabilized zirconia (YSZ). The WHA with 0.25 wt. % YSZ exhibited the best mechanical properties among all the composites. Wang et al. [START_REF] Wang | Effect of ZrO2 content on microstructure and mechanical properties of W alloys fabricated by spark plasma sintering[END_REF] fabricated the W-ZrO2 alloy by SPS at 1800 °C for 5 mins at 40 MPa. The RD of the sintered samples increased from 92.8 % to 98.9 %, when the ZrO2 content increased from 0 % to 2.0 %.

It indicated that the ZrO2 particles could significantly accelerate the sintering process of W alloy. Li et al. [START_REF] Li | Effect of rotary swaging and subsequent annealing on microstructure and mechanical properties of W-1.5 ZrO2 alloys[END_REF] demonstrated that the addition of ZrO2 could delay the recrystallization temperature of W alloy up to 1400 °C. Patra et al. [START_REF] Patra | Fabrication and characterization of nano-ZrO2 dispersed W-based alloy by mechanical alloying and conventional sintering[END_REF] revealed that in W-Ni-Mo-ZrO2 alloy, the hardness and wear resistance of W matrix could be enhanced by ZrO2 dispersion strengthening.

ZrO2 particles in alloys are still coarser in previous studies [START_REF] Lee | Effect of mechanical alloying process on microstructure and mechanical properties of ODS tungsten heavy alloys[END_REF][START_REF] Wang | Effect of ZrO2 content on microstructure and mechanical properties of W alloys fabricated by spark plasma sintering[END_REF][START_REF] Li | Effect of rotary swaging and subsequent annealing on microstructure and mechanical properties of W-1.5 ZrO2 alloys[END_REF][START_REF] Patra | Fabrication and characterization of nano-ZrO2 dispersed W-based alloy by mechanical alloying and conventional sintering[END_REF].

The grain size reaches 50 -100 μm [START_REF] Li | Fabrication and mechanical properties of tungsten alloys reinforced with c-ZrO2 particles[END_REF][START_REF] Li | Effect of rotary swaging and subsequent annealing on microstructure and mechanical properties of W-1.5 ZrO2 alloys[END_REF], which limits the improvement of mechanical properties. There are few researches on preparation processes of ZrO2 Firstly, L-L doping processes, such as composite hydrothermal method (CHM), two-step hydrothermal method, azeotropic distillation method, sol-gel method, were applied to prepare the doped W powders and alloys. Among them, the novel azeotropic distillation method (ZM) was proposed to disperse the doped precursor from the particle The objective is investigated the effects of the reinforced particles on the mechanical properties of W alloys, including their content, particle size and distribution. 

Scheme of experimental work

Conclusions

Chapter 2. Materials and methods

Introduction

W-based materials are selected as the most promising candidate for PFMs due to their excellent physical and mechanical properties [START_REF] Dong | The synthesis of composite powder precursors via chemical processes for the sintering of oxide dispersion-strengthened alloys[END_REF][START_REF] Xie | Achieving high strength/ductility in bulk W-Zr-Y2O3 alloy plate with hybrid microstructure[END_REF][START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF][START_REF] Dong | The simultaneous improvements of strength and ductility in W-Y2O3 alloy obtained via an alkaline hydrothermal method and subsequent low temperature sintering[END_REF]. The strength and toughness of W-based materials can be improved by the performance of doped powder, ceramic particles dispersion strengthening and grain refinement [START_REF] Xie | Achieving high strength/ductility in bulk W-Zr-Y2O3 alloy plate with hybrid microstructure[END_REF][START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF][START_REF] Yuntao | Effect of scandia on tungsten oxide powder reduction process[END_REF]. The main scientific issue is to improve the properties (physical and mechanical) and microstructures (grain size and homogeneity) by optimization of the powder preparation process [START_REF] Xie | Achieving high strength/ductility in bulk W-Zr-Y2O3 alloy plate with hybrid microstructure[END_REF][START_REF] Xiao | Extremely uniform nanosized oxide particles dispersion strengthened tungsten alloy with high tensile and compressive strengths fabricated involving liquid-liquid method[END_REF].

CHM, as one of the L-L doping method, is proposed to prepare ultrafine oxide particle doped W powders. MA is employed to synthesize the ultrafine and homogeneous oxide and W powders. Various sintering processes are compared, including CPS, SPS, and HIP, to study the effects of microstructural characteristics of powders on physical and mechanical properties of W-based materials.

Different analysis, such as SEM, energy-dispersive X-ray (EDX), X-ray diffraction (XRD), high-resolution transmission electron microscopy (HR-TEM), differential thermogravimetric analysis (TGA), differential scanning calorimeter (DSC), and density are carried out to identify the thermal and physical properties of the powders and their alloys. The tensile, compression and bending tests under various loading conditions are performed to characterize the mechanical properties of the alloys.

The obtained experimental data at different temperatures and strain rates permits to identify the parameters in the constitutive behavior law. The finite element method is described to achieve the numerical simulation of compression tests with W reinforced alloys.

This chapter is structured as follows: In Section 2.1, the main scientific issue and the physical and mechanical analysis methods are described; In Section 2. 

Description of powders

In current work, W-Zr(Y)O2 alloys were fabricated with different L-L doping methods, followed by various sintering processes.

The main raw materials were commercial zirconium oxychloride octahydrate

(ZrOCl2• 8H2O), yttrium nitrate [Y(NO3)3• 6H2O] and AMT [(NH4)6H2W12O40• 5H2O].
Y2O3 was employed to stabilize the ZrO2 crystal structure. Because Y2O3 can enter the crystal lattice of ZrO2 and then form a solid solution to limit the transition between the ZrO2 crystals. The Zr to Y molar ratio was 88:12. The composition of W-Zr(Y)O2 alloys as an exploratory research was defined in Table 2.1. 

Powders elaboration methods

Doping process affects the size and distribution of doping phase and doped W powder. In recent years, wet chemical method, such as L-L and S-L methods, was applied to synthesize the oxide particle doped W powders. CHM was employed to synthesize the nanosized spherical W-Y2O3 precursor [START_REF] Hu | W-Y2O3 composite nanopowders prepared by hydrothermal synthesis method: Co-deposition mechanism and low temperature sintering characteristics[END_REF] and rodlike W-La2O3

precursor [START_REF] Xu | Preparation of La2O3 doped ultra-fine W powders by hydrothermal-hydrogen reduction process[END_REF]. HM was selected to synthesize the microspherical W-Al2O3 precursor [START_REF] Wang | Microstructure and preparation of an ultra-fine-grained W-Al2O3 composite via hydrothermal synthesis and spark plasma sintering[END_REF][START_REF] Pan | Synthesis, densification and characterization of ultra-fine W-Al2O3 composite powder[END_REF]. Evaporation co-precipitation method was proposed to synthesize the W-Y2O3

precursor [START_REF] Hu | W-Y2O3 composite nanopowders prepared by hydrothermal synthesis method: Co-deposition mechanism and low temperature sintering characteristics[END_REF] and W-La2O3 precursor [START_REF] Xia | Bulk tungsten with uniformly dispersed La2O3 nanoparticles sintered from co-precipitated La2O3/W nanoparticles[END_REF]. The synthesized precursors exhibit a large number of aggregation structures. The APT and soluble metal salts are retained as raw materials to synthesize the W-Y2O3 [START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF], W-La2O3 [START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF], and W-CeO2 [START_REF] He | Effect of rare earth element cerium on preparation of tungsten powders[END_REF] precursors in S-L method. APT powders are slightly soluble, the reaction occurs on their surface, resulting in the formation of W powder aggregates and the heterogeneous distribution of oxide particles.

In the current research, four L-L doping processes, such as CHM, HM, ZM, and SM method, were applied to prepare the W-Zr(Y)O2 doped powders. In these processes, ZM as an evaporation co-precipitation method, using alcohol and butanol as azeotropic agent, was proposed to disperse the aggregated precursor. By S-L method, the precursors synthesized by APT powder and soluble rare earth salt, still exhibit serious agglomeration structure [START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF][START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF]. In order to reduce the agglomeration degree of precursor, based on the molecular-level doping process, the SM was proposed to synthesize the doped APT powder for the comparison with conventional S-L method.

CHM

ZrOCl2• 8H2O, Y(NO3)3• 6H2O, and AMT, were dissolved in distilled water.

ZrOCl2• 8H2O and Y(NO3)3• 6H2O solutions were homogeneously mixed by stirring.

The obtained solution was dripped into the AMT after stirring for 2 h at room temperature. Nitric acid (HNO3) was used to regulate the pH value of resultant solution to lower than 1.0. The processing parameters were shown in Fig. 2.1a. This solution was heated to 120 °C for 15 h in an autoclave with a heating rate of 60 °C/h.

In this condition, the precursor, that is α-hexagonal ammonium tungsten bronze (NH4)0.33•WO3, can be synthesized. When the reaction was completed, the autoclave was cooled naturally to room temperature and then the doped precursor powder was synthesized, as shown in Fig. 2.1b. 

ZM

In evaporation co-precipitation, the obtained doped W powders exhibit aggregated structure [START_REF] Zhao | Thermal shock behavior of W-0.5 wt% Y2O3 alloy prepared via a novel chemical method[END_REF][START_REF] Xia | Bulk tungsten with uniformly dispersed La2O3 nanoparticles sintered from co-precipitated La2O3/W nanoparticles[END_REF]. In this research, a novel ZM was proposed. The mixture of alcohol and butanol was used as azeotropic agent to disperse the hard agglomerates into flaky structure. In ZM, ZrOCl2•8H2O, Y(NO3)3•6H2O and AMT were separately dissolved in distilled water. The Y(NO3)3 solution was slowly added to the ZrOCl2•8H2O solution by stirring for 20 mins. The mixture solution was gradually added to the AMT solution by stirring for 3 h at room temperature. It is better to expand the stirring time. This resultant solution was heated to 93 °C with continuous stirring until precipitates were formed on the surface. The mixture of alcohol and butanol was used as azeotropic agent and added to the solution. This solution was heated continuously until the precursor powder was formed. The schematic graph of ZM apparatus is shown in Fig. 2.3a. The synthesis process of precursor by ZM is shown in Fig. 2.3b.

Sol-gel method

In order to compare the precursor structure obtained by S-L method [START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF][START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF], the SM was proposed to synthesize the doped APT precursor by L-L method. The resultant solution was prepared as the same procedure described in ZM process. The ammonia water was added into the resultant solution by stirring to adjust pH to 8.0 to obtain the sol-gel. The pH value was selected based on the reaction mechanism of polytungstate species in aqueous solutions with different acidities. The solution was heated by continuous stirring. The rest of preparation procedures of precursor powder by SM were the same as those by ZM using the same apparatus. The synthesis process of precursor by SM is shown in Fig. 2.3b. furnace. Higher drying temperatures would affect the phase components of precursors.

Lower drying temperature was not sufficient to remove the water in precursors. The parameters of the calcination process were determined by the results of TGA and DSC.

The calcined powders were reduced by H2 reduction process at 900 °C for 2 h to obtain the reduced doped powders.

MA

The MA was employed to obtain ultrafine oxide particles [START_REF] Liang | Refinement process and mechanisms of tungsten powder by high energy ball milling[END_REF]. The reduced W-Zr(Y)O2 powders (2 ~ 5 μm) prepared by CHM were milled. Ni and Fe powders (99.90 % purity) with the average particle size of 2.3 μm and 4.5 μm were used in this study.

They were added into W-Zr(Y)O2 powder to fabricate (93 ~ x) W-4.9 Ni-2.1 Fe-x Zr(Y)O2 powder and alloy to increase the density, strength and plasticity [START_REF] Yu | Compressive behavior of liquid phase sintered 90 W-7Ni-3Fe heavy alloy at high temperature and low strain rate condition[END_REF][START_REF] Panchal | On the flow and work hardening behavior of tungsten heavy alloy 92W-5.5 Ni-2.5 Fe[END_REF]. In these alloys, Ni is the activating element, which can reduce the sintering temperature.

Fe can improve the strength and plasticity of alloys. A planetary ball mill was used at a milling speed of 250 rpm for 6 h to obtain the mixed powders [START_REF] Yang | Tungsten-zirconium carbide-rhenium alloys with extraordinary thermal stability[END_REF][START_REF] Xie | Grain growth behavior and mechanical properties of zirconium micro-alloyed and nano-size zirconium carbide dispersion strengthened tungsten alloys[END_REF]. Two kinds of grinding WC balls with the diameter of 3 mm and 5 mm, respectively, were combined to mix the powder. The total mass ratio of 3 mm to 5 mm balls is 1:2. The ball-topowder mass ratio was 10:1. During ball-milling, the large ball has high energy, while the small ball is used to fill in the gap between the large ball for improving the grinding efficiency [START_REF] Fernique | A simple route to produce tungsten carbide powders by high-energy ball milling and annealing[END_REF].The total amount of WC balls and powders in each can was 0.7 kg and 0.07 kg, respectively. After ball milling, the composite powder was taken out from the tank, sieved with 100 mesh to remove balls. The final powders were bagged and sealed for subsequent processes.

Alloys elaboration methods

CPS

In order to compare the microstructure of W-Zr(Y)O2 alloys by various L-L doping processes, the reduced powders were sintered by CPS. The doped powders were introduced into a rubber mould and then pressed by CIP. The rubber mould exhibits advantages of high elasticity and strength, low-cost and easily demoulding after process.

The description of CIP equipment and its main characteristics are shown in Fig. 

HIP

The W alloys prepared by pressureless sintering is not fully dense materials. In [START_REF] Xiao | Preparation, microstructure, and properties of tungsten alloys reinforced by ZrO2 particles[END_REF], the RD of W-Zr(Y)O2 alloy was in the range of 80 ~ 95 % with 0 to 10 % ZrO2.

The HIP was carried out on W-Zr(Y)O2 and W-4.9 Ni-2. 

SPS

The doped powder was poured into graphite mould with a diameter of 20 mm.

Graphite foil was placed between the mould and powder to facilitate demoulding. The furnace cavity was in a vacuum state (<10 -3 mbar); the temperature for sintering was in the range of 1800 ~ 2100 °C. By comparative analysis, when the holding time 

Characterization methods

SEM morphology analysis and EDX composition analysis

In this study, the prelevated samples (precursor and calcined) were analysed. The reduced powders were placed in ethanol and continuously dispersed for 15 mins in an ultrasonic device. The dispersed powders were dropped in the conductive adhesive and placed on the platform for SEM observation and EDX analysis.

The prelevated alloys were prepared using the conventional metallographic procedure of grinding and polishing. They were grounded using a series of Al2O3 sand papers of 240 ~ 2000 grit and polished with 1 µm polishing paste. They were chemically etched with a solution consisting of 4 wt. % K3 [Fe(CN)6], 6 wt. % NaOH, and 90 wt. % H2O for 15 mins. Their surfaces were ultrasonic cleaned for 15 mins in ethanol and then dried with warm air blower.

The fracture surface of the sample was analysed under a SEM. VEGA-SBH SEM (ASTM E2142-08) and backscattered electron (BSE) were selected to observe and analyse the morphology, microstructure and fracture of the powders and alloys. EDX was employed for elemental composition analysis.

XRD phase / composition analysis

The phase / composition of the materials were determined by XRD analysis (Brux D8 type) according to the ASTM Standard E975-03, as shown in Fig. 2.8a. The principle of crystal diffraction was based on the Bragg equation, defined in Eq. (2-1).

2 d sinθ = n  (2-1)
where n is any integer, λ is the wave length of the incident X-ray, d is the space between crystal planes, and θ is the angle between the crystal plane and the diffracted beam.

In Fig. 2.8b, the diffraction pattern of a crystal possess two main characteristics:

the distribution law of diffraction lines in space; the intensity of the diffraction beams.

The distribution of diffraction lines is determined by the size, shape and orientation of the unit cell, and the intensity of diffraction beams depends on the species of atoms and their positions in the unit cell.

The powder sample was directly placed into the groove of testing card. The surface grinding, polishing and ultrasonic cleaning processes were required for alloy samples.

The obtained XRD patterns were compared with standard card by using Jade 6.0 software, and the phase was determined according to the "Three strongest peaks principle". 

Granulometric analysis

Laser diffraction particle size analyser (Mastersizer-2000) was applied to measure 

C u C u > 4 More uniform C u ≤ 4
Less uniform

The span value Ψ was calculated as follows [START_REF] Li | Particle size distribution control and related properties improvements of tungsten powders by fluidized bed jet milling[END_REF]:

Ψ = (d 90 -d 10 ) / 2 d 50 (2-4)
where d50 is the particle sizes at 50% of the cumulative volume percentage and is regarded as mean particle size.

Specific surface area (SSA)

SSA was measured with a Brunauer-Emmett-Teller (BET) equipment (Autosorb-1, Quantachrome, USA), as shown in Fig. 2.12a. Its characteristics are summarized in d BET is the equivalent spherical diameter of the powder calculated based on the SSA by using the following equation [START_REF] Jiqiao | Particle size characterization of ultrafine tungsten powder[END_REF] :

d BET = 6 / (S BET • ρ w ) (2-5)
where S BET is the specific surface area of the powder and ρ w is W theoretical density.

The agglomeration factor F ag was calculated as follows [START_REF] Staiger | Particle size distribution measurement and assessment of agglomeration of commercial nanosized ceramic particles[END_REF]:

F ag = d 50 / d BET (2-6)

Oxygen / Nitrogen / Hydrogen analyzer (ONH analyzer)

The oxygen content of the powder was determined by a ONH analyzer (TCH-600, LECO) in accordance with the ASTM standard E1409, as shown in Fig. 

Thermal analysis

As the precursor powder prepared by L-L method contains a large amount of water, 

which

Density analysis

The density of the alloy was determined by standard test method (ASTM D 792-91) for compacted or sintered powder metallurgy products using Archimedes' principle, as shown in Fig. 2.15 [START_REF] Hu | Fabrication, characterization, and mechanical properties of 93W-4.9 Ni-2.1 Fe/95W-2.8 Ni-1.2 Fe-1Al2O3 heavy alloy composites[END_REF]. The measurement procedures were as follows:

1) Measure the weight G 1 of the sample in the air;

2) Place the sample in the specimen support basket and then place them in a proper amount of distilled water into the container; measure the wet weight G 2 of the sample;

3) Density of sample  sample is calculated by Eq. [START_REF] Xie | Achieving high strength/ductility in bulk W-Zr-Y2O3 alloy plate with hybrid microstructure[END_REF][START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF][START_REF] Dong | The simultaneous improvements of strength and ductility in W-Y2O3 alloy obtained via an alkaline hydrothermal method and subsequent low temperature sintering[END_REF][START_REF] Wang | Evolution of microstructure and texture in a warm-rolled yttria dispersion-strengthened tungsten plate during annealing in the temperature range between 1200° C and 1350° C[END_REF][START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF][START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF].

 sample = G 1 ×  water / (G 1 -G 2 ) (2-7)
where  water = 1 g/cm 3 The theoretical density  theory of sample is obtained by multiplying the density of each component by their respective proportions and then adding them together. 

Case (2) Room-and high-temperature compression tests

Quasi static compression tests at the room-temperature were carried out by AG-I250KN electronic universal tester according to the ASTM E9-89a, as shown in Fig. 2.18a. The characteristics of the equipment are summarized in Fig. 2.18b. The size of the cylindrical specimen is 5 mm in diameter and 8 mm in length, as shown in Fig. 2.18c. Different compression rates (10 -3 s -1 , 10 -2 s -1 , 10 -1 s -1 , and 1 s -1 ) were applied. V, allowing specimen temperatures to climb as 3000 °C. The Gleeble is capable of heating rates greater than 10,000 °C/s, quenched cooling rates as high as 10,000 °C/s, and un-quenched cooling rates as high as 330 °C/s. The maximum force is 80 N in tensile or compressive tests, while in fatigue tests the maximum force is 53 N. The maximum and minimum stroke rates are 1.2 and 1.7 x 10 -9 m / s. were carried out at the temperature of 1100 °C, 1200 °C, 1300 °C, and 1400 °C under three strain rates of 10 -2 s -1 , 10 -1 s -1 , and 1 s -1 , respectively. 

Numerical approach dedicated to W reinforced materials

Identification of mechanical behavior of W-Zr(Y)O2 alloy

In our research, the strain-compensation Arrhenius model is proposed to describe the mechanical properties of the reinforced W alloy. The parameters of this model will be identified based on the compression data of W-0.25 wt. % Zr(Y)O2 alloy tested at four temperatures (1100 °C, 1200 °C, 1300 °C, and 1400 °C) under three strain rates (10 -2 s -1 , 10 -1 s -1 , and 1 s -1 ). The experimental data will be presented in detail in chapter.

The identification procedure is explained in detail in this section. In the last step, the materials constants α, n, Q, and A , are calculated. By substituting the values of the obtained four material constants into Arrhenius equation, the relationship between strain rate, temperature and stress at the imposed strain is determined.

According to above solution procedure, the material constants under different strains within the range of 0.05 ~ 0.55 and the interval of 0.05 is selected to get sufficient numbers of measure point to identify the parameters of the straincompensation Arrhenius equation. The polynomial interpolation is employed to describe the relationship between the material constants α, n, Q, and A in function of strain. These mechanical parameters are identified by least square method to obtain the relationship of strain, strain rate, temperature and stress. In the axisymmetric model, the axis of symmetric is constrained in the radial direction, without displacement in radial direction. The top and bottom surfaces are free to move in radial direction. The bottom surface is fixed, while an imposed displacement is applied on the top surface.

Case (2) Microscale simulation

The 2-D plane stress model is proposed to represent the compression sample of particle reinforced alloy [START_REF] Zhan | A rate-dependent peridynamic model for predicting the dynamic response of particle reinforced metal matrix composites[END_REF][START_REF] Williams | Three dimensional (3D) microstructure-based modeling of interfacial decohesion in particle reinforced metal matrix composites[END_REF][START_REF] Zhang | An enhanced finite element model considering multi strengthening and damage mechanisms in particle reinforced metal matrix composites[END_REF][START_REF] Zhang | The prediction of the dynamic responses of ceramic particle reinforced MMCs by using multi-particle computational micro-mechanical method[END_REF]. To conserve computational resources, the simulations are preferably performed on a REV. The REV sample is 5 × 8 µm, which is representative with the microstructure real sample (provided by the SEM analysis).

This model simplifies the real microstructure with only the stresses in two directions and accelerate the calculation. The generation of the particles, associated with their dimension and coordinate, is effectuated by using the random distribution function in MATLAB. It is imported into ABAQUS through Python.

Conclusions

1. In this chapter, the description of the material and characterization methology for powders and W alloys is introduced.

2. The preparation processes by different doping methods (for powders) and sintering processes (for alloys) were introduced. Various physical characterizations, mechanical testing and metrology analysis are presented to investigate the properties of developed and innovative materials.

3. The strain-compensation Arrhenius model is described to characterize the mechanical properties of the reinforced W alloy. The numerical algorithm is introduced to identify the material parameter of the model. 

Reaction mechanism of liquid-liquid doping

Considering different polytungstate species could exist in aqueous solutions of various acidities (Fig. 3.1) [START_REF] Xiao | Microstructure and mechanical properties of W-ZrO2 alloys by different preparation techniques[END_REF], to obtain optimal doping effect, the existence forms and reaction mechanisms of polytungstate ions in aqueous solutions were analyzed.

When (NH4)6H2W12O40•5H2O were dissolved in distilled water, the NH4 + , H + and W12O40 8-were introduced in the solution. The pH obtained is approximately 2.5 [START_REF] Xiao | Hydrothermal synthesis of nanoplates assembled hierarchical h-WO3 microspheres and phase evolution in preparing cubic Zr (Y) O2-doped tungsten powders[END_REF].

The (H2W12O40 6-) and (HW12O39 5-) ions coexist in the solution due to the slight mutual exchange (Table 3.1) [START_REF] Xiao | Microstructure and mechanical properties of W-ZrO2 alloys by different preparation techniques[END_REF]. It is expected to obtain the optimal mixed effect between in soluble solution of ATM and ZrOCl2•8H2O. The AMT are prone to absorb moisture and then cake. It leads to the formation of hard agglomerates with a large particle size during water evaporation. This occurrence is attributed to the free water molecules drawing the neighboring particles through hydrogen bonds when the particles are sufficiently close. After calcination and reduction, the final ZrO2 doped W powders would preserve the agglomerate morphology.

Increasing the pH of the original solution to 4 by adding ammonia water under continuous stirring, the (HW12O39 5-) ions react with the OH -ions and form pseudo-AMT (H3W6O21) 3-. As the pH is further increased to 6, (HW6O21 5-) ions are formed through the reaction between (H3W6O21) 3-and OH -, which easily combines with NH4 + to form insoluble APT powder. In previous research [START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF][START_REF] Yar | Spark plasma sintering of tungsten-yttrium oxide composites from chemically synthesized nanopowders and microstructural characterization[END_REF] When nitric acid is added to decrease the pH of the AMT solution to below 1, H2WO4•2H2O is formed according to the corresponding reactions in Table 3.1 and then converted into WO3•nH2O by removing water during drying. Due to the slow reaction between (H2W12O40) 6-and H + at room temperature, thus the hydrothermal method was applied [START_REF] Xiao | Hydrothermal synthesis of nanoplates assembled hierarchical h-WO3 microspheres and phase evolution in preparing cubic Zr (Y) O2-doped tungsten powders[END_REF][START_REF] Xiao | Uniform nanosized oxide particles dispersion strengthened tungsten alloy fabricated involving hydrothermal method and hot isostatic pressing[END_REF]. After hydrothermal reaction, the reaction product consists of insoluble agglomerate WO3•nH2O microspheres. A novel doping process, which not only destroys the agglomerate microspheres, but also leads to uniformed distribution of doping phase, was proposed. 1642) [START_REF] Pan | Decomposition-carbonization of ammonium paratungstate in a fluidized bed[END_REF][START_REF] Fait | Thermal decomposition of ammonium paratungstate tetrahydrate: new insights by a combined thermal and kinetic analysis[END_REF][START_REF] Marashi | Direct solid state synthesis of W-Al2O3 nanostructured composite using ammonium paratungstate (APT) and Al powder mixture[END_REF]. The APT•4H2O powders are usually synthesized by wet chemical method, so the complicated peaks exist in XRD patterns [START_REF] Pan | Decomposition-carbonization of ammonium paratungstate in a fluidized bed[END_REF][START_REF] Marashi | Direct solid state synthesis of W-Al2O3 nanostructured composite using ammonium paratungstate (APT) and Al powder mixture[END_REF]. This finding indicates that the synthesized powder consists of APT•4H2O, which can be confirmed by their square structure. The synthesized APT•4H2O powders possess the same structure [START_REF] Marashi | Direct solid state synthesis of W-Al2O3 nanostructured composite using ammonium paratungstate (APT) and Al powder mixture[END_REF]. In other words, APT•4H2O can be prepared by adding NH3•H2O to the AMT solution because of the reversible reaction (Eq. 3-1) between AMT and APT. This is in agreement with the presence of (HW6O21) 5-ions as listed in Table 3.1.

(NH4)6(H2W12O40)•xH2O + 4NH3•H2O = (NH4)10(H2W12O42)•yH2O (3-1)
For the precursor powder prepared through ZM (ZM-precursor powder), when only alcohol was used as azeotrope dispersant, the powder particles possess a gravellike structure and a mean particle size of 50 µm (Fig. 3.2e). The profile of individual particle is clearly visible. When the mixture of alcohol and n-butyl alcohol was used as 98 azeotrope dispersant, the gravel-like structure changed into the flake structure (Fig. 3.2f).

The morphological transition of precursor powders can be attributed to the physical properties of the raw material (AMT) and the effect of azeotrope dispersant on particle dispersion. Fig. 3.3 shows the corresponding XRD patterns of the precursor powders through ZM. Seen from these peaks, most diffraction peaks match well with those of commercial AMT powder. However, some other complicated diffraction peaks are also observed in the pattern, because AMT is partially decomposed to produce intermediates, such as WxOy, NH4NO3 and Zr(WO4)2, during water evaporation (Eq. 3-2) [START_REF] Xu | Development of tungsten heavy alloy reinforced by cubic zirconia through liquid-liquid doping and mechanical alloying methods[END_REF]. These insoluble substances, providing numerous primary nucleation sites, remain suspended in the solution under high stirring. As water evaporates, the newly generated AMT crystallite is induced to nucleate heterogeneously to grow into flake structure, as shown in inset of Fig. 3.2e and in Fig. 3.2f. The flake precursor powders with high surface areas were used to prepare the following powders and alloys. Fig. 3.4a shows that the reduced powder by HM (HM-reduced powder) consists of multifaceted particles with a mean size of 3.75 μm (Table 3.2). The powder particles have a clear profile, indicating the lower degree of agglomerates compared to other two powders. Fig. 3.4b shows that the reduced powder by CHM consists of multifaceted particles with a mean size of 2.37 μm (Table 3.2). The powder particles are smooth and spherical. This may be attributed to constitute loose microstructure dispersed in CHMprecursor powder. The reduced powder has the lowest span value ψ, indicating the narrowest particle size distribution (Fig. 3.4e) [START_REF] Li | Particle size distribution control and related properties improvements of tungsten powders by fluidized bed jet milling[END_REF]. As shown in Fig. 3.4c, the reduced powder by SM (SM-reduced powder) exhibits larger mean particle size and span value compared to the HM-, CHM-and ZM-reduced powders (Table 3.2). The SM-reduced powder exhibits the widest particle size distribution. Fig. 3.4c shows that some spongy substances are embedded into the aggregates. The EDX analysis (Fig. The grains of HM-alloy have an average size of 3.6 µm and possess the morphology of the HM-reduced powder particles. The metallurgical point contacts are formed after sintering, leading to the lower density of the HM-alloy compared with those of the other three alloys (Table 3.3). The BSE image (Fig. 3.5a) shows that most Zr(Y)O2 particles in HM-alloy have a spherical shape and an uniform size. The average size of Zr(Y)O2 particles is 1.5 µm, having the medium particle size compared with the Zr(Y)O2 particle size in other three alloys (Table 3.3). It can be seen from Fig. 3.6 that the CHM-alloy exhibits compacted microstructure compared to the other three alloys.

HM-powder
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From Table 3.3, the density of CHM-alloy reaches the 17.32 g/cm 3 . This is because of the higher density of the green compact owing to the smaller powder particle size and the lower diffusion distance of W atoms during sintering. The Fig. 3.6b shows that most Zr(Y)O2 particles in CHM-alloy exhibit a spherical shape. The average size of Zr(Y)O2 particles is 0.75 µm, smallest compared with the Zr(Y)O2 particle size in other three alloys (Table 3.

3).

As shown in Fig. 3.7a and Fig. of the presence of numerous particle aggregates in the SM-reduced powder. The large particles in the aggregates easily merge with the small particles, leading to the sharp growth of grains and formation of dense grain areas [START_REF] Han | The effects of ball-milling treatment on the densification behavior of ultra-fine tungsten powder[END_REF]. Moreover, some deep holes can be observed on the fracture surface, causing a dramatic decrease in the density of SM-alloy. Fig. 3.7b shows that some adhesive Zr(Y)O2 particles (as marked by white circles) exist on fracture surface. The average size of Zr(Y)O2 particles in SM-alloy is approximately 2.1 µm, which is the largest over other three alloys. The fracture and microstructural images of ZM-alloy are shown in Fig. 3.8. The microstructure shows the uniform distribution of fine Zr(Y)O2 particles with a size of 0.5 -2.0 µm and a compact microstructure with few pores on the fracture surface. Table 3.3 shows that the ZM-alloy has the medium relative density as well as the W grain and Zr(Y)O2

particle size compared to the other three alloys. Given that these four alloys were pressed and sintered through the same process, the excellent microstructure could be due to the high quality of doped W powder. CHM is more suitable for obtaining highquality doped W powder than HM, SM and ZM. sides of the peak at 30°. If there are distinct diffraction peaks on either side of the 30° peak, then the zirconia phase is likely to be monoclinic [START_REF] Xiao | A hybrid microstructure design strategy achieving W-ZrO2 (Y) alloy with high compressive strength and critical failure strain[END_REF]. It can be concluded that Y2O3-stabilised ZrO2 phases can be obtained in doped W powders through the four L-L doping methods combined with calcination and continuous reduction.

Clustering ZrO2 and Y2O3 is the premise of forming stabilized ZrO2 phase [START_REF] Xiao | A hybrid microstructure design strategy achieving W-ZrO2 (Y) alloy with high compressive strength and critical failure strain[END_REF].

The formation of stabilized ZrO2 may be related to the L-L doping technique described in the experimental section. It is easy to understand that the doping processes for synthesizing CHM-, HM-and SM-precursor powders were used to obtain containing-(Zr, Y) phase close together. In ZM system, upon hydrolysis of ZrOCl2•8H2O, Cl -ions in the outer sphere of the ionic complex are replaced by OH -groups (Eq. 3-5), and [Zr4(OH)8•16H2O] 8+ can react with hydroxyl ions to form fine Zr(OH)4 sols [START_REF] Guo | Thermal, spectroscopic and X-ray diffractional analyses of zirconium hydroxides precipitated at low pH values[END_REF][START_REF] Glushkova | Specific features in the behavior of amorphous zirconium hydroxide: I. Sol-gel processes in the synthesis of zirconia[END_REF]. 

Synthesis mechanisms of precursors

Synthesis mechanisms of precursor by SM

The physical characteristics of the precursor powder greatly affect the reduced powders and further affect the microstructure and properties of alloy. It is necessary to study the influence of different L-L doping processes on the oxide distribution and precursor morphology.

In the experiment of preparing the SM-precursor powders, in order to obtaining containing-(Zr, Y) sols with good fluidity and uniform distribution, firstly, the original solution was prepared of ZrOCl2•8H2O, YCl3•6H2O and (NH4)6H2W12O40•xH2O, and then the proper amount of ammonia was added into the original solution at room temperature. During raising the pH value of original solution to 6, as these reaction between the (NH4)6H2W12O40•xH2O and NH3•H 2O occurs slowly at room temperature, the reactions between Zr 4+ and Y 3+ with OH -firstly occur, respectively, and then produce loose composite sol zirconium-yttrium hydroxide [ZrY(OH)x] in solution.

These fine composite soles are suspended in solution under high stirring. High concentrations of (HW12O39 5-) ions would penetrate into the gap between composite sols. Because of the increase of SM system' temperature, the reaction between (HW12O39 5-) ions and OH -occurs quickly and forms APT•4H2O sols. These APT sols would be surrounded by ZrY(OH)X sols as shown in Fig. 3 

Synthesis mechanisms of precursor by HM and CHM

For HM-and CHM-precursor powders, it is easy to observe that the microspheres consist of nanoplates as shown in Fig. 3.12a. TEM image shows that a lattice fringe is observed with a lattice spacing of 0.384 nm and identified as the (002) plane of hexagonal-phase (NH4)0.33WO3•H2O, indicating the growth of nanoplates along the caxis direction [START_REF] Cao | Nanorods assembled hierarchical urchin-like WO3 nanostructures: Hydrothermal synthesis, characterization, and their gas sensing properties[END_REF]. The possible formation mechanism of (NH4)0.33WO3•H2O nanoplates was proposed, the dissolution of (NH4)6H2W12O40•xH2O, introduces H2W12O40 6+ and NH4 + ions in [START_REF] Xiao | Microstructure and mechanical properties of W-ZrO2 alloys by different preparation techniques[END_REF], see Eq. octahedron and interlayer water through hydrogen bonds [START_REF] Li | Oxalic acid mediated synthesis of WO3• H2O nanoplates and self-assembled nanoflowers under mild conditions[END_REF][START_REF] Xu | Controllability of assemblage from WO3• H2O nanoplates to nanoflowers with the assistance of oxalic acid[END_REF]. The h-WO3 crystal structure is obtained from hexagonal WO5(H2O). WO5(H2O) octahedrons form threeand six-membered rings by sharing equatorial oxygen in the ab plane (001) (Fig. 3.12) [START_REF] Miao | Large scale hydrothermal synthesis of monodisperse hexagonal WO3 nanowire and the growth mechanism[END_REF]. concentration of NH4 + ions contributes to occupying the hexagonal tunnels (Fig. 3.12) [START_REF] Zhan | A solvothermal route for the synthesis of ammonium tungsten bronze[END_REF][START_REF] Clark | An NMR study of ionic motion in ammonium tungsten bronze[END_REF], and then leads to the accelerated growth of hexagonal-prism WO3 along the

[001] direction and the formation of hierarchical (NH4)0.33WO3•H2O nanoplates. The nanoplates self-assemble together to form microspheres to reduce the high surface energy [START_REF] Cao | Hydrothermal synthesis, characterization and gas sensing properties of the WO3 nanofibers[END_REF]. It is due to the addition of doped ions (Zr 4+ , Y 3+ and Cl -) into hydrothermal system, the breakage of order between the positive and negative charge destroys the self-assemble process, leading to the transformation of agglomerated microspheres into relatively dispersed cotton-like precursor.

Synthesis mechanisms of precursor by ZM

Hard agglomerate formation is a consequence of the interaction of free water molecules with the free hydroxyls on the surface of the colloid particles through hydrogen bonds as shown in Fig. 3.13a. The physically absorbed water molecule will act as liquid bridges, which draw neighboring particles together. As water is removed through drying, the hydrogen bonds between the hydroxyls on the surface of two neighboring particles would draw them closer. In particular, calcination would cause the formation of strong chemical bonds and solid bridges between neighboring particles, thereby increasing the degree of hard agglomerates.

As alcohol and water are mutually soluble, it is conductive to turn the wet gel into powders through removal of water in the wet colloid. The high evaporation rate of azeotropic substances (water and alcohol) decreases the dispersion effect of alcohol on wet colloids due to the lower azeotropic point (approximately 78.5 °C) of the wateralcohol system than the water bath temperature (93 °C), resulting in the formation of coarse gravel-likes particles (Fig. 3.2e).

In this study, the mixture of alcohol and butanol is used as azeotropic agent to increase the azeotropic point of the substances (water, alcohol and butanol) and contribute to the formation of the flaky powder (Fig. 3.2f). As the azeotropic substance vapors slowly and butanol dissolves easily in alcohol, once precipitates exist in the 111 solution, butanol covers precipitate with organic film. It further forms the organic molecular chains in the subsequent drying process. As a result, the hydroxyl groups on the particle surface are replaced by organic molecular chains (-OC4H9 group), hindering the particles to close together (Fig. 3.13b) [START_REF] Yao | Synthesis and characteristics of nanocrystalline YSZ powder by polyethylene glycol assisted coprecipitation combined with azeotropic-distillation process and its electrical conductivity[END_REF]. It is difficult to form chemical bonds between neighboring particles, but it is favored to form the hard agglomerates. The butoxy group has space blocking function, which prevents the approaching of particles [START_REF] Zha | Novel azeotropic distillation process for synthesizing nanoscale powders of yttria doped ceria electrolyte[END_REF]. Flaky structure of AMT powder is obtained. As a conclusion, the proposed ZM process by using the mixture of alcohol and butanol as azeotropic agent, is appropriate to synthesize the dispersive flaky precursor. The alloy fabricated from this precursor exhibits large Zr(Y)O2 particles and lower relative density. 

Introduction

Oxide particles (such as ZrO2, La2O3, and Y2O3) dispersion-strengthened W alloys (ODS-W) are employed as plasma facing material in fusion reactors owing to their high melting point, high-temperature strength and high-thermal conductivity [START_REF] Xie | Achieving high strength/ductility in bulk W-Zr-Y2O3 alloy plate with hybrid microstructure[END_REF][START_REF] Xiao | Hydrothermal synthesis of nanoplates assembled hierarchical h-WO3 microspheres and phase evolution in preparing cubic Zr (Y) O2-doped tungsten powders[END_REF]. With the development of powder metallurgy process, the mechanical properties of W alloys depend on the quality of W powder [START_REF] Donoso | Computational study of the industrial synthesis of tungsten powders[END_REF][START_REF] Li | Porous structure uniformity investigation of tungsten matrix prepared by jet milled and annealed tungsten powder[END_REF].

L-L doping technique, particularly spray drying [START_REF] Hua | Effect of yttrium doping on the formation and stability of β-tungsten powder[END_REF][START_REF] Lai | Reduction, sintering and mechanical properties of rhenium-tungsten compounds[END_REF][START_REF] Yuntao | Effect of scandia on tungsten oxide powder reduction process[END_REF] and evaporationprecipitation / sol-gel process [START_REF] Liu | Nanostructured yttria dispersion-strengthened tungsten synthesized by sol-gel method[END_REF][START_REF] Zhao | Thermal shock behavior of W-0.5 wt% Y2O3 alloy prepared via a novel chemical method[END_REF][START_REF] Wang | Preparation of w-cu nanocomposite powders with high copper content using a chemical co-deposition technique[END_REF] are introduced to synthesize doped W powders to improve their quality. It can avoid the introduction of detrimental contaminants during the mixing process of doping phase and W powder. It leads to the doping phase evenly distributed in W powders by the molecular-level mixing. The prepared doped W powders exhibit high degree of agglomeration, such as W-Y2O3 [START_REF] Zhao | Thermal shock behavior of W-0.5 wt% Y2O3 alloy prepared via a novel chemical method[END_REF][START_REF] Hua | Effect of yttrium doping on the formation and stability of β-tungsten powder[END_REF], W-Re [START_REF] Lai | Reduction, sintering and mechanical properties of rhenium-tungsten compounds[END_REF], W-Sc2O3 [START_REF] Yuntao | Effect of scandia on tungsten oxide powder reduction process[END_REF] and W-As powders [START_REF] Zhu | Refining mechanisms of arsenic in the hydrogen reduction process of tungsten oxide[END_REF].

A large number of studies concerning the physical and chemical characteristics of the precursor powder are effectuated, including the phase evolution and associated mechanisms [START_REF] Hong | Fabrication of W-20 wt% Cu composite nanopowder and sintered alloy with high thermal conductivity[END_REF][START_REF] Liu | Recovery of tungsten carbides to prepare the ultrafine WC-Co composite powder by two-step reduction process[END_REF][START_REF] Schubert | Production and characterization of hydrogen-reduced submicron tungsten powders. Part II: Controlled decomposition of APT and hydrogen reduction of the oxides[END_REF][START_REF] Zeiler | On the reduction of NS-doped tungsten blue oxide-Part I: Literature review[END_REF][START_REF] Wu | Crystal growth of tungsten during hydrogen reduction of tungsten oxide at high temperature[END_REF]. The physical properties of W powder are determined by different transition sequences from W blue oxide to W, which depend on the processing conditions (reduction temperature, holding time and H2O partial pressure) [START_REF] Zeiler | On the reduction of NS-doped tungsten blue oxide-Part I: Literature review[END_REF][START_REF] Wu | Crystal growth of tungsten during hydrogen reduction of tungsten oxide at high temperature[END_REF].

Among W blue oxide, the metastable phases of hexagonal ammonium W bronze (NH4)х•WO3 (HATB) are studied [START_REF] Guo | Simple route to (NH4)x WO3 nanorods for near infrared absorption[END_REF][START_REF] Szilágyi | Phase transformations of ammonium tungsten bronzes[END_REF]. The doped HATB with high-dispersity 

Physical characterization of doped powders 4.2.1 Morphology and phase evolution of doped powders during calcination

In previous chapter, the doped hexagonal (NH4)0.33WO3•H2O (α-HATB) was synthesized by CHM. In current chapter, the TGA and DSC curves of α-HATB were presented in Fig. 4.1a. When increasing the temperature to 230 °C, the weight loss may be caused by the loss of surface-adsorbed water at 90 °C and structural water elimination at 175 ~ 260 °C in the DSC curve (peaks 1 and 2) [START_REF] Huo | Synthesis and mixed conductivity of ammonium tungsten bronze with tunneling structures[END_REF].

From 260 °C to 383 °C, a small variation of weight loss was observed. This would be owing to the degassing of NH3 molecules due to the partial (NH4)0.33WO3•H2O decomposition. It was reported that α-HATB powder can be produced after calcining APT at 400 °C [START_REF] Fouad | Characterization of ammonium tungsten bronze [(NH4) 0.33 WO3] in the thermal decomposition course of ammonium paratungstate[END_REF], so the degassing of NH3 below 400 °C was unexpected. Up to 430 °C, an obvious weight loss occurs quickly. This may be due to the partial NH3 molecular rearrangement occurred in a solid-state chemical equilibrium reaction, 116 causing partial NH3 molecules to transfer to the surface of α-HATB particles and then leading to the complete decomposition of (NH4)0.33WO3•H2O•H 2O. However, it's not like that the flat horizontal TGA line at above 430 °C, it can also be seen that the exothermic peak 3 could be observed at 500 °C in DSC results. This indicates a phase transition [START_REF] Huo | Synthesis and mixed conductivity of ammonium tungsten bronze with tunneling structures[END_REF]. Due to most of the NH3 getting rid of hexagonal channel, it leads to the collapse of hexagonal structure and the transform from α-HATB into monoclinic WO3 (m-WO3) [START_REF] Szilágyi | Stability and controlled composition of hexagonal WO3[END_REF].

In order to confirm the speculation above-mentioned, the phase evolution of the powders with 0. During calcining, the hexagonal channels become gradually empty, leading to the collapse of the hexagonal framework and the formation of m-WO3 [START_REF] Szilágyi | Phase transformations of ammonium tungsten bronzes[END_REF][START_REF] Szilágyi | Stability and controlled composition of hexagonal WO3[END_REF]. 

Phase and morphology evolution of reduced powders

The XRD patterns of the reduced CHM0.5 powders obtained directly from doped precursor by the H2 reduction at 500 ~ 950 °C are shown in Fig. 4.2. The reduced powders are hereafter abbreviated as RP samples in Fig. 4.2. Some characteristic parameters of the CHM0.5 powder prepared through different reduction processes are listed in Table 4.1. From the XRD patterns of the powder reduced at 500 °C, it can be seen that the powder mainly consists of hexagonal (NH4)0.42WO3 (β-HATB) phase. No m-WO3 peaks can be indexed. All the diffraction peaks of β-HATB agree well with the standard data file (PDF#42 -0451, a = 0.7359 nm, b = 0.7359 nm, c = 0.7544 nm), which is also in consistent with the patterns of β-HATB in elsewhere [START_REF] Szilágyi | Phase transformations of ammonium tungsten bronzes[END_REF]. Under high temperature (i.e. above 430 °C), the hexagonal structure collapses due to the release of the NH3. In reductive atmosphere, the anoxic environment hinders the formation of m-WO3 and promotes the occurrence of the β-HATB. The structure of β-HATB was disputed [START_REF] Szilágyi | Phase transformations of ammonium tungsten bronzes[END_REF]. There are two different PDF# cards assigned to it: 3) 503( 3) 662( 21) 565( 7) 1164( 42 gas flow rate and reduction temperature [START_REF] Donoso | Computational study of the industrial synthesis of tungsten powders[END_REF][START_REF] Cetinkaya | Reduction of tungsten trioxide with ethanol[END_REF].
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Analysis of phase and morphology of the W-Zr(Y)O2 powders

XRD patterns of doped W powders prepared through the reduction process of 500 °C (1.5 h) + 900 °C (2 h) have been plotted in Fig. 4.4. The powder characteristics are summarized in Table 4.2. 4.2, which are mainly caused by the fine particle size [START_REF] Kurlov | Oxidation of tungsten carbide powders in air[END_REF].

The undoped W powder particles have a polyhedral shape, see Fig. 4.5a. The surface of particle is smooth. However, the surface of the nearly spherical doped W powder particles is rough compared with that of undoped W particles. Moreover, compared to the undoped powder, the distinguishable quantitative comparison of particle profile indicates a low degree of agglomeration. Detailed examination shows that the surface of the doped powder particle exhibits some white nanosized substances, see inset in the Fig. 4.5d (arrow A in inset).

The EDX results reveals that the atomic ratio of Zr(Y) to O is in a ½ molar ratio, as shown in Fig. 4.5e. It indicates that these nanosized substances are mainly Zr(Y)O2.

From Fig. 4.5f, it can be also seen that as Zr(Y)O2 content increases, the crystalline size and the mean particle size [d50] both decrease firstly and then increase slightly. The crystalline size of the four powders is about 15 -20 times less than the mean particles size, as listed in Table 4.2. and Y2O3 is the premise of forming stabilised ZrO2 phase [START_REF] Sotomayor | Influence of powder particle size distribution on rheological properties of 316 L powder injection moulding feedstocks[END_REF]. So it is easy to understand that the doping process described in the experimental section was used to obtain containing Zr and Y phase close together. with Sw value between 4 and 5, are usual process conditions used as raw materials for manufacturing non-defective injected components by PIM Process [START_REF] Staiger | Particle size distribution measurement and assessment of agglomeration of commercial nanosized ceramic particles[END_REF][START_REF] Sotomayor | Influence of powder particle size distribution on rheological properties of 316 L powder injection moulding feedstocks[END_REF][START_REF] Atre | Injection molding of metals and ceramics[END_REF]. On the contrary, the lower the Cu value is, the narrower the particle sizes-distribution is [START_REF] Li | Microstructure characterization and properties of YSZ particles doped tungsten alloy prepared by liquid phase method[END_REF]. The Cu value reduces from 3.06 to 2.30, indicating the narrower PSD. It can be confirmed by the reduced value of Ψ from 1.18 to 0.86 [START_REF] Li | Particle size distribution control and related properties improvements of tungsten powders by fluidized bed jet milling[END_REF]. It's worth noting that the reduced values of Cu and Ψ show a nonlinear variation, due to that the different Zr(Y)O2 doping amount results in the different refinement effect. Excessive Zr(Y)O2 will cause the agglomerates' formation of refined particles [START_REF] Xiao | A hybrid microstructure design strategy achieving W-ZrO2 (Y) alloy with high compressive strength and critical failure strain[END_REF]. In Table 4.2, the Fag value is less than 3, which means the particles are little agglomerated [START_REF] Bowen | Particle size distribution measurement from millimeters to nanometers and from rods to platelets[END_REF]. than that of pure W ((8.5 μm) [START_REF] Wang | Effect of ZrO2 content on microstructure and mechanical properties of W alloys fabricated by spark plasma sintering[END_REF]) under the same sintering process, suggesting that oxide particles cause the refinement effect on grain growth during high temperature sintering process. Further increasing temperature to 2100 °C, the grain size and density continuously increase and the average grain size reaches the value of 6.3 μm. confirm that more than 95 % of particles are less than 500 nm with an average particle size of 250 nm. Among these Zr(Y)O2 particles, some larger oxide particles are located at or near the grain boundaries (marked by white arrows in Fig. 4.10c, which would induced stress/strain concentrations as the starting points of possible cracks and reduce the fracture toughness of material [START_REF] Liu | Nanostructured highstrength molybdenum alloys with unprecedented tensile ductility[END_REF]. As shown in the inset from Fig. 4.10c, lots of nanosized oxide particles as marked by red arrows are homogeneously distributed within the grains. In fact, in standard TEM observation as shown in Fig. 4.11c (indicated by solid arrows), a large number of particles are found in grains. HR-TEM image based on SAEDP from selected area under the red box in Fig. 4.11c reveals the white particles are obtained in the presence of cubic phase of nanocrystalline ZrO2, which may be caused by the diffusion of Y element into containing Zr phase during high-sintering temperature. These particles can generate, hinder and then accumulate dislocations during the deformation process. The particles exhibit a good bonding with the W phase.

There are no coherent relationship between W phase and oxide phase, see Fig. 4.11d.

Ultrafine and nanosized Zr(Y)O2 particles dispersed in current W alloy may be due to the high-quality doped powder prepared by composite hydrothermal method.

The powder particles surfaces are covered with the white substances, see Fig. 4.5d.

Sintered under 1800 °C, these white substances have the similar size as the oxide particles as shown Fig. 4.10a. With increasing sintering temperature to 1900 °C, the nanosized white substances agglomerate slowly. The same case can be found in references [START_REF] Wang | Microstructure and preparation of an ultra-fine-grained W-Al2O3 composite via hydrothermal synthesis and spark plasma sintering[END_REF][START_REF] Li | Fabrication and mechanical properties of tungsten alloys reinforced with c-ZrO2 particles[END_REF][START_REF] Wang | Effect of ZrO2 content on microstructure and mechanical properties of W alloys fabricated by spark plasma sintering[END_REF]. The content of oxide particle also affects the eventual oxide particle size. In references [START_REF] Wang | Preparation, microstructure, and constitutive equation of W-0.25 wt% Al2O3 alloy[END_REF][START_REF] Li | Fabrication and mechanical properties of tungsten alloys reinforced with c-ZrO2 particles[END_REF], the effects of oxide particle content on microstructure of the ODS-W alloy through different processes were investigated. It can be confirmed that larger particles are formed by the aggregation of small particles at high temperature sintering. The initial oxide particle size in doped W powders, mainly depends upon the doping techniques. SPS, HIP and vertical sintering processes regarded as a rapid sintering process, can reveal the initial oxide particle size in doped powders. Wang et al. [START_REF] Wang | Microstructure and preparation of an ultra-fine-grained W-Al2O3 composite via hydrothermal synthesis and spark plasma sintering[END_REF][START_REF] Wang | Effect of ZrO2 content on microstructure and mechanical properties of W alloys fabricated by spark plasma sintering[END_REF] prepared the W-ZrO2 and W-Al2O3 alloys through separately hydrothermal method combined with SPS sintering process. Due to the serious agglomeration of precursor powder, Al2O3 and ZrO2 cannot be evenly distributed in powders. It leads that coarse and adhesive oxide particles size (areas marked by a red circle) reach 3 μm in alloys as shown in Fig. 4.12(a, b). It indicates that using separately hydrothermal method cannot obtain the ultrafine and uniformly distributed oxide particle in powders compared to the proposed methods in this current research. In this case study [START_REF] Li | Fabrication and mechanical properties of tungsten alloys reinforced with c-ZrO2 particles[END_REF], W-ZrO2 powder were manufactured by azeotropic distillation method, followed by the vertical direction, the ZrO2 particles still reach the value of 1.0 μm, which may result from the agglomerated W-ZrO2 powders [START_REF] Xiao | A hybrid microstructure design strategy achieving W-ZrO2 (Y) alloy with high compressive strength and critical failure strain[END_REF][START_REF] Wang | Microstructure and preparation of an ultra-fine-grained W-Al2O3 composite via hydrothermal synthesis and spark plasma sintering[END_REF]. A novel fabricated method was developed to elaborate W-Zr(Y)O2 alloy and was compared of the traditional methods to produce some oxide dispersion-strengthened W alloys manufactured by fast sintering processes, as listed in Table 4.3. These alloys listed in Table 4.3 were prepared via other L-L, S-L or S-S (mechanical alloying) doping methods. Seen from Table 4.3, using L-L doping processes, can achieve smaller oxide particle compared to conventional mechanical alloying. The average oxide particle size in alloys through the L-L methods, which are different from the proposed method, still reaches up to 1.5 μm, 3.5 μm and 3.6 μm. For mechanical alloying of ODS-W powders, the refinement effect on oxide particle size is limited to some extent even through doping nanosized oxide particles [START_REF] Muñoz | La2O3reinforced W and W-V alloys produced by hot isostatic pressing[END_REF][START_REF] Kim | Fabrication of high temperature oxides dispersion strengthened tungsten composites by spark plasma sintering process[END_REF]. Angel Muñoz et al. [START_REF] Muñoz | La2O3reinforced W and W-V alloys produced by hot isostatic pressing[END_REF] prepared the W-La2O3 powder using nanosized La2O3 particles ranging from 10 to 50 nm in size as raw material. The large adsorption effect of nanosized oxide particles leads to the formation of particle aggregations even after ball-milling for 30 hours [START_REF] Kim | Fabrication of high temperature oxides dispersion strengthened tungsten composites by spark plasma sintering process[END_REF]. For the S-L doping processes, they are usually expected to obtain smaller oxide particles size. In the W-La2O3 alloys prepared through SPS process and vertical sintering [START_REF] Shen | Microstructure of a commercial W-1% La2O3 alloy[END_REF][START_REF] Yar | Chemically produced nanostructured ODS-lanthanum oxide-tungsten composites sintered by spark plasma[END_REF], both La2O3 
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Properties of W-Zr(Y)O2 alloys

Tensile tests of pure W and W-0.25 % Zr(Y)O2 alloy sintered by SPS at 2100 °C were carried out at different temperatures between 500 °C and 700 °C with a constant velocity of 0. Seen from SEM images in Fig. 4.14, the grains of the W-Zr(Y)O2 alloys become finer with increasing Zr(Y)O2 mass fraction. The cause is that oxide particles not only refine W powders during hydrogen reduction, but also pin grain boundary and impede the growth of grains in the sintering process [START_REF] Xiao | A hybrid microstructure design strategy achieving W-ZrO2 (Y) alloy with high compressive strength and critical failure strain[END_REF].That the refinement effect is not obvious with increasing of Zr(Y)O2 mass fraction from 0.25 % to 0.75 wt. %. In Table 4.4, there are similar grains with an average size of about 5 μm in W-0. According to previous research, owing to the addition of the tiny amount of Zr(Y)O2 (less than 0.75 wt. %), no diffraction peaks of containing-Zr phases can be found in XRD patterns. The sintering W alloys are composed of ZrO2 and W phases from the doped W powders as shown in Fig. 5e in the reference [START_REF] Xiao | Preparation, microstructure, and properties of tungsten alloys reinforced by ZrO2 particles[END_REF]. As mentioned above, a large number of black particles are uniformly distributed in the W matrix. The composition of black particles is determined by EDX analysis, which are rich in Zr, Y and O elements in Fig. 4.15b. These black particles with spherical appearance are Zr(Y)O2 particles. Fig. 4.15c shows their PSD, which indicates a normal distribution based on 200 particles. Over 90 % of particles range from 100 nm to 650 nm in diameter without the coarse particle more than 1 μm. The d50 is about 410 nm. Lots of nanosized oxide particles less than 50 nm cannot easily be observed through SEM observation.

Ultrafine and uniformed-size Zr(Y)O2 particles uniformly dispersed in the W matrix may be due to the powder preparation process. As shown in Fig. 4.5d, the surfaces of the powder particles are covered with white substances. EDX analysis reveals that these white substances are rich in Zr and Y elements, belonging to the containing-(Zr, Y) substance. By high-energy ball-milling technique, the white containing-(Zr, Y) substances and W powder particles not only are refined, but also dispersed into smaller particles. After sintering, these containing-(Zr, Y) substances would transform into the dispersive and ultrafine Zr(Y)O2 particles. Some oxide dispersion-strengthened W alloys prepared through the hydrothermal method and mechanical alloying were listed in Table 4.5. Wang et al. [START_REF] Wang | Microstructure and preparation of an ultra-fine-grained W-Al2O3 composite via hydrothermal synthesis and spark plasma sintering[END_REF][START_REF] Wang | Preparation, microstructure, and constitutive equation of W-0.25 wt% Al2O3 alloy[END_REF] prepared the W-Al2O3 powders by hydrothermal method. After SPS and CPS, the average size of Al2O3 particles existed in their alloys reaches 1.5 μm and 2.0 μm, as shown in with temperature closing to the melting point of ZrO2 and extremely short duration contribute to obtain the ZrO2 particle size, the dispersive ZrO2 particles still reach 1.5 μm in size and the W grains grow up to 80 -150 μm. For mechanical alloying of ODS-W powders, the refinement effect on oxide particle size is also limited even through doping nanosized oxide particles. Angel Muñoz et al. [START_REF] Muñoz | La2O3reinforced W and W-V alloys produced by hot isostatic pressing[END_REF] prepared the W-La2O3 powder using nanosized La2O3 particles ranging from 10 to 50 nm in size as raw material. The large adsorption effect of nanosized oxide particles leads to forming particle aggregations even after ball-milling for 30 hours [START_REF] Zhao | Thermal shock behavior of fine grained W-Y2O3 materials fabricated via two different manufacturing technologies[END_REF]. In this work, the uniformed-size and ultrafine oxide particles dispersed in the W alloy are obtained, indicating the combining of adopted liquid-liquid doping and mechanical alloying is the appropriate to reduce the particles size. 

Properties of W-Zr(Y)O2 alloys

(1) Density and microhardness

The density, microhardness and compressive properties at room and high temperatures are listed in Table 4.5. Although the theoretical densities decrease due to lower density of Zr(Y)O2 existed in the alloy, three W-Zr(Y)O2 alloys all have higher densities compared to pure W and their densities increase slightly with the increase in the Zr(Y)O2 mass fraction. The improvement of sinterability would be caused by abundant surface energy and grain boundary energy of ultrafine milled powder [START_REF] Liu | Eliminating bimodal structures of W-Y2O3 composite nanopowders synthesized by wet chemical method via controlling reaction conditions[END_REF][START_REF] Wesemann | Fracture strength and microstructure of ODS tungsten alloys[END_REF][START_REF] Dong | Preparation of ultra-fine grain W-Y2O3 alloy by an improved wet chemical method and two-step spark plasma sintering[END_REF]. The dispersion of oxide particles can effectively inhibit pores and cracks, and greatly refine compactness [START_REF] Cui | Microstructure and high temperature deformation behavior of the Mo-ZrO2 alloys[END_REF]. Alloys still exhibit lower relative densities, which are all below 97 %, owing to the existence of sintered defects in the alloys.

For the microhardness, the addition of Zr(Y)O2 increases the microhardness compared to pure W. The microhardness of the W-Zr(Y)O2 alloys increases with increasing of Zr(Y)O2 mass fraction. The higher microhardness is due to the following reasons: the higher alloy' density and the smaller grain size mean the higher microhardness [START_REF] Xiao | Microstructure and mechanical properties of W-ZrO2 alloys by different preparation techniques[END_REF]; the dispersive nanosized Zr(Y)O2 particles, increase the to the increase in hardness as well [START_REF] Xu | Microstructure and high-temperature frictional wear property of Mo-based composites reinforced by aluminum and lanthanum oxides[END_REF].

(2) Compressive properties of W alloys tested at room temperature The stress-strain curves of W alloys during compressive deformation are shown in Fig. 4.17. Pure W lacking strengthening phase has the lowest ultimate strength and fracture strain [START_REF] Xiao | Microstructure and mechanical properties of W-ZrO2 alloys by different preparation techniques[END_REF]. Due to the lower porosity resulted from pressing sintering, the compressive strength and fracture strain of pure W in current research are respectively 14.5 % and 32.1 % higher compared to the reported pure W by conventional sintering and SPS [START_REF] Wang | Preparation, microstructure, and constitutive equation of W-0.25 wt% Al2O3 alloy[END_REF][START_REF] Wang | Effect of ZrO2 content on microstructure and mechanical properties of W alloys fabricated by spark plasma sintering[END_REF]. For W-Zr(Y)O2 alloys, the influence of Zr(Y)O2 on the compressive properties is complicated. The W-0.25 wt. % Zr(Y)O2 alloy exhibits the highest strength of 1577 MPa and fracture strain of 0.262, approximately 25.2 % and 40.5 % higher than those of the pure W.

With the increase in the Zr(Y)O2 content, the strength and fracture strain continue to decrease. In W-0.75 wt. % Zr(Y)O2 alloy, the compressive strength and fracture strain decrease to 1350 MPa and 0.215. These alloys still exhibit high compressive properties.

As shown in Fig. 4.17(b, c), the transparent black areas show the compressive strength and fracture strain of W-Zr(Y)O2 alloys in current research. The prepared alloys exhibit the higher compressive properties compared to the alloys by SPS and the conventional sintering alloys reported in references [START_REF] Wang | Preparation, microstructure, and constitutive equation of W-0.25 wt% Al2O3 alloy[END_REF][START_REF] Wang | Effect of ZrO2 content on microstructure and mechanical properties of W alloys fabricated by spark plasma sintering[END_REF]. For alloy by SPS, the smaller grains contribute to the improvement of properties. The lower quality powder results in the larger ZrO2 particles (Table 4.5) among W alloys, lead to the weakness in the microstructure and mechanical properties. Due to the pressureless sintering, the alloys exhibit lower compressive strength and fracture strain. Compared to the swaged W-(0 ~ 1.5 %) ZrO2 alloys [START_REF] Li | Fabrication and mechanical properties of tungsten alloys reinforced with c-ZrO2 particles[END_REF], although hot swaging slightly improve the compressive properties, the large grains (50 -120 μm) and oxide particles (about 1.5 μm), lead to the limited reinforcement effect on the performance of alloys. 4.18a, obvious river-line patterns confirm the presence of the transgranular failure in W grains. In our previous research [START_REF] Xiao | A hybrid microstructure design strategy achieving W-ZrO2 (Y) alloy with high compressive strength and critical failure strain[END_REF], though the W-1.5 wt. % ZrO2 alloy was also fabricated through HIP sintering, coarse oxide particles at GBs induce stress/strain concentration and cause interfacial decohesion at weaker GBs, resulting in the main intergranular pattern in alloys' fractures surface (Fig. 14a in ref. [START_REF] Xiao | Microstructure and mechanical properties of W-ZrO2 alloys by different preparation techniques[END_REF]). In present research, the ultrafine oxide particles evenly distributed in W matrix (marked by the black particle in inset) may be the main reason obtaining the changed fracture pattern, through improving the fracture strength of the W grains and GBs. In fact, during deforming, the fabricated alloy involves more plastic deformation, such as significant W grain tearing and grain deformations as shown in Fig. 4. 18 (c,d). The strengthening effect of oxide particle on the fabricated alloy can be also evidenced by the presence of slip lines (Fig. 4.18b) as well as microdimples (Fig. 4.18d). 4. 7. When pure W is subjected to tensile test at 350 °C, the material exhibits brittle fracture. When the temperature reaches 400 °C, there is obvious plastic deformation behavior, with the ultimate tensile strength of 345.7 MPa and elongation of about 1.68 %. Its strength value is about 8.3 % lower than that of the W-0.25 % Zr(Y)O2 alloy at the same testing temperature. Comparing the tensile curves of alloy and pure W, it can be seen that the DBTT of alloy is between 300 °C and 350 °C, which is about 200 °C lower than that of the alloy by SPS as discussed above and 50 ~ 100 °C lower than that of the pure W by HIP. ) was employed to measure the load applied on the samples. It is found that the stress increases with strain rate, while it decreases with temperature. The peak stress is 533.5 MPa at 1373 K with strain rate of 0.1 s -1 . When the strain rate increases to 1 s -1 , the peak stress reaches 577.4 MPa.The time is not enough for material softing due to a relatively high deformation rate [START_REF] Lin | A critical review of experimental results and constitutive descriptions for metals and alloys in hot working[END_REF]. The higher strain rate enhances the density of dislocations and the degree of work hardening. The plasticity cannot be completely eliminated [START_REF] He | A physically-based constitutive model for a nitrogen alloyed ultralow carbon stainless steel[END_REF][START_REF] Zhang | Hot workability and constitutive model of the Cu-Zr-Nd alloy[END_REF] during deformation at a high strain rate. At a fixed strain rate of 0.1 s -1 and 1473 K, the peak stress is 492.5 MPa. When the temperature increases to 1673 K, the peak value of stress is reduced to 437.7 MPa. At high temperature, the W alloy contains a higher layer of stacking fault energy and the cross-slip easily occurs in the process of deformation, which reduces the resistance to deformation [START_REF] Wang | A comparative study of several constitutive models for powder metallurgy tungsten at elevated temperature[END_REF][START_REF] Galiyev | Correlation of plastic deformation and dynamic recrystallization in magnesium alloy ZK60[END_REF].

In the previous research [START_REF] Li | Flow behavior and processing map for hot deformation of W-1.5 ZrO2 alloy[END_REF], due to the occurrence of dynamic recrystallization, the stress of W alloy at 1673 K with a strain rate of 0.01 s -1 increases versus strain and rapidly reaches to a peak, then decreases to a relatively steady value. Based on Fig. 4.21, all the curves exhibit a stress steady-state. This is due to the presence of ultrafine Zr(Y)O2 particles in W alloys. The homogeneous dispersion of oxide nano-particles in W alloy could pin dislocations and grain boundaries, and inhibit the grain growth, enhancing the high temperature strength and improving the recrystallization temperature [START_REF] Setyawan | Effects of transition metals on the grain boundary cohesion in tungsten[END_REF]. WHAs are promising materials for kinetic energy penetrators, radiation shields, and rocket nozzles, owing to their moderate ductility, high density and quasi-static strength [START_REF] Guo | A corrosion study on W-Cu alloys in sodium chloride solution at different pH[END_REF][START_REF] Yu | Microstructure evolution and recrystallization after annealing of tungsten heavy alloy subjected to severe plastic deformation[END_REF][START_REF] Cordero | Sub-scale ballistic testing of an ultrafine grained tungsten alloy into concrete targets[END_REF]. WHAs are more suitable for use in kinetic energy penetrators than depleted uranium alloys (DUAs) as they pose no risk of radioactive contamination [START_REF] Liu | Selfsharpening" tungsten high-entropy alloy[END_REF]. The penetration capability of WHAs depends on their strength and toughness [START_REF] Dinçer | Processing and microstructural characterization of liquid phase sintered tungsten-nickel-cobalt heavy alloys[END_REF]. The existing WHAs obtained by conventional powder metallurgy are limited to anti-armour penetrators owing to the weak mechanical properties of coarse W grains [START_REF] Fan | Preparation of fine grain tungsten heavy alloy with high properties by mechanical alloying and yttrium oxide addition[END_REF].

In recent years, a large number of researchers have focused on improving the mechanical performance of WHAs penetrators by inducing microstructural changes [START_REF] Yu | Compressive behavior of liquid phase sintered 90 W-7Ni-3Fe heavy alloy at high temperature and low strain rate condition[END_REF][START_REF] Ryu | Fabrication and properties of mechanically alloyed oxidedispersed tungsten heavy alloys[END_REF][START_REF] Xu | Ionirradiation induced clustering in W-Re-Ta, W-Re and W-Ta alloys: An atom probe tomography and nanoindentation study[END_REF]. The alloying elements, such as rare earth oxides (Y2O3, La2O3, ZrO2, ThO2, and CeO2) [START_REF] Park | Dynamic deformation behavior of an oxide-dispersed tungsten heavy alloy fabricated by mechanical alloying[END_REF][START_REF] Li | Microstructure and properties characterization of W-25Cu composite materials liquid-liquid doped with La2O3[END_REF][START_REF] Hu | Synthesis of W-Y2O3 alloys by freezedrying and subsequent low temperature sintering: microstructure refinement and second phase particles regulation[END_REF][START_REF] Dong | Controlled synthesis of high-quality W-Y2O3 composite powder precursor by ascertaining the synthesis mechanism behind the wet chemical method[END_REF] or microstructural refinement [START_REF] Ding | Phase, microstructure and properties evolution of fine-grained W-Mo-Ni-Fe alloy during spark plasma sintering[END_REF][START_REF] Li | Fine-grained 93W-5.6 Ni-1.4 Fe heavy alloys with enhanced performance prepared by spark plasma sintering[END_REF][START_REF] Prabhu | Tensile and impact properties of microwave sintered tungsten heavy alloys[END_REF][START_REF] Sadat | Bulk Ni-W alloys with a composite-like microstructure processed by spark plasma sintering: Microstructure and mechanical properties[END_REF] are added to change WHA composition.

The oxide particles are dispersed into WHAs (ODS-WHAs) to improve their strength, toughness and self-sharpening properties [START_REF] Ryu | Fabrication and properties of mechanically alloyed oxidedispersed tungsten heavy alloys[END_REF][START_REF] Park | Dynamic deformation behavior of an oxide-dispersed tungsten heavy alloy fabricated by mechanical alloying[END_REF][START_REF] Li | Microstructure and properties characterization of W-25Cu composite materials liquid-liquid doped with La2O3[END_REF]. ODS-WHAs exhibit lower ductility than WHAs. The ductility is an important mechanical property of these materials to enlarge their further applications in various fields.

In current research, a novel material WHA-Zr(Y)O2 is fabricated and investigated. W grains are embedded in the matrix phase due to liquid-phase formation during sintering at 1400 °C [START_REF] Chen | The Effect of Mo and Dispersoids on Microstructure, Sintering Behavior, and Mechanical Properties of W-Mo-Ni-Fe-Co Heavy Tungsten Alloys[END_REF]. It could be confirmed that the grain size of WHA0.75 is smaller than that of WHA0. W grains in alloys with and without Zr(Y)O2 particles are uneven in size. The growth of W grains during liquid-phase sintering may be explained by Ostwald ripening [START_REF] Dinçer | Processing and microstructural characterization of liquid phase sintered tungsten-nickel-cobalt heavy alloys[END_REF]. In the experimental conditions, smaller particles reprecipitate on larger W grains during their dissolution in the matrix [START_REF] Prabhu | Tensile and impact properties of microwave sintered tungsten heavy alloys[END_REF].

Grain contiguity reduces slightly as the grain size decreased, similar to previously reported results [START_REF] Xu | Development of tungsten heavy alloy reinforced by cubic zirconia through liquid-liquid doping and mechanical alloying methods[END_REF]. The reason for the decrease in W-W contiguity is that Zr(Y)O2

particles induce the liquid phase γ(Fe0.64N0.36) to infiltrate W grain boundaries during sintering [START_REF] Fan | Effect of two-time spark plasma sintering on microstructure and mechanical properties of W-6Ni-4Mn alloy[END_REF]. W grains are gradually covered by the γ(Fe0.64N0.36) phase to enhance the mechanical properties of ODS-WHAs.

A magnified image of the area enclosed in red in Fig. 5.1c is presented in Fig. 5.1d

to understand the microstructure of WHA0.75 in detail. A large number of white particles with similar particle size of less than 200 nm could be observed. These solution while stirring to obtain a cluster solution [START_REF] Xu | Development of tungsten heavy alloy reinforced by cubic zirconia through liquid-liquid doping and mechanical alloying methods[END_REF]. Though ZrOCl2 ions in the outer sphere of the ionic complex are replaced by OH -groups (Eq. 5-1) [START_REF] Xiao | Research on preparation process for the in situ nanosized Zr (Y) O2 particles dispersionstrengthened tungsten alloy through synthesizing doped hexagonal (NH4) 0.33• WO3[END_REF].

[Zr4(OH)8 16H2O] 8+ units react with the hydroxyl ions to form Zr(OH)4 sols [START_REF] Xiao | Research on preparation process for the in situ nanosized Zr (Y) O2 particles dispersionstrengthened tungsten alloy through synthesizing doped hexagonal (NH4) 0.33• WO3[END_REF].

[Zr4(OH)8•16H2O] 8+ 8Cl -+ 4H2O = [Zr4(OH)8•16H2O] 8+ 8OH -+ 8HCl↑

(5-1)

The generated Zr(OH)4 easily decomposes in acidic conditions to yield Zr 4+ .

During the hydrothermal reaction, W12O40 8-ions are introduced from the hydrolysis of AMT (Eq. 5-2) [START_REF] Xiao | Hydrothermal synthesis of nanoplates assembled hierarchical h-WO3 microspheres and phase evolution in preparing cubic Zr (Y) O2-doped tungsten powders[END_REF]. Zr 4+ and Y 3+ ions reacts with W12O40 8-ions to produce Zr(WO4)2

and Y2(WO4)3 [Eqs.

(5-3 -5-4)] [START_REF] Xiao | A hybrid microstructure design strategy achieving W-ZrO2 (Y) alloy with high compressive strength and critical failure strain[END_REF][START_REF] Xu | Development of tungsten heavy alloy reinforced by cubic zirconia through liquid-liquid doping and mechanical alloying methods[END_REF]. Y2O3 penetrates oxygen vacancies in the zirconia lattice to form stabilized Zr(Y)O2 during sintering [START_REF] Xie | Achieving high strength/ductility in bulk W-Zr-Y2O3 alloy plate with hybrid microstructure[END_REF].

(NH4)6H2W12O40 = 6NH4 + + 2H + + W12O40 8- (5-2) 2Zr(OH)4 + 8H + +W12O40 8-= 8WO3↓ + 2Zr(WO4)2↓ + 8H2O

(5-3) 2Y 3+ + 2H + + W12O40 8-= 9WO3↓ + Y2(WO4)3↓ + H2O

(5-4)

The refining effect of oxide particle size is limited to doping with nanosized particles due to the high adsorption capacity [START_REF] Xiao | Uniform nanosized oxide particles dispersion strengthened tungsten alloy fabricated involving hydrothermal method and hot isostatic pressing[END_REF][START_REF] Chen | The Effect of Mo and Dispersoids on Microstructure, Sintering Behavior, and Mechanical Properties of W-Mo-Ni-Fe-Co Heavy Tungsten Alloys[END_REF] 

Mechanism of grain refinement in WHAs

W grain growth in ODS-WHAs is mainly dependent on oxide particle refinement during sintering [START_REF] Daoush | Enhancement of physical and mechanical properties of oxide dispersion-strengthened tungsten heavy alloys[END_REF][START_REF] Ryu | Fabrication and properties of mechanically alloyed oxidedispersed tungsten heavy alloys[END_REF]. Grain refinement is complicated due to the retardation of grain growth and coarsening under different sintering conditions. Bock et al. [START_REF] Bock | Inhibition of grain growth on submicron cemented carbides[END_REF] suggested that oxide particles inhibited grain growth to prevent grain coarsening. Kang et al. [START_REF] Kang | Elimination of pores during liquid phase sintering of Mo-Ni[END_REF] indicated that secondary phase particles led to an increase in grain curvature.

Annavarapu et al. [START_REF] Annavarapu | Inhibited coarsening of solid-liquid microstructures in spray casting at high volume fractions of solid[END_REF] proposed that the diffusion distance of W atoms increased in the presence of large secondary phase particles. Oxide particles at the tungsten-matrix (W-M) interface can block diffusion between the W phase and the matrix phase, which delays grain growth during WHAs liquid phase sintering [START_REF] Hu | Fabrication, characterization, and mechanical properties of 93W-4.9 Ni-2.1 Fe/95W-2.8 Ni-1.2 Fe-1Al2O3 heavy alloy composites[END_REF]. The doped secondary phase particles at grain boundaries affected W grain size by preventing migration along the grain boundaries and reducing the growth rate [START_REF] Ryu | Fabrication and properties of mechanically alloyed oxidedispersed tungsten heavy alloys[END_REF]. This relationship can be expressed as follows:

R = 4r 3𝜑 ⁄ (5-5)
where R is the grain size of the W phase, r is the radius of secondary phase particles, and 𝜑 is the volume fraction of the secondary phase particle.

According to Eq. (5-5), the W grain size depends on the size of oxide particles; in other words, W grain size is reduced if the size of the oxide particles located at the grain boundaries decreases.

The relationship between W grain size and oxide particles size in ODS-WHAs observed in this study as well as in previous investigations is illustrated in Fig. 5.5. W grain size is proportional to oxide particle size, except in the WHAs described in this study and that in Ref. [START_REF] Xu | Development of tungsten heavy alloy reinforced by cubic zirconia through liquid-liquid doping and mechanical alloying methods[END_REF]. These two WHAs with a large number of Zr(Y)O2 particles uniformly dispersed in W grains are shown in the same plot; in this case, the relationship between grain size and oxide particle size is not linear. This is due to the dispersion of Zr(Y)O2 particles within W grains, leading to a not obvious refinement of W grains. This observation further confirms the advantages of the L-L doping for preparing intragranular particle-strengthened W alloys.

The W grain size of Zr(Y)O2 particle dispersion-strengthened WHAs described in this study was also compared with that in WHAs sintered using different methods (Table 5.2). The factors responsible for a fine original W grain size also contributes to the grain refinement; the relationship between original W grain size and refined grain size is as follows [START_REF] Zhang | Densification behavior, mechanical properties and thermal shock resistance of tungsten alloys fabricated at low temperature[END_REF],

G 3 = G 0 3 + Kt (5-6)
High-temperature sintering results in a constant flow of the binder phase through pores between W grains and increases the final RD. The alloys described in this study exhibit a high RD comparable with those of alloys reported in the literature (Table 5.2).

Because the high pressure applied during sintering accelerates W atom diffusion [START_REF] Kappacher | Thermally activated deformation mechanisms and solid solution softening in W-Re alloys investigated via high temperature nanoindentation[END_REF][START_REF] Huang | In situ oxide dispersion strengthened tungsten alloys with high compressive strength and high strain-to-failure[END_REF]. The oxide particles also enhance the densifications process and decrease the porosity by capturing the oxygen in the matrix. From these results, it is inferred that oxide particles have a significant effect on the mechanical properties of the tested alloys. The content of rare earth oxide additions results in different strengthening effect on tensile properties. Fan et al. [START_REF] Fan | Preparation of fine grain tungsten heavy alloy with high properties by mechanical alloying and yttrium oxide addition[END_REF] reported that WHAs with 0.4 wt. % oxide particles exhibited a tensile strength of 1124 MPa.

Mechanical properties

The additions of 0.1 wt. %, 0.8 wt. % Y2O3 into alloy decreased the maximal strength value of the alloy compared to WHA without Y2O3 (923 MPa). Lee et al. fabricated the PSZ (0 ~ 0.3 wt. %) dispersion-strengthened WHAs [START_REF] Lee | Effect of mechanical alloying process on microstructure and mechanical properties of ODS tungsten heavy alloys[END_REF]; the ultimate tensile strengths of these alloys decreased with the addition of PSZ particles (as indicated by the red symbols in Fig. 5.6b). A similar phenomenon occurred with the addition of 1 % Al2O3 and 0.1 % Y2O3 [START_REF] Hu | Fabrication, characterization, and mechanical properties of 93W-4.9 Ni-2.1 Fe/95W-2.8 Ni-1.2 Fe-1Al2O3 heavy alloy composites[END_REF][START_REF] Ryu | Fabrication and properties of mechanically alloyed oxidedispersed tungsten heavy alloys[END_REF]. In these two alloys, the additions of oxide particles both decrease the strength values of WHAs. This indicates that a non-optimal oxide content deteriorates the tensile properties of alloys.

In addition to the oxide content, the mechanical properties of alloys depend on oxide particle distribution. In case oxide particles are agglomerated, fracture initiation might occur from these areas during tensile tests. Cracks are generated at these spots and later propagate, leading to fracture [START_REF] Alam | On the remarkable fracture toughness of 90 to 97W-NiFe alloys revealing powerful new ductile phase toughening mechanisms[END_REF][START_REF] Sun | Bonding interface of W-CuCrZr explosively welded composite plates for plasma facing components[END_REF]. Rare earth oxide aggregates in the matrix or at the W-M interface restrain matrix deformation, which decrease the strength and elongation of WHAs. W phase determines the plastic deformation of the alloys during quasi-static compression. In the alloys fabricated in the present study, the matrix phase containing a solid Zr(Y)O2 phase exhibits excellent plasticity, because the nanosized Zr(Y)O2 particles are uniformly distributed in the matrix with a perfect interface. These ultrafine oxide particles reduce stress and strain concentration during compressive deformation [START_REF] Xiao | Microstructure and mechanical properties of W-ZrO2 alloys by different preparation techniques[END_REF]. 93 W at 10 -3 s -1 [START_REF] Hu | Dynamic deformation behavior of 93W-5.6 Ni-1.4 Fe heavy alloy prepared by spark plasma sintering[END_REF] 90 W at 10 -3 s -1 [START_REF] Yu | Compressive behavior of liquid phase sintered 90 W-7Ni-3Fe heavy alloy at high temperature and low strain rate condition[END_REF] Present WHA 0.50 at 10 -3 s -1 strain rates of 10 -3 , 10 -2 , 10 -1 , and 1 s -1 , as shown in Fig. 5.8. The ultimate compressive strength is dependant with the strain rate. The value ultimate compressive strength increases with the strain rate, as shown in Fig. 5.8a. The compressive strength of WHA0.50 is higher than that of the previously reported alloys, as shown in Fig. 5.8b. The comparison of the compressive strength of WHAs with different sintering processes is summarised in Table 5.4. The ultimate compressive strength of WHA0.50

is 1445 MPa at 10 -3 s -1 , which is higher compared to the alloys in the state of the art. This is due to the proper amount of Zr(Y)O2 particles and higher dispersed nanoparticles distribution. The ultimate compressive strength increases to 1560 MPa at the strain rate 1 s -1 . A high strain rate enhances dislocation density and work hardening. The microstructures of WHA-Zr(Y)O2 are illustrated at different strain rates, as shown in Fig. 5.9(a-d).

At the beginning of the compression test, the matrix phase deforms. When the tests are conducted at low strain rates, the matrix phase possesses sufficient time to deform and flow between W grains. This is confirmed by the slightly elongation of W grains in Fig. 5.9a. With the increase of plastic deformation, the matrix phase causes work hardening, which induces a simultaneous deformation in W grains. The deformation resistance of the matrix phase depends on the oxide particles. When the strain rate increases, there is not enough time for the matrix phase to flow. The deformation resistance of the alloy mainly depends on the W phase. W grains are seriously elongated at 1 s -1 , as shown in Fig. 5.9d. 

Dynamic compression performance of WHA-Zr(Y)O2 alloys

The dynamic compression performance of WHA0.50 alloy at room temperature were proposed to study their deformation behavior under high strain rates of 1500 s -1 , 2000 s -1 , 2500 s -1 , 3000 s -1 . The true stress-strain curves of W alloys with different strain rate are demonstrated in Fig. 5.10.

W alloy is subjected to work hardening and dynamic softening after yield point in dynamic compression tests. Under high strain rate, W alloys quickly reach yield point, resulting in strain hardening. The stress is relatively stable after the yield point.

The strain softening occurs after the ultimate compressive strength (UCS) and the strength decreases with the strain. This is attributed to the heat generated during the strain strengthening process. This heat cannot be dissipated, which leads to the thermal softening effect of the W alloys [START_REF] Yu | Effect of strain rate on the plastic deformation and fracture of 90W-7Ni-3Fe alloy prepared by liquid-phase sintering[END_REF][START_REF] Gong | Microstructure characteristics and a deformation mechanism of fine-grained tungsten heavy alloy under high strain rate compression[END_REF]. The dynamic compressive properties of WHA0.50 tested at different strain rate are listed in Table 5. 5. The UCS and maximal strain (MS) increase with the imposed strain rate. Strain-rate sensitivity (SRS) of stress is an important parameter to investigate the deformation mechanism of materials. The influence of strain rate on the plastic deformation is characterized by SRS analysis [START_REF] Gvk | Analysis of Strain Rate Sensitivity and Strain Rate Hardening in Co-Cr-Ni-Mo Wires Drawn with Different Drawing Practices[END_REF]. In current research, nominal intended strain rates and SRS of relevant compressive properties are shown in Fig. 5.11a. The SRS (𝑚) for the strain rate range of 1500 -3000 s -1 was calculated by Eq. (5-7) [START_REF] Benzing | Experimental and numerical study of mechanical properties of multi-phase medium-Mn TWIP-TRIP steel: Influences of strain rate and phase constituents[END_REF]. The SRS of both YS and UCS are 𝑚 = 0.1981 and 𝑚 = 0.1270, respectively.

𝑚 = 𝜕lg (𝜎) 𝜕lg (𝜀̇)

(5-7)

The product of UCS and % MS increases slightly from 𝜀̇ = 1500 s -1 to 𝜀=3000 s -1 , as shown in Fig. 5.11b. Wang et al. [START_REF] Wang | Effect of temperature on high temperature plasticity of 95W-5 (Ni/Fe/Co) alloy[END_REF] studied the compressive performance and deformation behavior of 97.5 W-1.25 Ni-1.25 Fe alloy under various strain rates. By comparing the microstructure after compression, it observed that the deformation depends on binder phase, when the dynamic strain is less than 0.22. At high strain rate, W and binder phases are both employed to transfer load. Different from quasi-static compression, the deformation of W grains and binder phase in WHAs occurs simultaneously at high strain rate.

Three-point bending performance of WHA-Zr(Y)O2 alloys

The three-point bending test of WHA-Zr(Y)O2 alloys was effectuated by taking into account the shear and local deformation effects. The results are listed in Table 5. 6. The bending strength decreases with temperature, while the fracture strain increases with temperature. 3. The effects of Zr(Y)O2 particles and strain rate from 10 -3 s -1 to 3000 s -1 on the compression performance of the W alloy were investigated, and the corresponding deformation mechanism was discussed. The ultimate compressive strength of WHA0.5 alloy is 1445 MPa at the strain rate of 10 -3 s -1 , and its strength value is higher than that of the alloys at the same strain rate in the literature. The compressive strength and strain of WHA0.5 alloy are 1810 MPa and 0.489 for 3000 s -1 . At high strain rate, the W alloy exhibits positive strain rate sensitivity for strain. Both W and binder phase constituents transfer the load and deform simultaneously; The mechanical tests were effectuated at strain rate from 0.001 s -1 to 3000 s -1 under temperatures of 173 ~ 873 K. The materials parameters were identified based on these mechanical tests. ZA model exhibited the lowest average error of 6.89 % compared to other three models.

Li et al. [START_REF] Li | Microstructural evolution and hot deformation behavior of W-3Re-5HfC alloy[END_REF] investigated the hot compression behavior of the sintered W-3 Re-5

HfC alloy using the Gleeble-1500D thermomechanical simulator under temperatures of 1473 K to 1773 K at strain rate from 0.001 s -1 to 1 s -1 . Arrhenius constitutive equation was identified to predict the high-temperature deformation behavior of the W-3 Re-5

HfC alloy. The correlation coefficient and average absolute relative error in constitutive equations are found to be 0.993 and 4.09 %.

Wang et al. [START_REF] Wang | Preparation, microstructure, and constitutive equation of W-0.25 wt% Al2O3 alloy[END_REF] prepared the W-0.25 wt. % Al2O3 alloy by HM and CPS. The sintering of compact was carried out at 2350 °C for 8 h under hydrogen atmosphere.

Arrhenius equation was established to describe the evolution of stress versus strain at 1273 -1673 K under three strain rates. The identified Arrhenius model was proved to well predict the deformation of W alloys.

The stress-strain response of PRMMCs can be described by the macroscopic models, presented in the previous references. The influence of micro-structural parameters, such as particle shape, size, distribution and volume content and interface state, on the mechanical properties needs to be investigated. are studied. The main results are concluded in Section 6.5.

Identification of constitutive behavior laws of W alloy at high temperature

Hot deformation is sensitive to external stress, strain rate and temperature. There are many constitutive models to describe it and predict the evolution of stress. The Arrhenius model can accurately describe the thermal deformation behavior of materials in a larger temperature and strain rate range [START_REF] Sharma | Constitutive modelling and processing map analysis of tungsten heavy alloy (92.5 W-5.25 Ni-2.25 Fe) at elevated temperatures[END_REF][START_REF] Li | Flow behavior and processing map for hot deformation of W-1.5 ZrO2 alloy[END_REF][START_REF] Li | Microstructural evolution and hot deformation behavior of W-3Re-5HfC alloy[END_REF][START_REF] Bobbili | Constitutive modeling of dynamic flow behavior of Ti-5553 alloy[END_REF].

( The model is based on the following equations: 𝜀̇ = 𝐴(sinh (𝛼𝜎) ) n exp(-𝑄 𝑅𝑇 ⁄ ) for all α σ (6-1)

𝜀̇ = 𝐴 1 𝜎 n 1 exp(-𝑄 𝑅𝑇 ⁄ ) α σ < 0.8 (6-2) 𝜀̇ = 𝐴 2 exp(𝛽𝜎) exp(-𝑄 𝑅𝑇 ⁄ ) α σ > 1.2 (6-3)
where, 𝑅 is the universal gas constant (8.314 J mol -1 K -1 ); 𝑄 is the activation energy of hot deformation (kJ mol -1 ); 𝐴, 𝐴 1 , 𝐴 2 , n, n 1 , 𝛽 and 𝛼 are material parameters and

α = β / n 1 .
The temperature and strain rate both affect the deformation behavior [START_REF] Lu | Constitutive modeling of two-phase metallic composites with application to tungsten-based composite 93W-4.9 Ni-2.1 Fe[END_REF], the Zener-Hollomon parameter (Z) is used to reveal the coupling effects of strain rate and temperature on stress by Eq. (6-4) [START_REF] Meng | Flow behavior and processing map for hot deformation of ATI425 titanium alloy[END_REF][START_REF] Dümmer | Effect of strain rate on plastic flow and failure in polycrystalline tungsten[END_REF]: The following equation can be obtained from taking the logarithm of Eq. (6-4):

𝛧 = 𝜀̇ exp(Q R T ⁄ ) = A [sinh(ασ)] n ( 
ln 𝛧 = ln 𝐴 + n[sinh(𝛼𝜎)] (6-7) 
Based on the identification method explained in Chapter 2 (Section 2.6.1: third step), the values of ln A and n could be obtained, as shown in Fig. 6. 

(2) Compensation of strain It was reported that the strain obviously affected greatly the material constants (a, n, Q and A) at evaluated temperature [START_REF] He | A physically-based constitutive model for a nitrogen alloyed ultralow carbon stainless steel[END_REF][START_REF] Cai | Constitutive equations for elevated temperature flow stress of Ti-6Al-4V alloy considering the effect of strain[END_REF]. The compensation of strain should be taken into account to accurately establish the constitutive behavior laws. In this study, the material parameters under different strains are calculated within the range of 0.05 -0.55 and the interval of 0.05, as shown in Fig. 6.4. The sixth order polynomial is employed to describe the relationship between material parameters and strain in Eq. (6-9). The calculated coefficients are listed in Table 6. 1. By rearranging Eq. (6-1), the predicted stress is calculated by a function of the Zener-Hollomon parameter, as follows:

α = A 0 + A 1 ε + A 2 ε 2 + A 3 ε 3 + A 4 ε 4 + A 5 ε 5 + A 6 ε 6 n = B 0 + B 1 ε + B 2 ε 2 + B 3 ε 3 + B 4 ε 4 + B 5 ε 5 + B 6 ε 6 (6-9) Q = C 0 + C 1 ε + C 2 ε 2 + C 3 ε 3 + C 4 ε 4 + C 5 ε 5 + C 6 ε 6 lnA = D 0 + D 1 ε + D 2 ε 2 + D 3 ε 3 + D 4 ε 4 + D 5 ε 5 + D 6 ε 6 (a) (d) (c) (b)
σ = 1 α ln {( Ζ A ) 1 n ⁄ + [( Ζ A ) 2 n ⁄ + 1] 1 2 ⁄ } (6-10)
The comparison of the experimental and predicted stress in different strains is shown in Fig. 6.5. The results show an excellent agreement.

To further assess the prediction accuracy of the developed model, the average relative error (AARE) is introduced: [START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF][START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF][START_REF] Liu | Eliminating bimodal structures of W-Y2O3 composite nanopowders synthesized by wet chemical method via controlling reaction conditions[END_REF][START_REF] Hu | Microstructure refinement in W-Y2O3 alloys via an improved hydrothermal synthesis method and low temperature sintering[END_REF][START_REF] Li | Microstructure characterization and properties of YSZ particles doped tungsten alloy prepared by liquid phase method[END_REF][START_REF] Zhao | Effects of rolling reduction on microstructural evolution and mechanical properties of W-0.5 wt% ZrC alloys[END_REF] where σ e i is the experimental value, σ p i is the predicted value, and N is the total number of data. The value of AARE is 3.6 %, which indicates a high accuracy of the identified model. It can be concluded that the established strain-compensation Arrhenius equation can be available to predict the relationship between stress and strain under different deformation behaviors in the temperature range of 1373 -1673 K at three strain rates of 10 -2 s -1 , 10 -1 s -1 , and 1 s -1 . The lower and upper tools are created as rigid body in the numerical model: one is placed on the top surface of the W alloy and the other one is placed on the bottom surface of the W alloy. The lower tool is fixed, while an imposed displacement is applied on the upper tool. The friction between the tools and W alloy is not considered in the simulation. The central line of the W alloy is constrained in radial direction. The top and bottom surfaces of the W alloy are free to move in radial direction. The fournode bilinear axisymmetric quadrilateral (CAX4R) element is adopted with the size of 0.4 mm. 120 elements and 147 nodes are created.

AARE(%) = 1 N ∑ | σ e i -σ p i σ e i | N i × 100% ( 

Numerical simulation results of the compression tests

The evolution of the stress in the axisymmetric model in the radial direction and in the axial direction are shown in Fig. 6.7a and b. Based on Fig. 6.7a, the radial stress value in the top surface varies from -0.5165 to 0.009721 MPa from the axis of symmetry to the free edge. It indicates that the area around the axis of symmetry exhibits the most important radial stress, while it decreases from the center of specimen to the free edge during the compression test. This is coherent with the applied boundary condition: the outer side of the cylinder is free to move in the radial direction. Based on Fig. 

Simulation in microscale of compression tests of W-Zr(Y)O2 alloy

It is difficult to reveal the interface evolution, strengthening mechanism of the second phase, damage and deformation behavior in the numerical simulation in macroscale of the particle reinforced alloys. It is an important research issue to develop the efficient simulation models in microscale to optimization the elaboration process of innovative composite materials. In this section, the influences of grid size, particle size, The 2-D model is representative of the experimental compression specimen, with the size of 5×8 μm. In the numerical simulation, it is assumed that all Zr(Y)O2 particles in W matrix are homogenous and considered as a perfect circle with a constant diameter, which is calculated based on their volume fraction, as the following equation:

𝑚 𝑧𝑟 % / 𝜌 𝑧𝑟 𝑚 𝑧𝑟 % 𝜌 𝑧𝑟 + 𝑚 𝑤 % 𝜌 𝑤 = 𝑣 𝑧𝑟 = 4𝜋•𝑛•𝛾 𝑍𝑟 3 3𝜋𝛾 𝑚 2 •𝐻 (6-12)
where 𝑚 𝑧𝑟 % is the mass fraction of Zr(Y)O2 and the 𝑚 𝑤 % is the mass fraction of pure W; 𝜌 𝑧𝑟 = 5.8 g/cm 3 and 𝜌 𝑤 = 19.3 g/cm 3 are the densities of the Zr(Y)O2 and pure W;

𝑣 𝑧𝑟 is the volume fraction of Zr(Y)O2 in compression sample. 𝑛 represents the number of particles in the model; 𝛾 𝑧𝑟 is the radius value; 𝛾 𝑚 = 2.5 μm is the half width and 𝐻 = 8 μm is the height of the 2-D model.

The generation of the random distribution of particles in W alloys

The coordinates of the circles were generated by using the random distribution function in MATLAB. They should satisfy two conditions: firstly, the circles should not exceed the boundary of the model, it means that the radius of circles should be smaller than the distance between the center of circle and the boundary; Secondly, the circles cannot overlap with each other.

Elementary volume (EV) is used to generate the reinforced particles in the numerical models. These EVs are generated in PYTHON script and then imported into Abaqus.

The different elementary volumes containing with different volume fractions of spherical particles are generated by using the algorithm presented in Fig. 6.9.

Fig. 6.9 Algorithm for generating particles based on the elementary volume.

The process to obtain EV is as follows:

-The choice of the shape of the reinforced particles, in our case it is sphere with The volume fraction and the radius of the particle are summarized in Table 6. 4. The 2-D models with different mass fraction are illustrated in Fig. 6.12. If the mass fraction of reinforced particles is fixed at 0.25%, the radius of the Zr(Y)O2 particles can be calculated according to particle number, based on Eq. 6-12.

The radius of the particle in function of the particle number is summarized in Table 6. Based on Fig. 6.15b, the yield strength and compressive strength increase with the particle number. When the mass fraction of the reinforced particles in the W alloy is fixed at 0.25%, the particle size decreases with the particle number. It indicates that when the particle size decreases from 0.231 μm (particle number 25) to 0.080 μm (particle number 600), the yield strength and compressive strength increase by 29.5 % and 9.6 %. The particles distribution exhibits a significant effect on the mechanical behavior of the reinforced W alloy. When the mass fraction of the reinforced particles is constant, the stress concentration leads to the fracture of the alloy. The homogeneity of the particle distribution improves the dispersion strengthening effect on their properties.

In this section, the 2-D models with 50 and 110 particles are created based on the W-0.25 wt. % Zr(Y)O2 alloy. The particle aggregation parameter, used for evaluating particle uniformity distribution, is introduced to study the influence of particle uniformity on the compressive properties of the reinforced W alloy.

In the model, the average value of the shortest distance between particles 𝑋 ̅ is calculated by Eq. (6-13) [START_REF] Maroufpoor | Evaluation of uniformity coefficients for sprinkler irrigation systems under different field conditions in Kurdistan Province (northwest of Iran)[END_REF][START_REF] Christansen | The uniformity of application of water by sprinkler systems[END_REF] where the 𝑋 𝑖 is shortest distance value between the 𝑛 th particle and the other (𝑛 -1) particles; 𝑛 is the total number of particles in the model.

Assuming that 𝑛 particles are evenly distributed in the model, the distance 𝑋 0 between particles should be a constant, it can be calculated by Eq. (6-14) [START_REF] Pyrz | Quantitative description of the microstructure of composites. Part I: Morphology of unidirectional composite systems[END_REF],

𝑋 0 = √𝑆 / 𝑛 -2𝛾 𝑍𝑟 [START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF][START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF][START_REF] Liu | Eliminating bimodal structures of W-Y2O3 composite nanopowders synthesized by wet chemical method via controlling reaction conditions[END_REF][START_REF] Hu | Microstructure refinement in W-Y2O3 alloys via an improved hydrothermal synthesis method and low temperature sintering[END_REF][START_REF] Li | Microstructure characterization and properties of YSZ particles doped tungsten alloy prepared by liquid phase method[END_REF][START_REF] Zhao | Effects of rolling reduction on microstructural evolution and mechanical properties of W-0.5 wt% ZrC alloys[END_REF][START_REF] Wang | Structure evolution of Y2O3 and consequent effects on mechanical properties of W-Y2O3 alloy prepared by ball milling and SPS[END_REF][START_REF] Antolak | W-Y2O3 composites obtained by mechanical alloying and sintering[END_REF][START_REF] Geng | Revealing the complex effects of particle bands on fatigue crack growth in an extruded aluminium matrix composite[END_REF] where 𝑆 is the 2-D model area.

Particle aggregation parameter 𝜏 can be calculated as follows [START_REF] Christansen | The uniformity of application of water by sprinkler systems[END_REF]:

𝜏 = 1 -𝑋 ̅ 𝑋 0 ⁄ (6-15)
The particle aggregation degree is more serious when the value of 𝜏 is larger.

Four cases with different particle aggregation degrees are compared in this section, as shown in Fig. 6.17. The mesh size is 0.1 μm. The alloy in Fig. 6.17a exhibits the highest aggregation degree, while the particles in Fig. 6.17d are most uniformly distributed.

Based on Fig. 6.17, the particle aggregation degree exhibits an influence on the stress distribution. In Fig. 6.17a, there are some stress concentrations (located in the red zone) where the particles are more agglomerated. After the comparison with the four cases, the concentration of stress is less serious in the alloy with lower aggregation degree, as shown in Fig. 6.17d. The compressive strength increases with the particle content and decreases with the particle size. When the particle mass fraction increases from 0 to 0.75 %, the yield strength and ultimate compressive stress increases 3.91 % and 2.77 %.

Perspectives

In the harsh service environment, PFMs are subjected to multiple coupling effects such as high temperature, strong irradiation and strong stress field, which puts forward high requirements on the performance of materials. However, due to various subjective and objective reasons, there are still many shortcomings in current research work.

Therefore, the research should be done in the following aspects in the future:

1. The preparation of W and reinforced powders by L-L doping method can be improved in terms of homogeneity and mechanical property;

2. The W-Zr(Y)O2 alloys can be elaborated with other innovative sintering process, such as MAS, FAHP process. The swaging and rolling processes will be also investigated to compare the microstructure and physical properties; Various mechanical tests including tensile, compressive and shear loading were carried out on the nano-structured tungsten alloys at different temperatures and for a wide range of strain rates in order to build up a database and identify the associated behavioural laws. The brittle-ductile transition temperature of these W-Zr(Y)O2 alloys was also determined.

On the basis of these experiments of high temperature compression tests, a behavioural law was proposed and identified on the basis of an Arrhenius model. 2D and 3D finite element simulations were performed to validate the identified behaviour laws. Simulation models of the nano-structured tungsten alloy were generated with a representative elemental volume (VER) equivalent of the material studied. The effects of particle size and mechanical properties were analysed and compared to the experimental results. 
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  Fig.0.1[2], it indicates that the rolled W-Y2O3 and W-Zr-Y2O3 alloys have no ductility below 150 °C. Fig.0.2[START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF] reveals that the W-0.5 wt. % HfC (WHC05) alloy has a higher recrystallization temperature (1400 -1500 °C) than no reinforced W (1200 °C). It indicates that the addition of thermally stable carbon / oxide particles improving the mechanical properties of W alloy.

Fig.0. 1

 1 Fig.0.1 Total elongation of rolled W-Y2O3 and W-Zr-Y2O3 alloys at different temperatures, and the comparing results between the swaged W-Y2O3 and no reinforced W.

  change the microstructure in the W-based materials via recovery, recrystallization, and grain growth.

  -liquid (L-L) methods involving molecular-level doping are proposed, such as hydrothermal synthesis, spray drying, evaporation-precipitation and sol-gel. L-L methods facilitate the uniform distribution of nanosized oxide particles in the matrix. W-Y2O3 is produced by an improved hydrothermal synthesis method, with the schematic diagram of the doping mechanism on molecular level shown in Fig.0.3 [9]. It indicates that hydrothermally synthesized blue (NH4)xWO3 is an excellent W source to prepare ultrafine W-Y2O3 with an average W grain size of 15 nm.

Fig.0. 3 Fig.0. 4

 34 Fig.0.3 Schematic diagram illustrating the formation of the nano W-Y2O3 composite powders prepared via the L-L molecular-level mixing. Many sintering processes for manufacturing CDS / ODS-W alloys, including conventional pressureless sintering (CPS), spark plasma sintering (SPS) and hot isostatic pressing sintering (HIP), have been employed to obtain the high performance reinforced W alloys [10-13]. Dong et al. [6] fabricated the W-0.5wt.% Y2O3 (WY) alloy with excellent microstructure by a hydrothermal method. Their mechanical properties are investigated from 25 °C to 600 °C, as shown in Fig.0.4. The nil ductility temperature (NDT) of W-0.5wt.% Y2O3 is below 25 °C and a remarkable tensile strength with simultaneous enhancement in ductility is achieved compared with other W alloys fabricated by different sintering processes. The influence of Y2O3 on the recrystallization temperature and mechanical property at high temperature have not been reported.

  This chapter is focused on the applications and research status of first-wall materials, including design requirements and problems. Different strengthening processes of W-based materials, including manufacturing doping process and various conventional and innovative sintering processes are presented. The physical properties of pure W and different reinforced W alloys are compared. The constitutive laws are proposed to describe the deformation behavior of the W alloys. The models, strengths and weakness of the numerical simulation of particle reinforced W alloys are presented.
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 13 Fig.1.3 Recrystallization curve of annealed W at different temperatures.
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 14 Fig.1.4 Charpy test results of pure W, tungsten-tantalum (W-Ta), and tungstenvanadium (W-V) alloys.
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 15 Fig.1.5 Variation of grain size of pure W, tungsten-zirconium (W-Zr), W-ZrC, tungstenzirconium-zirconium carbide (W-Zr-ZrC) with different annealing temperatures for 1 h.
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 1 Fig.1.6 Schematic diagram of whole pulverization process of W particles.
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 1 Fig.1.7 SEM micrographs showing (a) APT powder; (b) Doped APT powder [82].
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 11 Fig.1.8 ODS-W alloys prepared by S-L doping method combined with different sintering processes: (a) sintering in vertical direction, followed by hot rolling process [80]; (b) SPS [82]; (c) SPS [83].

  Y2O3 particles is in nanoscale, the Y2O3 particles are not unevenly distributed in W matrix, as shown in Fig.1.8c.
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 19 Fig.1.9. The green compact was then sintered. The Y2O3-stabilized cubic ZrO2 [Zr(Y)O2] dispersion-strengthened W [W-Zr(Y)O2] alloy was first pressed at the pressure of 250 MPa and then sintered at 2400 °C for 4 h [88].
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 191 Fig.1.9 Schematic diagram of cold isostatic pressing process.

Fig. 1 .

 1 Fig.1.12 SEM images of W-Al2O3 powder prepared by hydrothermal method: (a) Precursor powder; (b) Reduced powder. Hu et al. [90] prepared the 0.5 wt. % Y2O3 doped W powders by spray drying process. The SEM images of precursor and reduced powders are shown in Fig.1.13 (a,

Fig. 1 .

 1 Fig.1.13 SEM images of the precursors and reduced powders by spray drying method: (a) Precursor of W-Y2O3 powder; (b) Reduced W-Y2O3 powder by 850 °C (2 h); (c) Precursor of W-Re powder; (b) Reduced W-Re powder by 550 °C (2 h) + 950 °C (2 h).
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 11 Fig.1.14 b. It shows that composite powders exhibit high-degree agglomeration structure.

Fig. 1 .

 1 15 a illustrates the SEM images of the coprecipitated precursor and its inset. The precursor powders are caked together with larger particle size distribution of powder. The inset represents the high-magnification image of the agglomerated precursor. It indicates the precursor consists of lots of flaky particles. Hu et al. [94] prepared the W-Y2O3 composite nanopowder by evaporation co-precipitation method. As shown in Fig.1.15b, the precursor of W-Y2O3 powder possesses an average size of 82.2 nm in the range of 30 ~ 250 nm. The high level of agglomeration is observed, and powder particles are in very close contact and even fused together. Large distribution of agglomeration has an adverse influence on the sintering characteristics such as grain growth and densification rate [86]. The obtained (b) (a) (a) doped precursors exhibit aggregated structure by evaporation co-precipitation. The raw materials AMT is prone to moisture absorption and caking, which results in the formation of agglomerates during drying. This occurrence is attributed to the free water molecules drawing the neighboring particles by hydrogen bonds.

Fig. 1 .

 1 Fig.1.15 (a) SEM images of precursors by evaporation precipitation method: (a) W-1 wt. % La2O3 powders; (b) W-1 wt. % Y2O3 powders.
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 4 Conclusion of S-S, S-L and L-L methodsHigh-energy ball milling of mixed powders of pure W and oxide particles is an efficient method for fabricating ultrafine doped W powders. The prolonged milling may (a) (b)

Fig. 1 .Fig. 1 .

 11 Fig.1.16 (a) Dilatometric test results of milled W powder sintering with different nanosize powder additions; (b) Influence of nanosize W additions on relative density (RD) and temperature corresponding to maximal sintering rate; (c) Microstructure of sintered sample with 20 % additions. Wang et al. [99] fabricated Al2O3 dispersion-strengthened W alloys by hydrothermal method combined with CPS. The sintering was conducted at 2350 °C for 8 h. The relationship between RD and Al2O3 contents is shown in Fig.1.17. After
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 1231 Fig.1.18 RD of the sintered alloys with various chemical compositions.(2) Description of SPS SPS is a pressure-assisted pulsed-current process in which the powder samples are loaded in an electrically conducting die and sintered under a uniaxial pressure. The powders are put into the graphite mould, and then sintered by applying pressure and pulse electric direct current. Fig.1.19 illustrates the SPS mechanisms, process advantages and innovative aspects[START_REF] Suárez | Challenges and opportunities for spark plasma sintering: a key technology for a new generation of materials[END_REF]. The moulds provide a limit of pressure approximately 120 MPa.
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 1 Fig.1.20 Process set-up of SPS.

Fig. 1 .

 1 Fig.1.21a, respectively), due to the segregated impurities (such as O, C, and N) in GBs and the reduced cohesion. Fig.1.21b shows that the holes and cracks disappear at GBs of the W-1 wt. % Nb-1 wt. % TiC. The relative densities of the two alloys after sintering are 86.01 % and 89.63 %, respectively. Their ultimate tensile strength tested at 500 °C is 126 MPa and 245 MPa, respectively. The results show that the RD and tensile properties of composites can be improved by adding Nb in W-TiC alloy.

Fig. 1 .

 1 Fig.1.21 Tensile fracture surface of (a) W-1 wt. % TiC alloy, and (b) W-1 wt. % Nb-1 wt. % TiC alloy.

Fig. 1 .

 1 Fig.1.22 Schematic of HIP system.

Fig. 1 .FigFig. 1 .

 11 Fig.1.23 Microstructures of (a) pre-sintered W sample, and (b) W sample after HIP. Noto et al. [108] developed TiO2 dispersion-strengthened W (DS-W-Ti) alloys by MA combined with pre-sintering, followed by HIP. The HIP was carried out at 1750 °C for 1.5 h at 186 MPa. In the microstructure of DS-W-Ti alloy, TiO2 particles were dispersed at GBs in the W alloy. The average size of the W grains was 1.2 μm. It indicates that the dispersed TiO2 particles and fine W grains can be obtained by the proposed process. Byun et al. [109] investigated the microstructure of pure W by pre-sintering of SPS at 1400 -1600 °C for 10 mins at 50 MPa and final HIP at 1650 °C for 2 h at 150MPa. Fig.1.24 shows tensile fracture surfaces. In the case of the specimen sintered at 1400 °C, there is no particular difference in the microstructure after HIP, which can be explained as the presence of open pores. After HIP at 1500 °C and 1600 °C, the specimen has a reduced porosity and a typical intergranular fracture, as shown in Fig.1.24(c -f).

  conduction. In MAS, the whole sample absorbs microwave energy and is heated up by volumetric heating, which can reduce processing time and save energy. Fig.1.25 
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 1 Fig.1.25 Diagram of microwave sintering.
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 1 Fig.1.26 Microstructural images of sintering samples by (a) CPS, and (b) MAS.
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 1 Fig.1.27 Effect of heating mode on the RD and densification parameters. Prabhu et al. [113] investigated the effects of high-energy milling on the pure W elaborated by MAS. The raw W powders with average size of 11.36 μm were milled to
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 1 Fig.1.28 Comparison of SEM images of sintered samples from (a) raw W powder and (b) milled W powder.

Y2O3 alloys exhibit higherFig. 1 .Fig. 1 .

 11 Fig.1.29 Elongation of different W-1 wt. % Y2O3 alloys in the tensile tests at various temperatures

Fig. 1 .

 1 Fig.1.31 Tensile behaviors of pure W, WZ, WZC, and WZZC alloys. Miao et al. [119] fabricated the W-0.5 wt. % TaC alloys and W-0.5 wt. % Ta-0.01 wt. % C alloys via a combination of high-energy ball milling, followed by SPS. The SPS was carried out at 1800 °C for 2 mins at 60 MPa. The engineering stress-strain curves of the two alloys at various temperatures are presented in Fig.1.32. W-0.5 wt. % TaC alloy shows a typical brittle fracture at 500 °C with a strength of 315 MPa. The TE of W-0.5 wt. % TaC alloy increases up to 40.0 % at 600 °C as shown in Fig.1.32a. The W-0.5 wt. % Ta-0.01 wt. % C alloy exhibits simultaneously high strength and ductility at 400 °C, the UTS is ∼ 565 MPa and the elongation to failure is as large as ∼ 54.0 %, as shown in Fig.1.32b.

Fig. 1 .

 1 Fig.1.32 (a) Tensile behavior of W-5 wt. % TaC alloys, and (b) W-5 wt. % Ta-1 wt. % C alloys at various temperatures from 300 °C to 700 °C.

  only takes the coupled effect of strain hardening, strain rate hardening and thermal-softening into account, but also, it expresses the relationship between stress and strain (ε) by introducing a quadratic expression of strain[START_REF] Sagar | Effect of johnson-cook material model constants on predicted chip morphology and forces in FE simulations of machining operation for 93% WHA alloy[END_REF]. It can predict the flow stress more accurately compared to JC model. Zhu et al.[START_REF] Zhu | The dynamical mechanical properties of tungsten under compression at working temperature range of divertors[END_REF] used JC model and MJC model to describe the dynamical mechanical behavior of W alloy in different strain rate and various temperature, respectively. The comparison with the experimental data shows that the MJC model is more efficient to explain the deformation behavior of W-based material at high temperature.ZA model was proposed based on the dislocation mechanism[START_REF] Wang | A comparative study of several constitutive models for powder metallurgy tungsten at elevated temperature[END_REF]. Though it is quite accurate in predicting flows stress of metal with the structure of body centred cube, it does not consider the coupling effects of strain hardening, temperature softening and strain rate hardening.Compared to ZA model, the MZA model was proposed to consider the coupled effects of (ε, 𝜀, T). The MZA model exhibits a better predicable accuracy compared to ZA. Scapin et al.[START_REF] Scapin | Mechanical characterization and modeling of the heavy tungsten alloy IT180[END_REF] conducted the compression tests on the WHA IT180. They used the ZA and MZA models to describe the flow stress behavior at different strain rates and temperatures. Compared to ZA model, the MZA model shows the lowest error values over the entire range of temperatures (25 -1000 °C) and strain rates (10 -3 -10 3 s -1 ).The Arrhenius model is most widely used to describe the relationship between the strain rate, temperature and flow stress, especially at high temperature. This relationship can be represented by Zener-Hollomon parameter in an exponent-type equation. It does not consider the effect of strain on the flow stress during deformation. It is reported that during hot deformation of W alloy, the strain significantly affects the flow stress. It will lead to the change of the material constants in Arrhenius model. In order to give more accurate prediction, the Arrhenius model with strain compensation (straincompensation Arrhenius model) can be proposed. In strain-compensation Arrhenius model, higher order polynomial fitting is applied to characterize the material parameters to improve the accuracy of modeling[START_REF] Richou | Recrystallization at high temperature of two tungsten materials complying with the ITER specifications[END_REF].Li et al.[START_REF] Li | Flow behavior and processing map for hot deformation of W-1.5 ZrO2 alloy[END_REF] fabricated the W-1.5 wt. % ZrO2 alloy by L-L method combined with powder metallurgy method. The sintering of W alloy was carried out at 2700 °C, followed by swaging process at 1500 °C. They established a strain-compensation Arrhenius equation to predict the relationship between stress and strain based on the flow stress data in the temperature range of 25 ~ 1100 °C at different strain rates. Based on the comparison between the predicted and experimental values, it indicates that the established model has an excellent ability to predict the mechanical material behavior of W-1.5 wt. % ZrO2 alloy.Wang et al.[START_REF] Wang | A comparative study of several constitutive models for powder metallurgy tungsten at elevated temperature[END_REF] performed static compression tests on pure W at different temperature (1250 °C ~ 1550 °C) under various strain rate (10 -2 s -1 to 1 s -1 ). JC, MJC, ZA, MZA and strain-compensation Arrhenius models were retained to predict the physical behavior of pure W. Based on the prediction accuracy, it concluded that the strain-compensation Arrhenius model is most accurate compared to the other four models. Sharma et al.[START_REF] Sharma | Constitutive modelling and processing map analysis of tungsten heavy alloy (92.5 W-5.25 Ni-2.25 Fe) at elevated temperatures[END_REF] established the MJC, MZA and strain-compensation Arrhenius models to predict the stress of 92.5 wt. % W-5.25 wt. % Ni-2.25 wt. % Fe alloy, respectively. As concluded previously, the strain-compensation Arrhenius model exhibits better accuracy than the other models.

  Kanerva et al.[START_REF] Kanerva | Plastic deformation of powder metallurgy tungsten alloy foils for satellite enclosures[END_REF] investigated the plastic deformation of sintered WHA foils with the thickness of 100 μm. The tensile tests were performed at 23.2 °C under the displacement rate of 1.0 mm/min. The behavior of the materials was studied by full three -dimensional (3-D) models. Three models (ideal plastic, ideal plastic with four yield points and JC model) were considered in the finite element simulation. The results showed that JC model was adapted to describe the performance of WHA.Smooth particle hydrodynamics (SPH) method has been greatly attractive in simulating the dynamic response of material such as fracture and fragmentation. Cheng et al. [137] used the SPH model to simulate the fragmentation characteristics of W alloy projectile jacket. In their study, the efficiency of the SPH model was confirmed by experimental results. Zhao et al. [138] investigated the dynamic response of W alloy during the impact process. The finite element method was performed in the simulation with the JC thermal viscoplastic constitutive model. The results were compared with the experimental observations, which confirmed the reliability of the selected methodology. The macroscopic simulation can well predict the mechanical deformation of the composite materials. It is difficult to reveal the interface evolution, strengthening mechanism, damage in microscale of the composite materials. The effective properties and damage mechanism of PRMMCs are strongly dependent on the properties of matrix, particles, interface, and the microstructure of the composites. Various two -dimensional (2-D) and 3-D representative finite element models have been developed to estimate the effects of microstructural features of PRMMCs to optimize their mechanical properties. Zhan et al. [135] used a rate-dependent peridynamic model to analyze the mechanical properties and the failure mechanisms of SiC particle reinforced Al (Al-SiC) composites. In this model, the JC model was applied to study the effects of nonlinear strain rate on the performance of the Al matrix. The effects of SiC particle volume fraction on the fracture behavior were investigated, as shown in Fig.1.33. These snapshots were obtained during the deformation of the composites with different particle content (12.5 %, 17.5 % and 22.5 %) in strain rate of 15000 s -1 and 25000 s -1 .

Fig. 1 . 1 .

 11 Fig.1.33 Models of Al-SiC alloy with different volume fractions of SiC particle. Williams et al. [139] studied the effects of particle / matrix interface debonding in Al-SiC composites. Different microstructures containing angular and idealized ellipsoidal SiC particles were analyzed. Fig.1.34 shows the models for the comparison of stress in composites with perfect and debonding interface. During plastic deformation, an isotropic matrix hardening model was introduced to describe their

Fig. 1 .

 1 Fig.1.34 Comparison of stress in matrix of angular and ellipsoidal composites with (a) perfect interface, and (b) debonding interface. Zhang et al. [140] investigated the effects of particles' aspect ratio on the deformation of Al-SiC composite by using microscale models. The representative volume element (RVE) based microscale model of the composites with different particle aspect ratio is shown in Fig.1.35. An elastoplastic model was employed to describe the relation between the stress and the plastic strain of the Al matrix [141].

Fig. 1 .

 1 Fig.1.35 RVE-based microscale models of the 17 vol. % Al-SiC with different aspect ratios of SiC particles: (a) 1; (b) 2.5; (c) 4.

  doped W powder by L-L method, especially, on precursor morphology, synthesis mechanism, phase composition and physical characteristics. The deeper investigations on ZrO2 dispersion-strengthening W and WHA alloys in terms of ZrO2 doping amount, sintering process, strengthening mechanism and mechanical properties are still lacking.In current research, the ultrafine oxide particles dispersion-strengthened W alloys were fabricated by L-L method. L-L doping technique was applied to fabricate Zr(Y)O2 dispersion-strengthening W alloys and WHA [WHA-Zr(Y)O2].

1 . 9 . 2 contents 1 . 2 . 3 .

 192123 agglomeration into flaky structure. The size and distribution of doped W powder and doping phase in doped powder and alloy were compared. Using hydrothermal process can obtain fine and uniform doped W powder. Secondly, an innovative process, CHM combined with SPS and HIP, was applied to fabricate W-Zr(Y)O2 alloys. WHA-Zr(Y)O2 was prepared based on the W-Zr(Y)O2, Ni and Fe powders by ball milling. The effects of sintering process parameters and Zr(Y)O2 content on microstructure and properties of the materials were studied. Finally, the researches on constitutive behavior and numerical simulation were carried out to describe the mechanical properties of W-Zr(Y)O2 alloy. These researches would provide scientific knowledge for preparing high-performance oxide particle reinforced W alloy. Research Research on the influence of different L-L doping method on morphology, phase evaluation, and physical characteristics of doped W powders As the original solutions containing different pH values can generate different reaction products, different L-L doping processes, such as composite hydrothermal, one-step hydrothermal, azeotropic distillation and sol-gel methods, were proposed to synthesize the doped precursor. The morphology, synthesis mechanism, phase composition and reduced physical characteristics of doped precursor and reduced W powder were investigated and compared. Microstructure and properties of Z(Y)O2 particle strengthened W and WHA alloys fabricated by CPS, SPS and HIP The composite hydrothermal synthesis and mechanical alloying of the doped powders combined with different sintering processes (CPS, HIP, and SPS) were used to fabricate the W-Zr(Y)O2 and WHA-Zr(Y)O2 alloys. The effects of sintering process parameters, Zr(Y)O2 content on the microstructure and mechanical properties of the materials were analysed. The compression, tensile and bending tests at room and high temperature were carried out to investigate the mechanical properties of innovated W alloys. Physical modelling of mechanical constitutive behavior of particle reinforced W alloys and multi-scale numerical simulation The constitutive behavior laws were proposed to describe the mechanical properties of particle reinforced W alloys. The parameters of the behavior laws were identified by the compression tests. The multi-scale numerical models were established. The model in macroscale was used to investigate the compression deformation behaviors of W-Zr(Y)O2 alloy. The model in microscale was used to investigate the effects of Zr(Y)O2 particle contents and size on the mechanical properties of W-Zr(Y)O2 alloy.

Fig. 1 .

 1 Fig.1.36 Scheme of the research work developed in the thesis.

Fig. 1 .

 1 Fig.1.36 shows the scheme of the research work, including the powder preparation, sintering process and numerical simulation, associated with the corresponded characterization methods.

1 .

 1 The main scientific issue of W-based materials for various applications is presented in detail. The thermal stress causes cracks in the materials due to their low ductility. The recrystallization at high temperature leads to grain growth and decrease of mechanical properties. Thermal load caused by the irradiation would increase DBTT of W materials and reduce the recrystallization temperature.The main strengthening processes of W-based materials are summarized, including solid solution strengthened, oxide particles dispersion-strengthened and carbide particles dispersion-strengthened. The alloying elements can improve the ductility and fracture toughness at low temperature. The metastable fine-grained structures are prone to recrystallization at high temperature. Oxide particle can improve the ductility and reduce DBTT at low temperature.2. The main preparation methods of doped W powder are introduced, including S-S doping, S-L doping and L-L doping methods. High-energy ball milling is an efficient method for fabricating ultrafine doped W powders. But it introduces detrimental contaminants, inhomogeneous distribution of oxide dispersion particles and high internal stress. S-L method with insoluble APT powder and soluble metal salts is used to prepare doped W powder. APT powder is slightly soluble, which results in the reaction occurring only on the surface of APT powder particles. The doped W powder aggregates and causes the heterogeneous distribution of oxide particles in doped W powders. L-L method involving molecular-level doping is employed to prepare doped W powder and alloy with uniformly distributed and nanosized oxide particle.3. Four sintering processes, such as CPS, SPS, HIP, MAS, are described in detail.The microstructural characteristic and mechanical properties of the alloys fabricated by these processes are presented. CPS is adapted for mass production of W based-materials in engineering applications. The obtained RD is lower. SPS and HIP can apply the pressure and elevated temperature simultaneously. SPS possesses a shortening process cycle due to the high heating rate. HIP accelerates the densification of powder, while it causes grain growth. MAS possesses the advantages of rapid heating rate and short sintering time, which are beneficial to inhibiting the grain growth. Higher heating rate causes material cracking due to the excessive thermal stress.4. The mechanical properties of CDS / ODS-W alloys fabricated by L-L, S-L and S-S methods are investigated at high temperature. The ultimate tensile strength and elongation of current ODS/CDS-W alloys are illustrated. As a conclusion, L-L method is more suitable to prepare higher tensile strengths and elongations of ODS-W alloys than L-S and S-S methods.5. Different constitutive models, such as JC, MJC, ZA, MZA and straincompensation Arrhenius model are analysed. The prediction efficiency of these models is presented, which demonstrates strain-compensation Arrhenius model exhibits higher prediction accuracy.6. The simulations of compression tests of particle reinforced materials in macroscale and microscale are presented. The content of Zr(Y)O2 particles, associated with their dimension and morphology affect the deformation of reinforced W alloys.

Fig. 2

 2 Fig.2.1 (a) Evaluation of temperature vs. time and (b) Precursors obtained by CHM.

2. 3 . 2 HMFig. 2 . 2

 3222 Fig.2.2 Evaluation of temperature vs. time of HM

  Fig.2.3 (a) Schematic diagram of apparatus used in ZM and SM; (b) Synthesis processes of precursors by ZM and SM.The doped W-Zr(Y)O2 precursors were synthesized by above L-L doping processes. By CHM and HM, the precursor with uniform morphology and homogeneous composition were synthesized. By ZM, the aggregated precursor powder was transformed into flaky structure. The precursor by SM still exhibits high-degree aggregation structure. In order to reveal the effects of precursor on the reduced doped powder, the precursors were dried at 90 °C and calcined at 600 °C for 4 h in a muffle

  2.4. The pressure of 250 MPa was applied for 30 mins to obtain a cylindrical billet with a dimension of Φ 20 × 30 mm [65]. The pressure and holding time of CIP were adapted with the employed equipment. The CPS processes for preparing the W-Zr(Y)O2 and W-4.9 Ni-2.1 Fe-Zr(Y)O2 alloys are shown in Fig.2.5a and Fig.2.5b, respectively. The green-compacted billets of the W-Zr(Y)O2 and W-4.9 Ni-2.1 Fe-Zr(Y)O2 alloys were respectively sintered at 2400 °C for 4 h and 1250 °C for 1 h [163, 164].

Fig. 2 .Fig. 2 . 5

 225 Fig.2.4 (a) Cold isostatic press equipment; (b) Main characteristics of equipment.

1 Fig. 2 . 6

 126 Fig.2.6a and Fig.2.6b.

Fig. 2 . 7

 27 Fig.2.7 Imposed kinetics parameters of SPS process of W-Zr(Y)O2 alloy.

Fig. 2 .

 2 Fig.2.8 (a) X-ray diffraction analyser; (b) Schematic diagram of X-ray diffraction.

  the particle size distribution (PSD) of powder, as shown in Fig.2.10a. The characteristics of the equipment are summarized in Fig.2.10b. The powder of 3 g was placed into a beaker with 10 mL absolute ethanol. It was vibrated by ultrasonic waves for 30 mins until the powders were completely dispersed. The liquid suspension of W particles entered the sample flow chamber through the wet sample feeder. The laser beam passed through the particles and diffraction rings were formed on the detector due to different diffraction angles. The frequency distribution curve and cumulative W-0.25 % Zr(Y)O2 powder are is illustrated in Fig.2.11. The frequency distribution curve indicates the relationship of the particle size with its volume frequency[START_REF] Li | Particle size distribution control and related properties improvements of tungsten powders by fluidized bed jet milling[END_REF], showing that the curve is unimodal with a state of normal distribution. dx (x = 10, 20, …, 100) corresponds to the particle size when the cumulative percentage reaches x %.

Fig. 2 . 30 Fig. 2 . 3 )

 23023 Fig.2.10 (a) Description of Laser diffraction particle size analyser, and (b) Main characteristics of the equipment. In Fig.2.11, the PSD slope S w was calculated from the granulometric analysis results as expressed by Eq. (2-2) [170]:

Fig. 2 .

 2 Fig.2.12b. The measurement principal is based on the physical adsorption of gas molecules on a solid surface. It serves as the basis for an important analysis technique for the measurement of the specific surface area of materials.

Fig. 2 .

 2 Fig.2.12 (a) Powder specific surface area tester; (b) Main characteristics of equipment.

  Fig.2.13 (a) Description of ONH Analyser and (b) its main characteristics.

Fig. 2 .

 2 Fig.2.14 (a) Description of TGA-DSC analyser; (b) Main characteristics of the equipment.

Fig. 2 .

 2 Fig.2.15 Method for holding the test specimen when weighing in water.

2. 5 . 8 Fig. 2 .

 582 Fig.2.17 (a) Instron 5967 testing system; (b) Main characteristics of the equipment; (c) Dimension of tensile testing specimen (all units are in mm).

Fig. 2 .

 2 Fig.2.18 (a) AG-I250 kN electronic universal tester; (b) main characteristics of equipment; (c) Dimension of room-temperature compression testing specimen.

Chapter 2 .

 2 Materials and methods84The size of cylindrical sample is Φ 6 × 10 mm, as shown in Fig.2.19d. In the experiment, the high-temperature compression tests of W-0.25 wt. % Zr(Y)O2 alloy

Fig. 2 .Case ( 4 )Fig. 2 .

 242 Fig.2.19 (a) Gleeble-1500D systems; (b) Hot compression test equipment in the thermomechanical simulator; (c) Main characteristics of equipment; (d) Dimension of high-temperature compression testing specimen.Case (3) Room-and high-temperature bending testsThe three-point bending tests of W-based materials were carried out at various temperatures from 27 °C to 300 °C by an Instron Eletropuls E10000 equipment, in accordance with the ASTM D790 as shown in Fig.2.20a[START_REF] Jeannin | About the fatigue endurance of unidirectional flax-epoxy composite laminates[END_REF]. Their characteristics are summarized in Fig.2.20b. The size of the test specimen is shown in Fig.2.20c. The indenter is pressed at a constant speed of 0.03 mm/min until the maximum deformation

Fig. 2 .Fig. 2 .

 22 Fig.2.22 shows the schematic of SHPB tests. In the SHPB test, the impact by the striker generates an elastic pulse in the input bar that propagates towards the specimen. When the incident wave reaches the bar-specimen interface, a portion of the wave is transmitted into the output bar through the specimen. Strain gauges are mounted approximately in the middle of the bars to record these waves through the Wheatstone half bridge circuits, as shown in Fig.2.22a. To avoid the indentation into the steel bars caused by the W alloy specimens, a pair of cylindrical WC inserts is sandwiched between the bars and the specimen. A pair of strain gauges, forming part of a Wheatstone half bridge circuit, is mounted on the opposite surfaces of specimens (Fig.2.22b) to directly measure the strain history in the specimen. The strain signal of the Hopkinson bar and the output signal of the sensor are collected and processed based

Fig. 2 .

 2 [START_REF] Coenen | Materials for DEMO and reactor applications-boundary conditions and new concepts[END_REF] shows the flow diagram for determining all parameters in constitutive equation. The identification method for the material constants (α, n, Q, and A) of this model is explained as follows:In the first step, the logarithm of Arrhenius model equations is taken. According to the values of stress and strain rate in four temperatures, the evolutions of lnε̇ versus (a) (b) lnσ and lnε̇ versus σ are obtained. n1 and β are the average slope values of four fitting lines. α can be calculated by β / n1.In the second step, according to the values of stresses and strain rates in four temperatures, the evolution of lnε̇ versus ln[sinh(ασ)] was established. n is the average slope value of fitting lines. Based on the temperature and stress under three strain rates, (1000 / T) -ln[sinh(ασ)] is calculated. b is equal to the average slope value of three fitting lines. Q is calculated by Rnb, where R is the universal gas constant.In the third step, the exponential equation of Zener-Hollomon parameter (Z) is applied. According to the values of Z and stresses at four temperatures with three strain rates, the evolution of lnZ versus ln[sinh(ασ)] is established. The value of ln A is obtained by the interception of the fitting lines.

Fig. 2 . 2 . 6 . 2 Case ( 1 )

 22621 Fig.2.23 Flow diagram for determining all parameters in constitutive equation.

The 2 -

 2 D plane stress model is simplified with the real microstructure of particle reinforced composites. A modeled 3-D using the actual microstructure is proposed. The REV 3-D model is Φ5 × 8 μm, is representative with the microstructure real sample (provided by the SEM analysis). The radius values of Zr(Y)O2 particle are calculated by the volume fraction of particles.
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 26921245933944 D axisymmetric compression model in macro scale is summarized to simulate the compression process with the deformation behavior of the reinforced W alloy at 1673 K under a strain rate of 0.01 s -1 .5. 2-D plane and 3-D microscale models are introduced to achieve the multi-particle simulation to investigate the influence of grid size, particles mass fraction, particle size and distribution More details for the research work will be presented in the following chapters. Innovative liquid-liquid doping process for preparing precursors is proposed. The existence forms and reaction mechanisms of polytungstate ions in aqueous solutions are investigated.3. Synthesis mechanisms are investigated in detail for explaining the formation of precursor. Reaction mechanisms for synthesizing cubic ZrO2 in ternary liquid system are discussed. CHM is most suitable to prepare W alloy with smaller W grain, Zr(Y)O2 particle and better mechanical properties.The precursor W-Zr(Y)O2 powders with different morphologies and phase compositions are synthesized through HM, CHM, SM and ZM, respectively. The reinforced W alloys are obtained through calcination and continuous reduction combined with CPS. Their physical characteristics, including morphology, particle size and distribution of doped phase and W phase are investigated in detail.Research on the effect of liquid-The mechanical properties of W materials are determined mainly by the quality of powders[START_REF] He | Effect of rare earth element cerium on preparation of tungsten powders[END_REF][START_REF] Li | Particle size distribution control and related properties improvements of tungsten powders by fluidized bed jet milling[END_REF][START_REF] Wang | Properties evolution of additive manufacture used tungsten powders prepared by radio frequency induction plasma[END_REF][START_REF] Raj | Effect of WO3 powder particle shape, size and bulk density, on the grain size and grain size distribution of tungsten metal powder[END_REF][START_REF] Mamen | Experimental and numerical analysis of the particle size effect on the densification behaviour of metal injection moulded tungsten parts during sintering[END_REF]. To meet the design specifications of PFMS, the excellent performances of the doped W powder are highly required (e.g., morphology, particle size and distribution of doped phase and W phase)[START_REF] Gai | Particle shape modification and related property improvements[END_REF].In previous years, L-L methods involving molecular-level doping are developed to prepare W powder[64, 86, 87, 89-91, 156, 181]. The principal problems during the preparation of W powders are high agglomeration, low fluidity, large and uneven distribution of doped particles. These problems affect the microstructure and properties of the doped W powder and the sintered alloy[START_REF] Liu | Nanostructured yttria dispersion-strengthened tungsten synthesized by sol-gel method[END_REF][START_REF] Zhao | Thermal shock behavior of W-0.5 wt% Y2O3 alloy prepared via a novel chemical method[END_REF][START_REF] Xu | Preparation of La2O3 doped ultra-fine W powders by hydrothermal-hydrogen reduction process[END_REF].Four L-L doping methods are proposed in this research, such as hydrothermal (denoted as HM), composite hydrothermal (denoted as CHM), sol-gel (denoted as SM) and azeotropic distillation (denoted as ZM) for synthesis of doped W powders. The doped hexagonal (NH4)0.33WO3•H2O, APT and AMT powders are synthesized according to different polytungstate species existed in aqueous solutions with different acidities[START_REF] Macinnis | The impact of solvent extraction and ion exchange on the hydrometallurgy of tungsten and molybdenum[END_REF][START_REF] Xiao | Microstructure and mechanical properties of W-ZrO2 alloys by different preparation techniques[END_REF]. The synthesis mechanisms of the different precursor powders containing W and Zr phases are investigated in detail. This chapter is structured as follows: In Section 3.1, the current problems during the preparation of oxide particle doped W powder involving molecular-level doping techniques are introduced; In Section 3.2, the reaction mechanisms of L-L doping are investigated by analyzing the existence forms and reaction mechanisms of polytungstate ions in aqueous solutions; In Section 3.3, after calcination and reduction processes, the phase morphologies and compositions of powder are analyzed; In section microstructure and properties of alloys are investigated; In Section 3.5, the influence of different eloboration processes on the oxide distribution and precursor morphology are studied; The main results are concluded in Section 3.6.

  , M. A. Yar, et al. prepared La2O3 and Y2O3 doped W powder by adding La(NO3)3 and Y(NO3)3 soluble into ammonium paratungstate APT. After sintering, their prepared alloys possess greater La2O3 particles and the heterogeneous distribution of Y2O3 particles. In our previous experiment, the proper amount of ammonia was added into the mixed solution of ZrOCl2•8H2O, YCl3•6H2O and (NH4)6H2W12O40•xH2O at room temperature. Due to the 95 higher reaction rate between (Zr 4+ , Y 3+ ) and OH -, the formed composite sol zirconiumyttrium hydroxide [ZrY(OH)x] would result in larger Zr(Y)O2 particle among sintered alloys.
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 31 Fig.3.1 Schematic diagram of polytungstate species.
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 3233 Fig.3.2 Morphologies and phase compositions of precursors synthesized by different L-L doping processes: (a) HM; (b) CHM; (c, d) SM; (e) ZM with alcohol used as azeotrope dispersant; (f) ZM with alcohol and n-butyl alcohol used as azeotrope dispersants
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 399323 Fig.3.3 XRD patterns of four precursor powders.
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 3435 Fig.3.4 Microstructural characterization of different doped powders reduced at 900 °C for 2 h: (a) HM-doped powder; (b) CHM-reduced powder; (c) SM-reduced powder; (d) ZM-reduced powder; (e) Particle size distribution of four doped powders; (f) EDX spectrum corresponding to the selected area A in Fig.3.4 c.

Chapter 3 .

 3 3.8a, the grain boundaries of SM-and ZM-alloys have formed metallurgical face-contacts and possess obvious pores compared to those Research on the effect of liquid-liquid doping processes on the doped powders and microstructures of W-Zr(Y)O2 alloys 103 in CHM-alloy. As shown in Fig.3.7a, numerous dense grain areas are observed because
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 3510436 Fig.3.5 Compressive fracture and etched microstructural images of HM-alloy at room temperature: (a) Fracture and (b) etched microstructural images.

Fig. 3 . 7

 37 Fig.3.7 Compressive fracture and etched microstructural images of SM-alloy at room temperature: (a) Fracture and (b) etched microstructural images.

Fig. 3 . 8

 38 Fig.3.8 Compressive fracture and etched microstructural images of ZM-alloy at room temperature: (a) Fracture and (b) etched microstructural images. TEM and SAEDP observations were carried out to investigate the crystal structure of Zr(Y)O2 in the four alloys (Fig.3.9). As shown in Fig.3.9(a, b, d), under TEM observation, the particle sizes of Zr(Y)O2 in the HM-, CHM-and ZM-alloys are in the

Fig. 3 .

 3 Fig.3.9 TEM images and SAEDP of the three W-Zr(Y)O2 alloys: (a) HM-alloy; (b) CHM-alloy; (c) SM-alloy and (d) ZM-alloy. The crystal structure of Zr(Y)O2 particles in alloys would result from the Zr(Y)O2 particles in doped powders prepared through L-L doping processes. The XRD patterns of four doped W powders with 5.0 wt. % Zr(Y)O2 were obtained after reduction at 900 °C for 2 h (Fig.3.10). Detailed examination reveals a weak peak at 30°, followed by three diffraction peaks at 2θ = 35°, 50° and 59°. No obvious peaks are found on both

Fig. 3 .

 3 Fig.3.10 XRD patterns of four composite powders with 5.0 % Zr(Y)O2 reduced at

108 Fig. 3 .

 1083 Fig.3.11 TEM (a, b) images of precursor powders synthesized by sol-gel method.

  [START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF][START_REF] Dong | The simultaneous improvements of strength and ductility in W-Y2O3 alloy obtained via an alkaline hydrothermal method and subsequent low temperature sintering[END_REF][START_REF] Wang | Evolution of microstructure and texture in a warm-rolled yttria dispersion-strengthened tungsten plate during annealing in the temperature range between 1200° C and 1350° C[END_REF][START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF].(NH4)6H2W12O40•xH2O = (H2W12O40) 6-+ 6NH4 + + xH2O[START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF][START_REF] Dong | The simultaneous improvements of strength and ductility in W-Y2O3 alloy obtained via an alkaline hydrothermal method and subsequent low temperature sintering[END_REF][START_REF] Wang | Evolution of microstructure and texture in a warm-rolled yttria dispersion-strengthened tungsten plate during annealing in the temperature range between 1200° C and 1350° C[END_REF][START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF] At the beginning of reaction, WO3•nH2O is firstly formed through the hydrothermal reaction of (H2W12O40)6-and H + [Eq.[START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF][START_REF] Dong | The simultaneous improvements of strength and ductility in W-Y2O3 alloy obtained via an alkaline hydrothermal method and subsequent low temperature sintering[END_REF][START_REF] Wang | Evolution of microstructure and texture in a warm-rolled yttria dispersion-strengthened tungsten plate during annealing in the temperature range between 1200° C and 1350° C[END_REF][START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF][START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF].(H2W12O40) 6-+ 6H + + 32H2O = 12(H2WO4•2H2O) (3-7)The overall reaction was given in the Eq.[START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF][START_REF] Dong | The simultaneous improvements of strength and ductility in W-Y2O3 alloy obtained via an alkaline hydrothermal method and subsequent low temperature sintering[END_REF][START_REF] Wang | Evolution of microstructure and texture in a warm-rolled yttria dispersion-strengthened tungsten plate during annealing in the temperature range between 1200° C and 1350° C[END_REF][START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF][START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF][START_REF] Liu | Eliminating bimodal structures of W-Y2O3 composite nanopowders synthesized by wet chemical method via controlling reaction conditions[END_REF].(NH4)6H2W12O40•xH2O + 6HNO3 = 6NH4NO3 + 12WO3•nH2O↓ + (8-x) H2O (3is formed from the layers of highly distorted corner-sharing WO5(H2O)

Fig. 3 .Chapter 3 .

 33 Fig.3.12 (a) TEM images of the precursor powders synthesized through hydrothermal method; (b) Schematic diagram of the synthesis of nanoplate precursor.In this structure, W atoms are bound to six oxygen atoms in an octahedral coordination. Each oxygen atom is shared by two octahedrons, which are arranged in layers. This finding indicates that numerous hexagonal and trigonal tunnels are distributed in the [001] crystal direction. These rings usually stack by sharing the axial oxygen in the c axis [001] and form hexagonal prism (Fig.3.12). During nucleation, these primary precipitated crystals from the crystal cell can be generated as a regular hexagonal prism. In the hydrothermal reaction system, the presence of a certain

Fig. 3 .

 3 Fig.3.13 (a) The role of organic molecular chains with respect to the dehydration process of gravel-like doped AMT to flaky doped AMT; (b) Schematic flowchart of preventing from agglomerating during azeotropic distillation dehydration.
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 61 The precursor W-Zr(Y)O2 powders with different morphologies and phase compositions are synthesized by L-L doping process. The doped alloys are obtained (a) (b)
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 454 Compressive strength and strain of W-0.25 wt. % Zr(Y)O2 alloy by HIP reach 1577 MPa and 0.262, respectively. DBTTs of W-0.25 wt. % Zr(Y)O2 alloy by SPS and HIP are between 550 ~ 600 °C and 250 ~ 300 °C, which are lower than pure W. The W-Zr(Y)O2 alloys are fabricated by using non-conventional sintering processes: SPS and HIP, with the powders elaborated by the previous innovative process (L-L method). The nanosized Zr(Y)O2 particles are uniformly dispersed in W matrix to optimize the mechanical and thermal properties. Research on preparation process for the in situ nanosized Zr(
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 4 Research on preparation process for the in situ nanosized Zr(-L doping technique is expected to produce high-quality doped W powders and alloys. This chapter is structured as follows: In Section 4.1, the current problems during the preparation of oxide particle doped W powder involving molecular-level doping techniques are introduced; In Section 4.2, the morphology and phase evolution of doped precursor doped hexagonal (NH4)0.33WO3•H2O from CHM during calcination and reduction processes are investigated; In Section 4.3, the microstructure of W-0.25 wt. %Zr(Y)O2 alloy sintered by SPS at various temperature is studied and compared. The tensile properties of W-Zr(Y)O2 alloy tested in the range of 500 ~ 700 °C are carried out. In section 4.4, the microstructure and mechanical properties of W alloy with different mass fraction of Zr(Y)O2 particles sintered by HIP are investigated and then compared with those in the state-of-the-art. In Section 4.5, the main results are concluded.
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 4 Research on preparation process for the in situ nanosized Zr(

  5 wt. % Zr(Y)O2 by CHM (CHM0.5) calcined at 400 ~ 500 °C, in inert Ar atmosphere, was studied. The calcined powders were hereafter abbreviated as CP samples in Fig.4.1b. When heated to 400 °C, although the NH3 and H2O release, the α-HATB structure does not change, indicating that there are still some NH3 molecules in the hexagonal channels. When heated to 430 °C, the peak intensity of α-HATB at about 15° decreases. Meanwhile, the m-WO3 occurs. When calcined at 470 °C , the peak intensities of α-HATB continue to decline. Up to 500 °C, the α-HATB has almost completely disappeared and the powder mainly consists of m-WO3. It's worth noting that during phase evolution, α-HATB directly transforms into monoclinic m-WO3 without the formation of intermediate phase h-WO3. It indicates that NH4 + or NH3 in the hexagonal channels are indispensable for stabilizing the hexagonal structure.

Chapter 4 .Fig. 4 .

 44 Fig.4.1 (a) TGA and DSC curves of the decomposition of the CHM0.5 precursor powder; (b) XRD patterns of doped powder after calcination for 2h.

(Chapter 4 .

 4 NH4)0.06WO3•(H2O)0.11 (PDF#15 -0217) and (NH4)0.42WO3•H2O (PDF# 42 -0451).When the temperature increases to 550 °C, the weaker intensities of W20O58 peaks indicate that a tiny amount of β-HATB powder transform into W20O58 powder. When heated to 650 °C, the patterns of powder significantly have changed compared to the Research on preparation process for the in situ nanosized Zr(. β-HATB and W20O58 phases are disappeared. The powder mainly consists of WO2.0 and W phase. Three peaks of W phase can be observed at 40.26° (110), 58.27°[START_REF] Clark | An NMR study of ionic motion in ammonium tungsten bronze[END_REF] and73.19° (211) corresponding to the α-W phase (PDF#04 -0806). This finding indicates that the nucleation and growth of WO2.0 and α-W phases from the precursor occur at reduction temperature of 550 ~ 650 °C. Detailed examination shows that there are three weak diffraction peaks at 35.59° (004), at 43.97° (211) and 69.7° (321), respectively. All these peaks correspond to β-W phase (PDF#47 -1319). Hu et al.[START_REF] Hua | Effect of yttrium doping on the formation and stability of β-tungsten powder[END_REF] reported that the β-W phase transformed into α-W at 520 ~ 625 °C.It indicates that in this current research, the transformation temperature of β-W into α-W increases, which may be due to the addition of containing (Zr, Y) phase.

Fig. 4 .Chapter 4 .

 44 Fig.4.2 (a) XRD patterns of CHM0.5 powders reduced at 550 ~ 750 °C for 1.5 h and (b) XRD patterns of CHM0.5 powders reduced at 800 ~ 950 °C for 2 h. When heating the doped powder to 750 °C, the WO2 peaks become weaker, whereas peaks of the α-W become stronger. Up to 800 °C , the WO2 completely disappears and the powder consists of the α-W phase as shown Fig.4.2 b. The peak intensities of the α-W phase are still weaker compared to powders reduced at 850 °C and 900 °C . With heated to 900 °C, the peak intensities of the α-W powder remain almost unchanged compared with those of the powder reduced at 950 °C, indicating that the doped powder reduced at 900 °C has complete crystallinity. As a result of the above analysis as listed in Table4.1, α-HATB is reduced to W in the range of 500 ~ 900 °C through the reduction sequences of α-HATB→ β-HATB→W29O58→WO2→(β-W) α-W. It's worth noting that among these phase transitions, the phase transitions of HATB→WO2.9 and

  the CHM0.5 powder obtained by different reduction processes at varying temperatures from 550 °C to 800 °C are shown in Fig.4.3 (a-c) and d).

Fig. 4 . 3 Chapter 4 .Fig. 4 .

 4344 Fig.4.3 Change of particle morphologies of CHM0.5 powders obtained by different reduction processes at varying temperatures: (a) 550 °C; (b) 650 °C; (c) 750 °C; (d) 800 °C.
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 4345 1 -4-5), i.e., α-HATB→β-HATB, β-HATB→W29O58, W29O58→WO2, WO2→WO2(OH)2 and WO2(OH)2→W. 10WO3(s) + H2(g) → 10WO2.9(s) + H2O(g) (4-1)10WO2.9(s) + 9H2(g) → 10WO2(s) + 9H2O(g) (4-2)WO2(s) + 2H2(g) → W(s) + 2H2O(g) (4Chapter Research on preparation process for the in situ nanosized Zr(Inthe first three intermediate phase transformations at low reduction temperatures, the powder composition and W atomic position have almost not changed, leading to the slightly difference in powder morphologies. Due to continuous increase in temperature, H2O vapor reacts with WO2 to form volatile WO2(OH)2 (Eq. 4-4), leading to the occurrence of CVT process. Through short-range CVT, the W atoms from WO2 deposit on the neighbour oxide particles. The growth rate of W powder particles depends on the concentration of WO2(OH)2 and CVT rate, which are affected by the H2

Fig. 4 .Chapter 4 .

 44 Fig.4.4 XRD patterns of five doped powders after reduction at 900 °C for 2 h.As the tiny amount of Zr(Y)O2 (less than 0.75 %) was doped in powders, no diffraction peaks of containing (Zr, Y) phases can be found. Thus, 5 wt. % Zr(Y)O2
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 454 Fig.4.5 Microstructural characterization of doped W powders: (a) Pure W; (b) W-0.25 wt. % Zr(Y)O2; (c) W-0.5 wt. % Zr(Y)O2; (d) W-0.75 wt. % Zr(Y)O2; (e) EDX pattern of the nanosized substance of red arrow A; (f) Mean particle size and crystalline size vs. Zr(Y)O2 contents.

  Fig.4.6(b-d).
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 4644 Fig.4.6 Elemental distributions of the W-0.75 wt. % Zr(Y)O2 powder.
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 24484 Fig.4.8 PSDs of W-Zr(Y)O2 powders with different Zr(Y)O2 contents: (a) 0; (b) 0.25 % Zr(Y)O2; (c) 0.5 % Zr(Y)O2; (d) 0.75 % Zr(Y)O2.
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 441283 Fig.4.9 PSD parameters of four W-Zr(Y)O2 powders: (a) Particle sizes at the different cumulative volume percentage vs. Zr(Y)O2 content and (b) Distribution slope parameter, coefficient of uniformity and span value vs. Zr(Y)O2 contents.

Fig. 4 .

 4 Fig.4.10 Microstructure of alloys produced by different SPS processes under various final temperatures: (a) 1800 °C for 5 mins; (b) 1900 °C for 5 mins; (c) 2000 °C for 5 mins; (d) 2100 °C for 5 mins.

Fig. 4 .

 4 Fig.4.10a shows the plenty of necks and interconnected pores in the samples. After sintering at 1800 °C, through fracture surfaces, oxide particle cannot be obviously observed. After sintering at 1900 °C, the grain size slightly increases from 1.5 μm to 2.2 μm, which may result from the accelerated diffusion process due to the combined effects of higher pressure and high temperature. After sintering at 2000 °C, the grains

Fig. 4 .Chapter 4 .

 44 Fig.4.11 (a) Evolution of W grain, relative density and microhardness of alloys vs different sintering conditions; (b) PSD of Zr(Y)O2 in alloy; (c) TEM image of W alloy conducted of sintered alloy at 2000 °C; (d) HR-TEM image of Zr(Y)O2/W interface. The curves of grain size and relative density obtained by SPS with various final temperatures are plotted in Fig.4.11a. It is worth noting that in the etched microstructure, a lot of white particles are observed. These white particles are Zr(Y)O2 particles

Chapter 4 .

 4 Research on preparation process for the in situ nanosized Zr(Y)O2 particles dispersion-strengthened W alloy through synthesizing doped hexagonal (NH4)0.33• WO3 131

Fig. 4 .

 4 Fig.4.12 Microstructure of alloys reported in published references: (a, b) Powders prepared by a L-L method coupled with SPS[66, 115].

Chapter 4 .

 4 Research on preparation process for the in situ nanosized Zr(

particles exceed 2 4 .

 24 μm. Yar M.A. et al. [83] prepared the nanosized Y2O3 particle reinforced W alloy through S-L doping process, oxide particles are non-uniformly distributed into the W matrix due to the reaction occurred only at the surfaces of APT as shown in Fig.4.12d. In current research, the oxide particles in W alloy are 0.8 -10 times smaller than those in published alloys. A large number of the nanosized oxide Chapter Research on preparation process for the in situ nanosized Zr(within W grains. It indicates the proposed novel L-L doping process is the appropriate to reduce the particles size.

Fig. 4 .Chapter 4 .

 44 Fig.4.13 The mechanical properties of (a) pure W and (b) W-0.25 % Zr(Y)O2 alloy in tensile tests at different temperatures Ultimate tensile strength and elongation of W-0.25 % Zr(Y)O2 alloys are listed in Table4. 4. For the alloy, when the test temperature is 600 °C, the plastic deformation behavior appears. When pure W is subjected to tensile test at 600 °C, brittle fracture appears.The values of strength and deformation of pure W are lower than those of W-0.25 % Zr(Y)O2 alloy at the same temperature. DBTT of alloy is in the range of 500 °C and 600 °C, which is nearly 100 °C lower than that of pure W. It can be concluded that W-0.25 % Zr(Y)O2 can obviously reduce DBTT of pure W.
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 4441 Microstructure and properties of alloy sintered by HIP Microstructure of alloy

Fig. 4 .Chapter 4 .

 44 Fig.4.14 Microstructure of alloys: (a) Pure W; (b) W-0.25 wt. % Zr(Y)O2 (W0.25); (c) W-0.5 wt. % Zr(Y)O2 (W0.50); (d) W-0.75 wt. % Zr(Y)O2 (W0.75).

5 %Fig. 4 .Chapter 4 .

 544 Fig.4.15 (a) BSE image of W alloys with 0.5 wt. % Zr(Y)O2; (b) EDX spectrum on the white arrow in Fig.4.15a; (c) Particle size distribution of Zr(Y)O2 in W-0.5 wt. % Zr(Y)O2 alloy; (d) Oxide particle size vs. W alloys reinforced different particle contents.BSE image in Fig.4.15a reveals that few black particles are located at grain boundaries, which weaken the refinement effect. In contrast, most ultrafine Zr(Y)O2 particles are homogeneously distributed within the grains. These particles can generate,

Fig. 4 .

 4 Fig.4.15d. With the increasing of the doping amount, these Al2O3 particles agglomerate together and have poor bonding interface with their W matrix, leading to high porosity and weakness in mechanical properties. Li et al. [114] prepared W-2.0 wt. % ZrO2 by vertical sintering (2700 °C ) combined with the hot swaging process. Though sintering

  TEM was performed to characterize the microstructures of the prepared W-Zr(Y)O2 alloy. As shown in Fig.4.16(a, b), lots of nanosized oxide particles (marked by orange arrows) are in range of 25 -100 nm under TEM observation. Some nanosized particles tend to aggregate (Fig.4.16b). The SAEDP reveals that the Zr(Y)O2 particle exhibits a face-centered cubic (FCC) structure with a zone axis of [-112]. HR-TEM images show the lattice spacing of 2.9646 Å and 1.8152 Å in cubic ZrO2 phase. As ZrO2 phase without stabilizer is monoclinic structure at room temperature [221], the detection of cubic phase ZrO2 confirms the Y2O3 has a stabilizing effect on ZrO2 phase. The existence of stabilized cubic phase Zr(Y)O2 also indicates that the formation of micro-cracks caused by volume change due to ZrO2 phase transitions would be avoided during the alloy cooling to room temperature. SAEDP image from selected area (black box in Fig.4.16b) was identified as cubic α-W phase with a zone axis of [-113]. Dislocation lines and loops pointed by white arrows are also observed in W grains or around oxide particles. Fig.4.16c shows that the particles exhibit a good bonding with the W phase. The HR-TEM image also shows the presence of amorphous structure area in the interfaces with about 2 nm wide, which is caused by diffusion of containing-Zr phase into the W phase during high temperature sintering. The inset in Fig.4.16d shows Chapter 4. Research on preparation process for the in situ nanosized Zr(Y)O2 particles dispersion-strengthened W alloy through synthesizing doped hexagonal (NH4)0.33• WO3138 the magnified images of interface, from which, it can be seen that there is not coherent relation between W phase and oxide phase.

Fig. 4 .

 4 Fig.4.16 (a, b) TEM images of W alloy; (c) HR-TEM image of W alloy; (d) HR-TEM image of Zr(Y)O2/W interface.

Chapter 4 .

 4 Research on preparation process for the in situ nanosized Zr(the W matrix and then strengthen the W matrix, which contribute
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 4444 Fig.4.17 (a) Compressive stress-strain curves of W alloys with different Zr(Y)O2 contents; (b) Compressive strength; (c) Fracture strain of W-Zr(Y)O2 alloy in comparison with available literature data. The fracture surfaces of the fabricated W-0.25 % Zr(Y)O2 alloy are recorded in Fig.4.18, for studying compressive fracture behavior of the alloy. A mixed failure mode can be observed, including the W intergranular failure, W grain cleavage and W grain tearing. Secondary cracks indicating failure of W grains are also evidenced in Fig.4.18(a, c). Due to the limited pressure in alloy sintered by HIP, there are some pores in fracture surfaces. As shown in Fig.4.18a, a very low area fraction of the smooth intergranular failure can be observed around the pores. These pores may be partially responsible for the brittle cleavage. When alloy is subjected to load, pores would form the preexisting sources for cracks, eventually hindering the further improvement of mechanical strength and ductility. During deformation, the fracture mode mainly consists of transgranular fracture. In Fig.4.18b, which is the magnified image of the

Fig. 4 .Chapter 4 . 143 ( 3 )Fig. 4 .

 4414334 Fig.4.18 Fracture surfaces of W-0.25 % Zr(Y)O2 alloy.

Chapter 4 . 144 Fig. 4 .

 41444 Fig.4.20 shows the tensile fracture morphologies of pure W and W-0.25 % Zr(Y)O2 alloy at room temperature. At room temperature, pure W presents intergranular fracture morphology with a small amount of transgranular fracture. At 300 °C, the fracture becomes intergranular. This is consistent with the tensile curve in Fig.4.19. At 350 °C, the fracture morphology is transgranular. The increased transgranular fracture reflects an enhanced grain boundary strength. When the grain boundary strength is smaller than the grain strength, the material presents intergranular fracture, while, the material presents transgranular fracture when the grain boundary strength is larger than the grain strength[START_REF] Wang | Thermal stability and mechanical properties of HfC dispersion strengthened W alloys as plasma-facing components in fusion devices[END_REF].

Fig. 4 .( 4 )

 44 Fig.4.20 SEM image of the fracture surface of (a) pure W at room temperature and W-0.25 % Zr(Y)O2 alloy (b) at room temperature (c) at 300 °C (d) at 350 °C. (4) Compressive properties of W alloys tested at room temperature In the experiment, the high-temperature compression tests of W-0.25 wt. %Zr(Y)O2 alloy by HIP treatment were carried out at the temperature of 1373 K, 1473 K, 1573 K, and 1673 K under three strain rates of 10 -2 s -1 , 10 -1 s -1 , and 1 s -1 , respectively.The HIP was carried out at 1400 °C for 1 h at 200 MPa. The compression property of
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 4451451481 Fig.4.21 True stress-strain curves of the W-0.25 wt. % Zr(Y)O2 alloy at various strain rate with different temperatures: (a) 1373 K; (b) 1473 K; (c) 1573 K; (d) 1673 K

3 .

 3 The ultimate tensile strength of fabricated WHA-0.25 wt. % Zr(Y)O2 alloy reaches 906 MPa, higher than the values reported in the literature; 4. The ultimate compressive strength of WHA-0.50 wt. % Zr(Y)O2 is 1445 MPa at the strain rate of 10 -3 s -1 , and its strength value is higher than that of the alloy reported in the literature.The innovative W alloys are fabricated by uniformly dispersing the nanosized Zr(Y)O2 particles (obtained by L-L method) in the WHA. The mechanical properties of WHA are investigated with various mechanical solicitations (tensile, compressive and shear) from ambient to high temperature in large scale of strain rate. The characterization of their mechanical properties is employed to further research in the numerical modelling of the extreme application reinforced W alloys.

5 . 5 . 2

 552 This material is prepared by a hydrothermal method combined with MA. Nanosized Zr(Y)O2 dispersion-strengthened WHAs are elaborated by conventional solid-phase sintering and HIP. The uniaxial tensile and compressive properties of W alloy are estimated and the effects of Zr(Y)O2 on the microstructure and mechanical properties Chapter Uniform nanosized oxide particles dispersion strengthened WHA fabricated by involving L-L method 150 of the WHAs are analysed. The results are compared with the state-of-the-art to demonstrate the effectiveness of the proposed method. This chapter is structured as follows: In Section 5.1, the applications, research status and the current problems of WHAs alloy are introduced; In Section 5.2, microstructures of WHAs-Zr(Y)O2 are characterized by SEM, TEM / HR-TEM, and compared to state of the art; In Section 5.3, mechanical properties of WHA-Zr(Y)O2 alloys, including the tensile, quasi-static and dynamic compression, and bending properties, are investigated; The main results are concluded in Section 5.4. Microstructure and grain refinement in WHAs 5.2.1 Microstructure of WHAs The morphology of WHA0.75 powder produced by MA of W-Zr(Y)O2 powder with Ni and Fe powders is shown in Fig.5.1a. The microstructures of WHAs with different weight ratios of Zr(Y)O2 are shown in Fig.5.1(b-d). According to Fig.5.1b, spherical

Chapter 5 .

 5 Fig.5.1 SEM images of the microstructure of: (a) WHA0.75 powder; (b) WHA0 alloy; (c) and (d) WHA0.75 alloy at 500x and 5000x. The microstructure of WHA0.75 after quasi-static compressive loading at room temperature is characterized by TEM. As shown in Fig.5.2(a-c), oxide nanoparticles with prismatic and subspherical structure exhibit different particle size. In Fig.5.2a, it is observed that the prismatic particles surrounded by a black phase are approximately 200 nm in size. In Fig.5.2(b, c), the subspherical particles smaller than 50 nm are embedded in shallow phases consisting of Ni, Fe, and W, as described by EDX. White cubic nanocrystalline Zr(Y)O2 particles are detected in SAEDP in the inset of Fig.5.2a.

Chapter 5 .

 5 Fig.5.2c. Fig.5.2d illustrates a well-bonded interface between the W phase and Zr(Y)O2.
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 531 Fig.5.3 Microstructures of WHAs reinforced by ZrO2 particles: (a) W-Ni-ZrO2 [52]; (b) W-Ni-Fe-PSZ [67]; (c) W-Ni-Fe-ZrO2 [189]; (d) W-ZrO2 [115].
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 54 Fig.5.4 Schematic of microstructural development during WHAs fabrication.

5 .

 5 . In the present investigation, WHA-Zr(Y)O2 powders are prepared by MA of ultrafine W-Zr(Y)O2 powders with Ni and Fe powders. In the alloys, nanosized Zr(Y)O2 particles less than 200 nm are distributed on the surface of W particles. WHA-Zr(Y)O2 alloy exhibits a highly uniform nanoparticle distribution when compared to the alloys produced by other powder elaboration methods. This indicates that L-L doping and MA, when combined together, are highly effective to reduce the particle size in strengthened W alloys. ODS-WHA powders are prepared by doping WHA powders with oxide particles, which often leads to oxide particle agglomeration and growth at the grain boundaries. In current research, Ni and Fe powder particles are transformed into a liquid phase Chapter Uniform nanosized oxide particles dispersion strengthened WHA fabricated by involving L-L method 156 during HIP process, which allows the diffusion of only a small amount of W. Some Zr(Y)O2 particles at the grain boundaries of W powders are drawn into liquid phase and they are retained in the γ(Fe, Ni, and W) matrix. Most of the c-Zr(Y)O2 particles are distributed in W grains and only a small number of c-Zr(Y)O2 particles are distributed in the γ(Fe, Ni, and W) matrix.

Fig. 5 . 5

 55 Fig.5.5 Relationship between W grain size and oxide particle size in ODS-WHAs reported in the current and past studies.

1 Fig. 5 . 25 Chapter 5 .

 15255 Fig.5.6 (c-f) show the fracture surfaces of the failed tensile samples of 90 W-7 Ni-3 Fe (90 WHA) [237], 90 W-7 Ni-3 Fe-0.04 Y2O3 (90 WHA-0.04Y2O3) [237], and WHA0 and WHA0.25. As shown in Fig.5.6(c, d), W-W intergranular rupture is the dominant mode of fracture in 90 WHA. A few W grain transgranular fractures and pores are still observed in 90 WHA-0.04Y2O3. The strength of present WHA0 and WHA0.25 alloy is lower than that of the 90 WHA-0.04Y2O3 alloy, WHA0 and WHA0.25

Fig. 5 . 6

 56 Fig.5.6 Tensile properties and fracture surfaces of WHAs and ODS-WHAs described in the present work and literature: (a) Engineering stress-engineering strain curves of the fabricated WHAs; (b) Ultimate tensile strengths of WHAs and ODS-WHAs vs. their sintering temperature; (c) Fracture surface of 90 WHA [237]; (d) Fracture surface of 90 WHA-0.04 Y2O3 [237]; (e, f) Fracture surface of WHA0 and WHA0.25.
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 25 Fig.5.7 (a) Room temperature engineering stress-strain curves; (b) True stress-strain curves of WHAs. Compression tests were conducted at constant strain rate of 10 -3 s -1 .

  1.0 Al 2 O 3 at 10 -3 s -1[START_REF] Hu | Fabrication, characterization, and mechanical properties of 93W-4.9 Ni-2.1 Fe/95W-2.8 Ni-1.2 Fe-1Al2O3 heavy alloy composites[END_REF] 
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 55 Fig.5.8 (a) Room temperature true stress-strain curves of WHA0.50 generated during compression tests at different strain rates; (b) Comparison of the compressive true stress-strain curves of WHA0.50 with those of previously reported alloys.Based on the true stress-strain curves in Fig.5.7b, the WHA with 0.5 % Zr(Y)O2 exhibits best strengthening behavior among all the tested alloys. The ultimate compressive strength of WHA0.50 is 1445 MPa. The alloy samples are tested at different
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 59 Fig.5.9 Microstructure of WHA0.75 after compression tests at room temperature at strain rates of: (a) 10 -3 ; (b) 10 -2 ; (c) 10 -1 ; (d) 1 s -1 .

1 Fig. 5 .Fig. 5 .

 155 Fig.5.10 True stress-strain curve of WHA0.50 in dynamic compression tests.

Fig. 5 .Fig. 5 .Fig. 5 .

 555 Fig.5.12 shows axial cross-sectional microstructures of the samples after dynamic compression test. The microstructure of WHA0.75 is compared with the microstructure after HIP, which is shown in Fig.5.1c. When the strain rate is 500 s -1 , as shown in Fig.5.12a, the W grains are still spherical and embedded in the binder phase. There is no obvious deformation of the W grain. At 1500 s -1 , as shown in Fig.5.12b, the W grains begin to deform, indicating that the deformation of the binder phase cannot bear the overall deformation of the W alloy. At 2500 s -1 , as shown in Fig.5.12c, the W grains are obviously deformed. At 3000 s -1 , the strain increases from 0.325 to 0.489 with the decrease of stress, as shown in the green curve in Fig.5.10. This is due to the thermal softening occurred during the compression test under high strain rate. It is confirmed that the W particles are severely deformed along the direction of approximately 45° with the axial direction, as shown in Fig.5.12d.

Fig. 5 .

 5 Fig.5.13 Three-point bending curves of WHA0.50 alloy at different temperatures.

4 .

 4 The three-point bending properties of WHA0.50 alloys at 25 ~ 300 °C were effectuated to study their mechanical behavior at various temperature. The results at room temperature were consistent with the investigations in compression tests. The bending strength and fracture strain of the W alloy at room temperature is about 1530 MPa and 7.2 %. At 300 °C, the bending strength and fracture strain is 1190 MPa and 13The mechanical properties of the reinforced W alloys are usually affected by the strain, strain rate and temperature, etc. The identification of the mechanical behavior laws is important to predict the deformation of the materials under various loading conditions. The prediction of the mechanical behavior of the innovative reinforced W alloys is important to effectuate the simulation and optimization of the manufacturing process. The materials parameters in these behavior laws need to be identified according to the mechanical experimental data. The static mechanical tests in various temperatures, including tensile, compression, and bending could be carried out to get the stress-strain curves of materials.Xu et al.[START_REF] Xu | Thermomechanical behavior and constitutive modeling of tungsten-based composite over wide temperature and strain rate ranges[END_REF] proposed 4 constitutive models: JC, ZA, likelihood and Khan-Huang-Liang models to simulate the plastic deformation of 93 W-4.9 Ni-2.1 Fe alloy.

  Zhang et al.[START_REF] Zhang | An enhanced finite element model considering multi strengthening and damage mechanisms in particle reinforced metal matrix composites[END_REF] developed an enhanced material model of PRMMCs to take into account of load transfer, strain gradient and thermal residual stress/strain. Tensile behavior of 15 vol. % SiCp/2009Al composites with two particle sizes (5 and 13 μm) was simulated. The representative volume elements (RVEs) of SiCp/2009Al composite with random distributed SiCp were generated with the number of 2, 6, 11 and 20. The obtained results verified the excellent accuracy of the proposed model. The effect of the strengthening mechanism was quantitatively assessed by using this model. The strain gradient only generated higher work hardening rate for PRMMCs with smaller particles. Load transfer played a dominant role among other strengthening mechanisms. Zhang et al. [177] proposed the multi-particle model to analyze the dynamic mechanical properties of PRMMCs. The ceramic particles in the 2-D model were simulated as circles with different diameters, which were randomly and discontinuously embedded in the matrix. The Johnson-Holmquist damage model and the elastic model were used to describe the deformation behavior of the reinforced particles. The influence of reinforced particles was investigated with different volume fractions. Damage of the reinforced particles was observed in the composites reinforced with high particle volume fraction. In this research, the macroscale and microscale models of particles reinforced W alloy are established to investigate the mechanical properties of reinforced W alloys. The W-0.25 wt. % Zr(Y)O2 alloy exhibits the highest room-temperature and hightemperature compression properties as discussed in Chapter 5. The Arrhenius model was proposed to describe the mechanical behaviors of these W alloys. The model in macroscale was used to investigate the compression deformation behaviors of W-Zr(Y)O2 alloy at high temperature. The model in microscale was employed to investigate the effects of Zr(Y)O2 particle contents, size and distribution on the compression properties of W alloy.This chapter is structured as follows: In Section 6.2, the identification of constitutive behavior laws based on strain-compensation Arrhenius model is carried out;In section 6.3, the high-temperature compression model is established, and its macroscale numerical simulation is performed. In section 6.4, the 2-D and 3-D compression models in microscale are established, and their numerical simulations are carried out. The convergence of mesh size and the influences of particles mass fraction, size and distribution on the predicted results of mechanical properties of W-Zr(Y)O2

  ) Improved Arrhenius modelIn the improved Arrhenius model, the relationship among the strain rate (𝜀 ̇), stress (σ) and temperature ( 𝑇 ) is established. This model is identified based on the experimental tests of W-0.25 wt. % Zr(Y)O2 alloy carried out under the high temperature of 1373 K, 1473 K, 1573 K, and 1673 K at three strain rates of 10 -2 s -1 , 10 -

6 - 4 )Fig. 6 .Fig. 6 .

 6466 Fig.6.1 (a) lnσ -lnε̇ curves (b) σ -ln ɛ̇ curves in different temperatures.

Fig. 6 .

 6 Fig.6.3 lnZ -ln[sinh(ασ)] curves for the material in different temperatures.By substituting the values of the material constants, A, n, Q and α into Eq. (6-1), the relationship between strain rate and temperature of the W-0.25 wt. % Zr(Y)O2 alloy can be expressed as:

Fig. 6 . 4

 64 Fig.6.4 Relationship between the strain and material constants: (a) α; (b) n; (c) Q; (d) lnA.

Fig. 6 . 5 6 . 3 . 1

 65631 Fig.6.5 Comparison between the predicted and experimental flow stress at different the temperature: (a) 1373 K; (b) 1473 K; (c) 1573 K; (d) 1673 K.

Fig. 6 .

 6 Fig.6.6 2-D axisymmetric geometry model. The elastic-plastic model is employed to describe the mechanical behavior of the W alloys. The model is loaded with displacement load of 4.5 mm according to the experimental condition. The material parameters of the model are summarized in Table 6.2. The plastic deformation is retained based on the true stress-strain curve of W alloy in the experimental compression tests as shown in Fig.4.21d.

Fig. 6 . 7 Fig. 6 . 8

 6768 Fig.6.7 Stress evolution in 2D axisymmetic model in the (a) radial and (b) vertical direction.

  on the prediction results of compressive properties of particle strengthened W alloy at room temperature are investigated.

the same size ; - 186 - 6 . 4 . 1 . 3

 ;1866413 The input of the initial parameters: the size of the cell (𝛾 𝑚 2 ×H ), the radius value of the particle (𝛾 𝑧𝑟 ) and the volume fraction (𝑣 𝑧𝑟 ); -The calculation of the number of particles to reach the desired fraction; Randomly generation the coordinates of the sphere (x, y, z); -Verification of the interconnection; -The verification of the number of particles The mechanical properties of matrix and particles in W alloys The material parameters of pure W and Zr(Y)O2 used in the model are shown in

1 . 4 ( 1 )

 141 Boundary conditions of compression tests in the simulationThe coordinates of the circles are imported in Abaqus. The matrix and particles are merged together in the numerical model. The contact conditions between the matrix and circles are not taking into account in the simulation. The lower and upper tools are created as rigid body in the numerical model: one is placed on the top surface of the W alloy and the other one is placed on the bottom surface of the W alloy. The lower tool is fixed, while an imposed displacement of 1.3 μm is applied on the upper tool. The imposed displacement is calculated according to the sample height and strain in the experimental tests. The friction between the tools and W alloy is not considered in the simulation. The top and bottom surfaces of the W alloy are free to move in radial direction. The 2-D plane element of CPE4R is selected in the simulation. Validation of mesh size The objective of this section is to validate the mesh size and number used in the simulation. In this section, four different mesh sizes are carried out in the simulation of compression tests with 50 particles. The four mesh sizes are 0.025 μm, 0.05 μm, 0.1 μm and 0.3 μm, which correspond to 79090, 20317, 4978 and 1037 elements in the model, as shown in Fig.6.10.

Fig. 6 .Fig. 6 .

 66 Fig.6.10 2-D models with different mesh sizes: (a) 0.025 μm; (b) 0.05 μm; (c) 0.1 μm; (d) 0.3 μmThe stress-strain curves are obtained after the numerical simulation of the 2-D models with different mesh sizes, as shown in Fig.6.11. Before the yield point, the stress-strain curves obtained with different mesh size are absolutely coincide with each other, indicating that the mesh size exhibits no influence on the elastic properties of the material. After plastic deformation, the stress-strain curves are slightly different. It can be concluded that the mesh size affects slightly the calculation accuracy. In the following simulation, the 2-D models are meshed with the size of 0.1 μm.

Fig. 6 .Fig. 6 .

 66 Fig.6.12 2-D models embedded with 50 particles with different mass fraction of Zr(Y)O2: (a) 0; (b) 0.25 wt. %; (c) 0.50 wt. %; (d) 0.75 wt. The stress-strain curves are obtained after the numerical simulation of the 2-D models with different mass fraction, as shown in Fig.6.13. The ultimate compressive stress increases with the particle mass fraction. The reinforced material increases from 1061.0 MPa to 1238.2 MPa, when the particle mass fraction increases from 0 to 0.75 %. The compressive strength of reinforced alloy with 0.75 % Zr(Y)O2 in mass is 16.7 % higher than that of the undoped W alloy. The yield strength calculated by 2-D model also increases with the particle mass fraction. As the particle mass fraction increases from 0 % to 0.75 %, the yield strength increases from 410.43 MPa to 610.57 MPa.

5 .Fig. 6 . 25 Fig. 6 .

 56256 Fig.6.14 2-D models of W-0.25 wt. % Zr(Y)O2 alloy with different particle numbers: (a) 25; (b) 50; (c) 150; (d) 600. The stress-strain curves are obtained in the numerical simulation of the 2-D models with different particle numbers, as shown in Fig. 6.15a. The stress of the reinforced W alloys increases with the particle number.

Fig. 6 .Fig. 6 .

 66 Fig.6.[START_REF] Harms | Principles of fusion energy: an introduction to fusion energy for students of science and engineering[END_REF] shows the stress in the vertical direction of the W alloy with particles number of 25, 50, 150 and 600, imposed with the same displacement. It indicates that the number of particles or the particle size exhibits a great influence on the stress distribution of the reinforced W alloys. When the particles number is relatively small, as shown in Fig.6.16a, uneven particle distribution and large particle size lead to inhomogeneous stress distribution in the material. When the number of particles increases, as shown in Fig.6.16d, the stress distribution is more homogeneous with less stress concentration.

  ,

Fig. 6 .

 6 Fig.6.17 Stress distribution of the alloys with different particle aggregation: (a) 0.664; (b) 0.564; (c) 0.395; (d) 0.174.

Fig. 6 .( 1 )

 61 Fig.6.[START_REF] Hirai | ITER relevant high heat flux testing on plasma facing surfaces[END_REF] shows the stress-strain curves of the four cases with different particle aggregation. There is no obvious difference among them. It indicates that the simulation of these models is not sufficient to investigate the effect of particle aggregation. 3-D model is proposed to obtain more realistic simulation conditions.

Fig. 6 .Fig. 6 . 20 .Fig. 6 .

 66206 Fig.6.19 3-D models with different mesh size: (a) 0.3 μm; (b) 0.4 μm; (c) 0.6 μm; (d) 0.8 μm

( 2 )

 2 Zr(Y)O2 mass fraction The mass fraction of Zr(Y)O2 has a significant effect on the mechanical properties of reinforced W alloy. The effects of particle mass fraction on mechanical behaviors, including yield and compressive strength, are calculated by using the 3-D model. 3-D model with different particle mass fraction are created as shown in Fig.6.21. The particle number in each model is 50. The radius values of the particles are shown inTable 6. 4.

Fig. 6 .Fig. 6 .

 66 Fig.6.21 3-D models embedded with 50 particles with different mass fraction of Zr(Y)O2: (a) 0; (b) 0.25 wt. %; (c) 0.50 wt. %; (d) 0.75 wt. %
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 43651257711217 Fig.6.23 Effect of Zr(Y)O2 mass fraction on yield strength of reinforced alloy in numerical models and experimental investigations.

Chapter 7 . Conclusions and perspectives 204 3 . 4 . 5 .

 7345 The material models in the numerical simulation can be enriched by taking into account of the effects of interface characterization and real microstructure observed in SEM or X-ray micro tomography. The numerical simulation for the whole elaboration processes from powder preparation to sintering process will be performed to optimize the manufacturing process and improve the mechanical properties. The performance tests of W-Zr(Y)O2 alloys for fusion applications are required, such as the thermostability, thermal shock and deuterium ion irradiation resistance.Abstract:Oxide Dispersion Strengthened (ODS) materials based on tungsten (ODS-W) offer many advantages due to their excellent high temperature properties. These highperformance materials combine outstanding mechanical strength at high temperatures with excellent irradiation behaviour in nuclear applications. Zirconia stabilised with yttrium oxide (Zr(Y)O2) is chosen as a dopant to strengthen the W alloys. The powder was prepared by different synthesis routes by liquid phase precipitation sometimes combined with a mechano-synthesis step. Once the powder is obtained, the consolidation of the ODS-W materials is achieved by different sintering processes such as hot isostatic pressing (HIP) and/or sintering under load (SPS). The influence of doping and sintering process parameters on the evolution of the microstructures and mechanical properties of the alloys obtained has been studied. A behaviour law dedicated to these innovative alloys has been proposed and identified on the basis of data from the mechanical test experiments. Three comparative liquid-liquid extraction methods were deployed including hydrothermal, azeotropic distillation and sol-gel. The reaction mechanisms, the relationship between the precursor morphology and the alloy properties were investigated. In conclusion, the ODS-W alloy obtained by the hydrothermal method has the smallest particle size Zr(Y)O2 around the tungsten grains, the highest density and microhardness values. The effects of the amount of Zr(Y)O2 doping on the morphology and size of the W powders were investigated. Tungsten-based materials with different mass fractions of Zr(Y)O2 were consolidated by SPS and HIP. The analysis of Zr(Y)O2 particle size and distribution, grain size of ODS-W alloys, as well as the metal/oxide interface were performed. Based on the comparison with other W-based materials from the literature, the oxide particles obtained are smaller and more uniformly distributed in the W grains in the resulting alloy.
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  MPa at the temperature up to 800 °C. The W alloys are selected as the most potential PFMs in the literature. The tensile properties of carbon / oxide particle strengthening W alloys at various temperatures are summarized in Table1.1.

	tensile strength > 350	
		Plasma Facing Materials
	uncharged particle: Neutron
		Cooling
	Charged plasma: H + / He +	High-temperature plasma
		Structural materials
	Divertor	
		Functional materials

3. Alloy used as PFMs should possess excellent mechanical properties with a

Table 1

 1 

	.1 Tensile mechanical properties of oxide particle strengthening W alloys at	
			various temperature.			
	Materials (wt. %)	400 °C	Tensile strength (MPa) / Strain (%) 500 °C 600 °C 700 °C	800 °C	Refs.
	W-0.5 % HfC (hafnium carbide)	535.9 / -	444.2 / 21.9	394.2 / 49.6	369.0 / 42.4	365.8 / 30.3	[26]
	W-0.5 % TaC (tantalum carbide)	-	225.0 / -	371.0 / 40.0	379.0 / 36.3	-	[27]
	W-0.5 % ZrC (zirconium carbide)	-	572.0 / -	588.0 / 17.6	535.0 / 24.8	-	[28]
	W-0.5 % Y2O3 (yttrium oxide)	483 / -	404 / 10	376 / 11	-	-	[29]
	W-0.5 % ZrC-1 % Re (rhenium)	-	424 / 26	476 / 37	447 / 25	-	[30]

Table 1 .

 1 2 Microstructure and mechanical properties of carbon particles dispersionstrengthened W-based materials.

	Materials	Process	Grain size / µm	Particle size / µm	UTS / MPa (300 °C)	TE / %	Refs.
	W-1.0 wt. % TiC	PIM	0.2	-	900.0	1.9	[69]
	W-2.0 wt. % TaC	PIM	-	-	770.0	5.8	[69]
	W-5.0 vol. % WC	SPS	3.1	0.75	-	-	[43]
	W-0.5 wt. % ZrC	Powder Rolling	1.0	0.05	680.0	21.3	[41]
	W-0.5 wt. % HfC	Powder Rolling	~ 1.0	0.02	630.0	10.0	[3]

Table 1 .

 1 3 Advantages and disadvantages of MA process.

		For dry or wet grinding
		Non-pollution
	Advantages	Operating intermittently / continuously
		Grinding single or multiple materials
		Obtaining ultrafine powder
		Vibration and noise
	Disadvantages	Large energy consumption Introducing contamination
		Producing internal stress

Table 1

 1 

		.4 Preparation process, characteristic and microstructure of ODS-W alloys by	
	S-L doping process.					
	Materials (wt. %)	Raw materials	Reduction process Sintering process	W grain size / µm	Particle size / µm	Refs.
	W-1 % La2O3	APT / La(NO3)3	(800 -970 °C) / -	CPS 2600 -3000 °C	-	5.0 -20.0	[80]
	W-0.9 % La2O3 APT / La(NO3)3	800 ºC (6 h)	SPS 1400 °C / 3 mins	> 2.0	> 2.0	[82]
	W-1 % Y2O3	APT / Y(NO3)3	800 ºC (6 h)	SPS 1200 °C / 3 mins	5.0	Uneven distribution	[83]

Table 1 .5 The comparison of different L-L doping processes.

 1 

	L-L doping process	Reaction temperature	Precursor characteristic	Equipment cost	Degree of aggregation	Scale of production
	Hydrothermal synthesis	~ 200 °C	Uniform	Medium	Low	Medium
	Spray drying	~ 150 °C	Sphere / rod	High	High	Large
	Sol-gel	~ 100 °C	Angularity	Low	High	Large
	Evaporation co-precipitation	~ 100 °C	Aggregation	Low	Low	Large

1) Presentation of CPS

  

	Fig.1.16a), which can be confirmed by curves in Fig.1.16b. The maximal relative
	density is observed for the blend with additions of 20 -30 % nanoparticles. Maximal
	relative density is up to 0.97 % and observed with 20 % nanoparticles. Microstructure
	of sintered sample with 20 % at 1850 °C for 15 mins is shown in Fig.1.16c. It indicates
	that there are few equiaxed grains in alloy and the average size of W grains reaches 10
	μm.
	CPS consists to heat the pre-compacted green part in a high-temperature sintering
	furnace. It requires a slow heating rate (< 10 °C/min), a long holding time, and a high
	temperature according to the material. This convenient method is adapted for industrial
	production of W-based materials in engineering applications. The W sintering
	temperature by CPS reaches above 2350 °C for several hours. The density of the alloy
	is still lower.
	Tolochko et al. [98] investigated the dilatometric test results for the blends with
	10 %, 20 %, and 30 % of nanopowders and milled micro size W powders, as shown in
	Fig.1.16a. Maximal rate of sintering for W powders is observed at temperatures higher
	than 1600 °C (curve 1 in Fig.1.16a). The significant decrease of sintering temperature
	can be observed with the additions of nanopowders up to 30 % (curve 2, 3 and 4 in

Table 1 .

 1 [START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF] Advantages and disadvantages of SPS.

	Upper electrode				Oil pressure,
						Pneumatic system
	Thermocouple	Powder	Upper punch Die Lower	pulse generator	Direct current	Controller
			punch			
		Vacuum				Temperature
		Chamber				Pressure
						Vacuum
	Lower electrode				Longitudinal displacement

Table 1 .

 1 [START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF] Advantages and disadvantages of HIP.

		Gas inlet
		Cylindrical pressure vessel
		Thermal insulation
		Heater
		Powder or compact
		High density
	Advantages	Isotropic microstructure Low cost due to near net shape or net shape options
		Producing large and complex shapes
	Disadvantages	Difficult to control parts' tolerance Causing grain growth
	Antusch et al. [107] compared the microstructure and density of pre-sintered W
	samples with and without HIP. The microstructural images are shown in Fig.1.23. The
	pre-sintering was carried out at 1650 °C in dry H2 for 2 h. HIP was performed at 1600 °C
	under 250 MPa for 3 h. After pre-sintering, RD of the sample is 94.7 % with an average
	grain size of 3.5 μm. After HIP treatment, RD increases to 97.6 %. The grain size
	reaches 5 μm. It indicates that the HIP increases the grain growth and RD.

Table 1 .

 1 8 Advantages and disadvantages of MAS.

		High heating rate
		Reduction of sintering temperature
	Advantages	Reduction of sintering time
		Obtaining smaller grain
		Lower cost

Table 1 .

 1 [START_REF] Hu | Microstructure refinement in W-Y2O3 alloys via an improved hydrothermal synthesis method and low temperature sintering[END_REF] Microstructures and physical characteristics of ODS-W alloys obtained by various doping and sintering process.

	Doping process	Sintering process and parameters	Materials (wt. %)	W grain Size / μm	Particle size / μm	RD / %	Refs.
		SPS / 1900 °C / 5 mins / 30 MPa	W-6.0 % Al2O3	3.6	> 1.0	94.9	[66]
		SPS / 1800 °C / 5 mins / 50 MPa	W-2.5 % ZrO2	4.7	2.5	99.6	[115]
	L-L	CPS / 2700 °C / 5 mins	W-2.5 % ZrO2	40 -80	1.5	98.7	[114]
		MAS / 1500 °C / 30 mins / 2.45 GHz / 3 Kw	W-0.5 % Y2O3	0.7	0.01 -0.05	93.8	[116]
		CPS / 2350 °C / 8 h	W-1.0 % Al2O3	5.0	3.0	94.8	[99]
		CPS / (2600 -3000 °C) / unavailable	W-1.0 % La2O3	50.0	3.0	-	[80]
	S-L	SPS / 1400 °C / 3 mins / 75 MPa	W-0.9 % La2O3	-	2.0	94.0	[82]
		SPS / 1200 °C / 3 mins / 75 MPa	W-1.0 % Y2O3	2.3	Nanosize (uneven)	92.0	[83]
		HIP / 1300 °C / 2 h / 195 MPa	W-1.0 % La2O3	-	> 5.0	90.6	[50]
		SPS / 1800 °C / 2 mins / 50 MPa	W-1.0 % Y2O3	2.0 -50	> 1.0	99.0	[64]
	S-S	SPS / 1800 °C / 2 mins / 47.7 MPa	W-5.0 % HfO2	11.6	> 5.0	94.5	[60]
		MAS / 1500 °C / 30 mins / 2.45 GHz / 3 Kw	W-0.5 % Y2O3	0.7	0.05	96.8	[96]
		CPS / 2300 °C / 4 h + Swaging / 1600 °C	W-0.5 % Y2O3	4.7	3.0	99.3	[76]

Table 1 .

 1 [START_REF] Li | Microstructure characterization and properties of YSZ particles doped tungsten alloy prepared by liquid phase method[END_REF] Comparison of tensile strength and elongation of ODS-W alloys.

	Materials	Powder / Alloy process	400 °C UTS / MPa	TE / %	500 °C UTS / MPa	TE / %	600 °C UTS / MPa	TE / %	Refs.
	W-1.0 wt. % Y2O3	L-L / SPS S-S / SPS	572.0 472.0	11.2 3.0	522.0 538.0	16.8 3.6	478.0 430.0	15.2 8.8	[64]
	W-2.0 vol. % Y2O3		436.0	6.4	-	-	346.0	7.1	[117]
	W-1.0 wt. % Nd2O3 W-1.0 wt. % CeO2	S-L / SPS	--	--	260.0 301.0	13.8 8.0	290.0 225.0	13.9 12.8	[118]

  HM, ZM, SM, CPS, SPS, HIP are explained in detail; In Section 2.5, characterization methods, including SEM, EDX, XRD, TEM / HR-TEM, granulometric analysis, specific surface area analysis, oxygen content analysis, thermal analysis of

	powders, density analysis, micro-hardness measurement, and mechanical
	characterizations (compressive, tensile and bending at room and high temperatures) are
	reported; In Section 2.6, numerical approach dedicated to W reinforced materials, such
	as identification of mechanical behavior based on strain-compensation Arrhenius model,
	establishments of numerical simulations in macroscale and microscale, are
	demonstrated; the main results are concluded in Section 2.7.

2, the descriptions of raw materials, chemical composition of fabricated samples in current work are presented; In Sections 2.3 and 2.4, powders and alloys elaboration methods, such as CHM,

Table 2 .

 2 

	Samples	W	ZrO2	Y2O3
	H0	100.000	0.000	0.000
	H0.25	99.718	0.250	0.032
	H0.50	99.437	0.500	0.063
	H0.75	99.154	0.750	0.096
	H5.0	94.370	5.000	0.630
	(93 ~ x) wt. % W-4.9 wt. % Ni-2.1 wt. % Fe-x wt. % Zr(Y)O2 [W-4.9 Ni-2.1 Fe-

1 Chemical compositions of W-Zr(Y)O2 powders and alloys (wt. %). Zr(Y)O2] alloys were fabricated with the composition listed in Table

2

.2. This content of 93 W-4.9 Ni-2.1 Fe alloy is widely used to achieve the best mechanical properties, while the Ni to Fe ratio is typically maintained to 73 to avoid the formation of brittle

Table 2 .

 2 3. Based on Fig.2.11, S w and C u of the W-0.25 % Zr(Y)O2 powder are 4.95 and 2.30. According to Table 2.3, it can be concluded that the powder exhibits the narrower size distribution.

Table 2 .

 2 3 PSD characteristics according to the reference value of S w and C u .

	Reference symbols	Value	Characteristic
	S w	S w < 2 S w ≥ 2	Broader Narrower

Table 3 .

 3 

1 Polytungstate species in solutions containing different pH values

[START_REF] Xiao | Microstructure and mechanical properties of W-ZrO2 alloys by different preparation techniques[END_REF]

.

Table 3 .

 3 2 Characteristic parameters of the four kinds of powders.

	Powders	Mean particle	Oxygen	/	SSA /	dBET /	Span
	process	size / μm	ppm		m 2 /g	μm	value ψ
	HM	3.75	425		0.17	1.85 0.70
	CHM	2.37	513		0.22	1.73 0.61
	SM	6.21	378		0.23	1.35 0.92
	ZM	1.45	660		0.27	1.15 0.76

Table 3 .

 3 [START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF] Microstructure and mechanical properties of four alloys.

	Alloys	Grain / oxide particle size / μm	Density / g• cm -3 RD / %	Microhardness / HV
	HM-alloy	3.6 / 1.5	15.88	84.37	223
	CHM-alloy	3.25 / 0.7	17.32	92.1	433
	SM-alloy	3.2 / 2.1	15.53	82.5	295
	ZM-alloy	2.6 / 1.3	16.48	87.6	463

Research on preparation process for the in situ nanosized Zr(Y)O2 particles dispersion-strengthened W alloy through synthesizing doped hexagonal (NH4)0.33• WO3

  

	112 through calcination and continuous reduction. CHM is an appropriate method for elaboration high quality Zr(Y)O2 doped W powders. 2. CHM is employed to synthesize the loose precursor powder composed of h-(NH4)0.33WO3•H2O nanoplates. The synthesis mechanisms of these powders are investigated. The CHM reduced powder consists of multifaceted particles with a mean size of 2.37 μm and lowest span value ψ. Clustering of ZrO2 and Y2O3 phases contributes to the oxygen vacancies of zirconia lattice replaced by yttria oxide; 3. The microstructures of these doped alloys are analyzed. The alloy prepared by CHM exhibits the smallest size of W grains (3.25 µm ) and Zr(Y)O2 particles (0.75 µm). The best mechanical properties are obtained with the highest sintering densification (RD: 92.1 %) and highest microhardness. Highlights 1. Doped ultra-fine W powders with 75 % of the particles are less than 3 μm in size. 2. Average Zr(Y)O2 particles' size in W alloys by SPS is about 250 nm, which is 8 -Chapter 4. 113 10 times smaller than those in literature.

3. Extremely uniform nanosized Zr(Y)O2 dispersion-strengthened W alloys by HIP

were prepared with more than 90 % of particles in the range of 100 ~ 650 nm.

Table 4 .

 4 1 Characteristic parameters of CHM0.5 powder prepared through different reduction processes at varying temperature from 550 °C to 900 °C.

	Reduction temp.	500 °C	650 °C	750 °C 800 °C 850 °C	900 °C
	Composition	β-HATB	α-W, β-W, WO2	α-W WO2	α-W	α-W	α-W
	[d50] / μm	-	-	0.125	0.926	1.12	1.57
	Crystallite size / Å	218(3)	316(				

Table 4 .

 4 2 Characteristic parameters of doped powders reduced at 900 °C.

	Samp.	Crystallite sizes / Å	FWHM	SSA / m 2 •g -1	dBET / μm	d10 / μm	d25 / μm	d50 / μm	d75 / μm	d90 / μm	Fag
	CHM0 1404	0.134	0.235	1.32 1.37	1.09 2.76 4.53 6.52 2.09
	CHM0.25 1164	0.174	0.289	1.12 0.95	0.85 1.91 2.60 4.15 1.71
	CHM0.5 1065	0.176	0.213	1.46 0.81	1.05 1.57 2.52 3.32 1.08
	CHM0.75 1099	0.189	0.372	0.83 0.79	1.23 1.73 2.62 3.95 2.08

Table 4 .

 4 [START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF] Microstructure and mechanical properties of ODS-W alloys.

	Doping process	Sintering Process	Alloys	W grain size / μm	Oxide particle size / μm	Density (g• cm -3 ) / / RD (%)	Microhardne ss / Hv	Refs.
		SPS	W-6 vol. % Al2O3	3.64	> 1.0	-/ 94.96		347	[66]
	L-L	SPS	W-2.5 % ZrO2	4.65	2.5	-/ 99.6		480	[115]
		VD	W-2.5 wt. % ZrO2	40 -80	1.5	-/ 98.7		-	[114]
		VD	W-La2O3	50	3	-		-	[80]
	S-L	SPS	W-0.9 wt. % La2O3 -	2	17.8 / 94		406	[82]
		SPS	W-1.0 wt. % Y2O3	2.3	Nanosize	17.5 / 92		423	[83]
		HIP	W-1 % La2O3	-	> 5	18.9 / 90.6		-	[50]
	S-S	HIP	W-Ti-0.5 %Y2O3	2 -5	> 1.5	-		-	[76]
		SPS	W-5 % HfO2	11.6	> 5	-/ 94.5		440	[60]
		SPS	W-0.5 % Zr(Y)O2	4.67	0.25	18.44 / 96.7 472
	Proposed	HIP	W-0.5 % Zr(Y)O2	5.6	0.41	18.29 / 95.9 467
	process	HIP	92.25 W-4.9 Ni-2.1 Fe-0.75 ZrO2	15	0.15	17.49 99.48	/	442

Table 4 .

 4 

	4 Tensile properties of W-0.25 % Zr(Y)O2 alloys
	Materials	Test temp.	UTS / MPa	Elongation / %
	Pure W	600 °C 700 °C	-316	-2.08
		500 °C	-	-
	W-0.25 % Zr(Y)O2	600 °C 650 °C	421 376	2.31 3.95
		700 °C	352	4.10

Table 4 .

 4 [START_REF] Wang | Evolution of microstructure and texture in a warm-rolled yttria dispersion-strengthened tungsten plate during annealing in the temperature range between 1200° C and 1350° C[END_REF] Microstructure and mechanical properties of alloys.

	Sam.	Grain / oxide particle size / μm	Density / g• cm -3	RD / %	Vickers hardness / HV	Compressive strength (MPa) / fracture strain 25 °C 1200 °C
	Pure W	10.5 / -	18.238	94.5	378	1260 / 0.185	438.6 / -
	W0.25	6.5 / 0.31	18.281	95.3	456	1577 / 0.262	492.5 / -
	W0. 50	5.6 / 0.41	18.291	95.9	467	1420 / 0.223	533.7 / -
	W0.75	4.3 / 0.38	18.311	96.5	486	1350 / 0.215	516.1 / -

Table 4 .

 4 [START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF] Microstructures and properties of ODS-W alloys.

	Methods	Alloys (wt. %)	Process	W grain size / μm	Oxide particle size / μm	Density / (g• cm -3 ) / RD (%)	Microhardness / HV	Refs.
		W-1 % La2O3	HIP	-	> 5	18.9 / 90.6	-	[165]
		W-1 % Y2O3	CPS	4	1.4	-/ < 18.5	412.7	[25]
	MA	W-Ti-0.5 % Y2O3	HIP	2 -5	> 1	-	-	[76]
		W-1 % Y2O3-0.2 % Zr Swaging	4.7	0.1 -2	-/ 99.3	467	[222]
		W-5 % HfO2	SPS	11.6	> 5	-/ 94.5	440	[60]
		W-2.5 % ZrO2	SPS	4.65	2.5	-/ 99.6	480	[115]
	Hydrothermal	W-1.5 % ZrO2	Swaging	40 -80	1.5	-	-	[114]
	method	W-1 % Al2O3	CPS	3	> 2	-/ < 96.5	200	[99]
		W-6 vol. % Al2O3	SPS	3.64	> 1.0	-/ 94.96	347.39	[66]
	Proposed process	W-0.75 % Zr(Y)O2	HIP	4.3	0.38	18.31 / 96.5	486	

Table 4 .

 4 

	7 Tensile properties of W-0.25 % Zr(Y)O2 alloys
	Materials	Test temp.	UTS / MPa Elongation / %
	Pure W	350 °C 400 °C	-345.7	-1.68
		200 °C	-	-
		250 °C	334	-
	W-0.25 % Zr(Y)O2	300 °C	465	2.02
		350 °C	425	4.05
		400 °C	377	6.63

2.5 h) 99.5 ± 0.1 25 ± 2 0.25 ± 0.05 407 ± 10 Present 155

  

	WHA (wt. %)	Powder process	Sintering process	RD / %	Grain size / μm	Particle size / μm	Hardness / HV	Refs.
	W-Ni-ZrO2	MA	1500 °C (1 h)	93.5	~ 25	3 -5	333	[52]
	W-Ni-Fe-0.3 PSZ	MA	1480 °C (1 h)	-	18	0.8	-	[67]
	93 W-4.9 Ni-2.1 Fe-Zr(Y)O2	L-L	1520 °C (2.5 h) 99.2	28	0.5 -1	402	[189]
	W-2.5 % ZrO2	L-L	1800 °C (5 mins) 99.6	4.65	2.5	480	[115]
	W-Ni-Fe-1 Al2O3	Blending	1480 °C (2 h)	98.3	36.8	7	-	[65]
	W-Ni-Fe-xY2O3	MA	1850 °C (1 h)	99.1	19.5	0.6 -1.3	-	[238]
	W-Ni-Fe-Co-Y2O3	MA	1450 °C (1 h)	94.1	12	> 0.6	425	[248]
	94 W-4.56 Ni-1.14 Fe-Y2O3	MA	1485 °C (1 h)	99.0	15	0.65	-	[250]
	W-ODS alloys	L-L	SPS / HIP	< 99.9	< 10	1 -5	406 -480 [84]
	WHA0.75	L-L	1400 °C (					
							•8H2O	
	dissolves in strong acid solutions, it undergoes hydrolysis in aqueous solutions and Cl -	

Table 5 .

 5 [START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF] An extensive literature review of mechanical properties of WHAs in tensile.

	Alloys	Sintering process UTS / MPa Elongation / % Refs.
	92 W-5.6 Ni-2.4 Fe	1400 °C (-)	975	12	[264]
	90.5 W-7.1 Ni-1.65 Fe-0.5 Co-0.25 Mo 1460 °C (1.5 h)	608	2.0	[265]
	90 W-7 Ni-3 Fe	1460 °C (2 h)	650	5	[246]
	90 W-6 Ni-2 Fe-2 Co 90 W-6 Ni-2 Fe-2 Co	1470 °C (2 h)	682 816	4 0.7	[246]
	90 W-7 Ni-3 Fe		923	8.0	
	90 W-7 Ni-3 Fe-0.02 Y2O3		747	5.8	
	90 W-7 Ni-3 Fe-0.04 Y2O3	1480 °C (0.5 h)	1050	30.8	[237]
	90 W-7 Ni-3 Fe-0.06 Y2O3		788	2.6	
	90 W-7 Ni-3 Fe-0.08 Y2O3		708	2.4	
	93 W-4.9 Ni-2.1 Fe	1480 °C (2 h)	858	17	[256]
	93 W-4.9 Ni-2.1 Fe 95 W-2.8 Ni-1.2 Fe-1 Al2O3	1525 °C (1.5 h)	920 805	4.8 2.6	[65]
	92.5 W-6.4 Ni-1.1 Fe 92.5 W-6.4 Ni-1.1 Fe	1500 °C (0.33 h)	642 805	--	[266]
	92.6 W-4.98 Ni-2.4 Co	1540 °C (-)	860	8	[267]
	90 W-6 Ni-2 Fe-0.5 Co-1.5 Mo	1480 °C (2 h)	886	24	[268]
	93 W-4.9 Ni-2.1 Fe	1490 °C (2 h)	910	20	[269]

Table 5 .

 5 [START_REF] Dong | The simultaneous improvements of strength and ductility in W-Y2O3 alloy obtained via an alkaline hydrothermal method and subsequent low temperature sintering[END_REF] An extensive literature review of the compressive strength value of WHAs

	Alloys	Sintering process	Compressive strength / MPa	Refs.
	95 W-2.8 Ni-1.2 Fe-1 Al2O3 1525 °C (1.5 h)	1400	[65]
	93 W-5.6 Ni-1.4 Fe	1410 °C (-)	1380	[271]
	90 W-7 Ni-3 Fe	1490 °C (1 h)	1150	[160]
	WHA0.5	1400 °C (2 h)	1445	Present

Table 5 .

 5 5 Dynamic compressive properties of WHA0.50.

	Materials Strain rate (s -1 )	YS / MPa	UCS / MPa	Max. strain / %
		1500	1427 ± 1	1646 ± 1	0.236 ± 0.001
	WHA0.50	2000 2500	1532 ± 1 1573 ± 1	1705 ± 1 1727 ± 1	0.387 ± 0.001 0.487 ± 0.001
		3000	1644 ± 1	1810 ± 1	0.489 ± 0.001

Table 5 .

 5 The mechanical properties of the alloys were investigated in quasi-static tensile and compression tests at room temperature. The ultimate tensile strength of WHA0 and WHA0.25 alloys is 937 MPa and 906 MPa, which are higher than the most strength values in the literature;

		6 Three-point bending properties of WHA0.50 alloy
	Materials	Test temp.	Flexural stress / MPa	Flexural strain
		25 °C ± 0.1 °C	1530 ± 1	7.2 ± 0.05
	WHA0.50	100 °C ± 0.1 °C 200 °C ± 0.1 °C	1385 ± 1 1292 ± 1	8.1 ± 0.05 11.2 ± 0.05
		300 °C ± 0.1 °C	1190 ± 1	13.8 ± 0.05
	5. 4 Conclusions		
	1. Uniform nanosized Zr(Y)O2 particles dispersion-strengthened WHAs were
	fabricated by composite hydrothermal processing followed by MA and hot isostatic
	pressing. Zr(Y)O2 particles are well bonded with W phase. They are smaller than 200
	nm and distributed uniformly in W grains and binder phase. The size of Zr(Y)O2
	particles is much smaller than the values in the literature;	
	2.			

Table 6 .

 6 1 Fitting parameters of strain compensation Arrhenius model

	α / 10 -3	n	Q		lnA	
	A0 4.38	B0 -397.05	C0	61.83	D0	11.85
	A1 -11.40	B1 4639.34	C1	780.73	D1	-233.66
	A2 -41.67	B2 -23722.60	C2	52798.31	D2	6874.38
	A3 497.23	B3 61010.93	C3	-472133.00	D3	-49872.50
	A4 -1594.39	B4 -77576.40	C4	1608510.00	D4	158141.40
	A5 2225.90	B5 38869.61	C5	-2461810.00	D5	-233247.00
	A6 -1161.89	B6 -397.06	C6	1414360.00	D6	130896.20

Table 6 .

 6 

	2 Material parameters of elastic-plastic model identified at 1673 K used
		in numerical simulation
	Sample	W-0.25 wt. % Zr(Y)O2
	Strain rate	0.01 s -1
	Elastic modulus	7779.42 MPa
	Poisson's ratio	0.23 [287]
	Yield strength	116.69 MPa

  6.7b, the value of vertical stress in the top surface is almost equal, in the range of 400.5 ~ 401.8 MPa. It indicates that the vertical stress in the same surface does not change during the

	compression test.
	Based on Fig.6.8, the simulated peak stress is 392.8 MPa and the experimental peak
	stress is 404.6 MPa, the difference of them is 2.9 %. The simulated stress values were
	calculated by the reaction force. The curve obtained from simulation is in good
	agreement with that obtained from experiment, as shown in Fig.6.8. The AARE
	between simulated data and experimental data is 6.5 %, which shows that the ABAQUS
	model set in this section can well simulate the high-temperature compression
	experiment of W alloy. It indicates that the simulation results have good reliability and
	can meet the general practical engineering requirements.

Table 6 .

 6 [START_REF] Wang | The superior thermal stability and tensile properties of hot rolled W-HfC alloys[END_REF]. The elastic-plastic behavior law of full dense pure W based on the experimental data was used in the numerical simulation, associate with the pure elastic behavior law of Zr(Y)O2 particles.

Table 6 .

 6 3 Material parameters of pure W and Zr(Y)O2 used in the model[START_REF] Wang | Preparation, microstructure, and constitutive equation of W-0.25 wt% Al2O3 alloy[END_REF][START_REF] Li | Fabrication and mechanical properties of tungsten alloys reinforced with c-ZrO2 particles[END_REF] 

	Material parameters	pure W	Zr(Y)O2
	Elastic modulus / MPa•	9793.50	190000.00
	Yield strength / MPa	706.60	

Table 6 .

 6 [START_REF] Dong | The simultaneous improvements of strength and ductility in W-Y2O3 alloy obtained via an alkaline hydrothermal method and subsequent low temperature sintering[END_REF] The mass fraction and the radius values of Zr(Y)O2 particles in models with 50 particles

	𝑚 𝑧𝑟	0	0.25 % 0.5 %	0.75 %
	𝑣 𝑧𝑟	0	0.827	1.645	2.453
	𝛾 𝑧𝑟	0	0.184	0.231	0.265
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where G is the mean W grain size at time t, G 0 is the original average W grain size at the onset of coarsening, and K is the rate constant. In this study, MA is conducted to produce small W particles. Internal defects caused by the significant strain on these particles due to the high impact forces generated during ball milling serve as additional nucleation sites for strain-free grains and homogenize the grain size [START_REF] Kiran | High energy milling on tungsten powders[END_REF]. Fan et al. [START_REF] Fan | Thermal stability, grain growth and structure changes of mechanically alloyed W-Ni-Fe composite during annealing[END_REF] indicated that the powders obtained by MA affected the mechanism of sintering and contributed to fine W grains in heavy alloys.

The alloys listed in Table 5.2 exhibit large and coarse grains as the sintering temperature increased (> 1400 °C). As sintering is a diffusion-controlled process, alloys sintered at higher temperature exhibit higher sintering and coarsening rates [START_REF] Zhou | A strategy to achieve high-strength WNiFe composite-like alloys with low W content by laser melting deposition[END_REF]. 

3-D simulation in microscale of W-Zr(Y)O2 alloy

Previous studies show that 2-D model can predict the effects of particle size, mass fraction on the mechanical properties and stress distribution of the reinforced W alloy.

2-D model is not sufficient to describe the effects of particle reinforcement and the microstructure. 3-D model has been proposed to analyze the influence of particle size [START_REF] Zhang | A three-dimensional strain gradient plasticity analysis of particle size effect in composite materials[END_REF], volume fraction [START_REF] Viñuela | Elastic constants and isotropy considerations for Particulate Metal-Matrix Composites. A multi-particle, cell-based approach[END_REF], morphology [START_REF] Zhang | Simulation of anisotropic load transfer and stress distribution in SiCp/Al composites subjected to tensile loading[END_REF], distribution [START_REF] Abedini | Numerical simulation of the influence of particle clustering on tensile behavior of particle-reinforced composites[END_REF], interface damage [START_REF] Su | Composite structure modeling and mechanical behavior of particle reinforced metal matrix composites[END_REF], crack and void evolution [START_REF] Yang | In-situ X-ray computed tomography characterisation of 3D fracture evolution[END_REF] on the mechanical performance of composite [START_REF] Williams | Three dimensional (3D) microstructure-based modeling of interfacial decohesion in particle reinforced metal matrix composites[END_REF][START_REF] Abedini | Numerical simulation of the influence of particle clustering on tensile behavior of particle-reinforced composites[END_REF][START_REF] Su | Composite structure modeling and mechanical behavior of particle reinforced metal matrix composites[END_REF]. Compared with 2-D model, 3-D model is more realistic in the characterization of the microstructure.

Establishment of 3-D model

The cylindrical geometry model is 5 μm in diameter and 8 μm in height. The radius values of particle are calculated by Eq. [START_REF] Dong | Achieving high strength and ductility in ODS-W alloy by employing oxide @ W core-shell nanopowder as precursor[END_REF][START_REF] Dong | Synthesis of nanosized composite powders via a wet chemical process for sintering high performance W-Y2O3 alloy[END_REF][START_REF] Liu | Eliminating bimodal structures of W-Y2O3 composite nanopowders synthesized by wet chemical method via controlling reaction conditions[END_REF][START_REF] Hu | Microstructure refinement in W-Y2O3 alloys via an improved hydrothermal synthesis method and low temperature sintering[END_REF][START_REF] Li | Microstructure characterization and properties of YSZ particles doped tungsten alloy prepared by liquid phase method[END_REF][START_REF] Zhao | Effects of rolling reduction on microstructural evolution and mechanical properties of W-0.5 wt% ZrC alloys[END_REF][START_REF] Wang | Structure evolution of Y2O3 and consequent effects on mechanical properties of W-Y2O3 alloy prepared by ball milling and SPS[END_REF]. The calculated radius values of Zr(Y)O2 particle in 3-D models with 50 particles are listed in Table 6. 4, associated the material parameters defined in