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Abstract 
 

High temperature refractory metals such as tungsten (W) and molybdenum (Mo) are 

promising candidates for structural and armor materials in fusion reactor applications. However, 

these body centered cubic (BCC) materials are prone to brittleness caused by neutron 

irradiation hardening and recrystallization at high temperatures. This results in a critical 

drawback for these materials, as the ductile brittle transition temperature (DBTT) can shift to 

higher than 900 °C for W. The conventional methods used to improve toughness have not been 

sufficient to meet the design requirements, making it necessary to develop new toughening 

mechanisms that allow metals to maintain their toughness even under embrittlement conditions. 

The objective of this work is to develop metal matrix composites by reinforcing them with 

silicon carbide (SiC) based fibers. SiC's strength is stable even after irradiation, making it an 

ideal reinforcement material. The underlying mechanism is similar to that of fiber reinforced 

ceramic composites, relying on energy dissipation through debonding and friction at the 

fiber/matrix interface.  

Typically, long fiber reinforced composites consist of fiber, matrix and interface. 

Composites with various fiber architectures including unidirectional (UD) Hi-Nicalon type S 

SiC fiber, 2 dimension (2D) SiC fiber as well as SiC and W woven fiber were developed. For 

matrix, W powder, foils with various thicknesses of 0.05 mm and 0.08 mm, and Mo were used 

in this work. Furthermore, the candidate interfaces, advanced ceramics coatings, such as oxides 

(ZrO2, TiO2 and Er2O3), nitrides (ZrN and TiN), carbides (TiC and ZrC), also as diffusion 

barrier were evaluated by preparing SiC/diffusion barrier/metal joints using hot press in order 

to prevent the reaction between metals and SiC. All composites were fabricated by hot press. 

Moreover, the recrystallization behavior of foils used in composites were also investigated. 

The mechanical property of composite was evaluated by the tensile test at room temperature. 

Microscopic analysis was carried by scanning electron microscope (SEM).  

The results show the composites indeed show the pseudo ductile behavior except 

composites sintered at higher temperature (1900 °C) due to the strong interface between fiber 

and matrix caused by the reactions between SiC and W. Therefore, 1700 °C is the 

recommended sintering temperature to fabricate the SiC fiber reinforced W composites 

considering the balance between high density to obtain high strength and weak interface to 

acquire the pseudo ductility. In addition, the best composite in this work is that the 
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unidirectional SiC fiber reinforced W composite with 0.08 mm foil fabricated at 1700 °C 

showed the highest strength of 197 MPa and best pseudo-ductility, suggesting that composites 

with UD fiber show the higher mechanical property compared with that of the composites 

reinforced by 2D fiber in specified direction because half of fibers do not work during the 

tensile test in this work. The crack deflection and pull-out fiber can be viewed, supporting the 

main motivation of this thesis. Moreover, the thermal diffusivity and heat capacity were 

measured by laser flash analysis (LFA) and differential scanning calorimetry (DSC) 

respectively to calculate the thermal conductivity. The highest thermal conductivity is 

composite reinforced by 2D SiC/W fiber of 57.2 W/(m⋅K) in in-plane direction due to higher 

content of W, only slightly higher than 1700 °C sintered unidirectional fiber reinforced W 

composite with 0.08 mm foils of 55.6 W/(m⋅K). Therefore, the best composite in this work is 

1700 °C sintered unidirectional fiber reinforced W composite based on the result of mechanical 

and thermal properties. In addition, the best diffusion barrier from such candidates is Er2O3. 

But Er2O3 as interface in composite needs to be studied further. Based on the results in this 

work, it can be found that the brittle metals reinforced by ceramic fiber is an effective method 

to acquire the toughness under the temperature lower than DBTT for metal matrix. Besides, it 

can be assumed that composite with appropriate interface shows better mechanical property. 

In addition, it is expected that the pseudo-ductile behavior will be obtained even if metals are 

brittle caused by neutron irradiation in the reactor. 
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1.1 Introduction  

With the development of society and the advancement of science and technology, people's 

demand for energy is increasing. In the process of exploring new energy sources, solar energy and 

nuclear energy are considered to be the most promising new energy sources in the future and have 

received widespread attention from all over the world. In 1942, the world’s first reactor achieved 

a controlled release of nuclear fission energy, and since then mankind has entered the era of nuclear 

energy. The nuclear energy has fission energy and fusion energy. However, for fission energy used 

by mankind, there is a big trouble that is how to deal with the nuclear waste. Moreover, nuclear 

disasters occurred like Chernobyl and serious safety hazards such as the Fukushima nuclear power 

plant accident in Japan. Compared with nuclear fission power generation, nuclear fusion power 

generation has many advantages [1]. The first is that nuclear fusion releases much more energy 

than nuclear fission. The second is rich in resources and third is low cost. The fourth is safe and 

reliable. Because once the system is in trouble the nuclear reaction will stop automatically due to 

the reduce of temperature. Therefore, the accident happened in fission nuclear plant never 

happened in fusion reaction. Thus, once the controlled nuclear fusion energy can be used, it is the 

hope of mankind to finally solve the energy problem in the long run, it can be enjoyed by the world 

for hundreds of millions of years.  

  The controlled thermonuclear fusion energy is the ideal new energy which can solve 

mankind's future energy needs and protect the environment. Research about controlled nuclear 

fusion energy has gone through more than years of hard work and has made great achievements. 

The easiest way to achieve fusion energy is from the nuclear reactions based on hydrogen isotopes, 

however the conditions for fusion reactions are still very harsh. At present, there are many kinds 

of magnetic confinement devices designed, and the most feasible controllable nuclear fusion 

reaction device is the circulator, called tokamak, in which the charged particles (plasma) will be 

confined by the Lorentz force from the magnetic fields. 

  At present, the ITER (International Thermonuclear Experimental Reactor) program is 

currently one of the world’s largest major international scientific projects with the most funding 

and the most far-reaching impact, also used tokamak. Fig. 1.1 [2] is a schematic diagram of the 

device structure. However, in the development of new energy, materials are often one of the key 

factors restricting its success. Although the first wall material does not directly contact the plasma 
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of the fusion reaction, the environment where the first wall material is located is still very harsh 

and the working temperature can reach to 1000°C. Meanwhile it is also facing high heat load, 

plasma sputtering, and high-energy neutron irradiation, especially for the plasma facing materials 

(PFM). It is expected that the heat flux on the divertor is 10 MW/m2 in steady state and reach to 

20 MW/m2 in transient state [3], in addition to its good compatibility with plasma, high thermal 

shock resistance and high thermal conductivity. Besides, it must also consider the connection and 

compatibility with the heat sink material. Therefore, the existing materials are not fully capable at 

present, which makes the first-wall or PFM material a key factor restricting the commercialization 

of nuclear fusion reactors. 

 

Figure 1.1 The schematic of ITER and plasma facing component [2]. 

1.2 The choice of plasma facing materials  

1.2.1 Service environment of fusion reactor materials 

In most fusion devices, hydrogen isotopes are fused into helium by reaction to generate 

energy, shown as follows, 

D+T → 4He (3.5MeV) + n (14.1 MeV) 

The 14.1 MeV neutrons do not interact with the magnetic field, but only move as straight 

line, usually entering the so-called "first-wall". The He ions with 3.5 MeV will interact with the 
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magnetic field, so that the energy of He is reduced gradually. When they interact with the divertor, 

the energy is reduced to 20 eV-100 eV. Because the plasma temperature inside the fusion reactor 

reaches hundreds of millions of degrees, the working temperature of the first wall material can 

reach 1000 °C. 

1.2.2 Requirements for the plasma facing materials in fusion reactor service environment 

 

Figure 1.2 The challenges of plasma facing materials faced in fusion reactor [4]. 

  As shown in Fig. 1.2 [4], the challenges faced by fusion reactor materials are interrelated. 

In fusion reactor, the PFMs face the multi-field coupling interaction, that is, high thermal load, 

high energy neutrons, and high intensity plasma, which will degrade the material properties and 

affect the life of the first wall material. Therefore, as first wall materials, it is necessary that they 

can transfer the heat by the high thermal load in time, and resist ion and neutron radiation 
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effectively, as well as maintain the stability of its material structure. Thus, the first wall materials 

need to satisfy the following conditions, 

1)  It is required to have high thermal conductivity, high melting point and good thermal shock 

resistance. In the operation of a fusion reactor, the first wall material will be bombarded by high-

energy particles and encounter high thermal load. It must be able to transfer the heat timely, reduce 

temperature and stress gradients to improve the stability of the material. 

2) It should display good mechanical properties. The good high-temperature tensile strength and 

creep strength can effectively inhibit the generation of cracks during thermal shock, and materials 

must be tough or ductile at low temperature to avoid cracks caused by temperature gradients from 

transient thermal shock. 

3) It should exhibit low sputtering rate. In fusion reactor, high-energy ions bombard the first wall 

material, which will cause sputtering damage on the surface, and the sputtered atoms will affect 

the progress of the fusion reaction. Because the sputtered atoms entering the plasma will cause 

bremsstrahlung or braking radiation with the hydrogen isotopes as nuclear fusion fuel, which even 

stop the fusion reaction in severe situation. Based on this, it is necessary to reduce the impurities 

entering plasma, especially the high atomic number (Z) impurities. 

4) It should show low hydrogen isotopes retention (tritium, deuterium). To continue the 

thermonuclear reaction in the reactor core, it is necessary to realize the self-proliferation of tritium 

(T) due to extremely low content of T in nature. If the T retention in the first wall material of the 

reactor is high, it will affect the nuclear reaction. In addition, the retention of hydrogen isotopes 

will form hydrogen bubbles inevitably, which will accelerate the embrittlement of the material by 

irradiation and affect the performance of the material. 

5) It should be low activation. In fusion reaction, it does not produce a large amount of radioactive 

fission products like fission reaction, and the main source of radioactivity is from the neutron 

activation of the first wall and the cladding material. 

  In short, the plasma facing materials should be able to maintain the stability and 

dimensional integrity of the microstructure under the severe radiation, thermal, chemical and stress 

conditions of the fusion reactor. Therefore, these materials should have good resistance to radiation 

damage, the surface can withstand high thermal loads, and have excellent mechanical properties 
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(high strength, high recrystallization temperature, good toughness and low ductile brittle transition 

temperature). 

1.2.3 The selection of plasma facing materials in fusion reactor 

  Beryllium (Be), carbon (C) or tungsten (W) are considered as the PFMs of ITER [5]. The 

low-Z material Be exhibits better corrosion resistance during plasma operation, compared with 

carbon. In addition, it shows very high thermal conductivity (190 W/m/K at RT (room 

temperature)), which can remove the surface heat flow in time to avoid overheating of the first 

wall. Therefore, Be can be used as a candidate material for the armor. However, the melting point 

of Be is only about 1285 °C, which is an extremely serious weakness for PFMs. 

  Carbon does not melt at high temperatures and can withstand very high thermal loads 

without any danger of forming a liquid phase. However, the sublimation of carbon at high 

temperature causes brittle failure of the material, which will increase the erosion of material. On 

the other hand, its thermo-physical properties are excellent, especially for the CFC (C fiber 

reinforced C composite). Compared with the traditional fine particle graphite, fiber reinforcement 

will increase the strength for composite material. Besides, the thermal conductivity of CFC is about 

300 W/(m∙K) at RT, however the thermal conductivity decreased rapidly after neutron irradiation 

[6,7]. In addition, C also displays high sputtering etching rate, co-deposition retention with tritium, 

and neutron irradiation embrittlement. 

  W is the high Z candidate material in divertor and PFMs for the future Tokamak[8] 

because W shows low activation, high melting point, high thermal conductivity, low sputtering 

corrosion and low tritium retention/co-deposition etc. Therefore, ITER has determined a route 

from Be/C/W to Be/W and finally to full W-PFM, and W is regarded as the most likely to be fully 

used in reactor design after ITER in the future [9]. However, W displays embrittlement after 

recrystallization and neutron irradiation. Therefore, other refractory metals like molybdenum (Mo) 

was also attracted interest as PFM candidate for future rector to broaden the options for fusion 

development, and recent studies suggest that Mo is a possible alternative to PFM [10–13]. Mo as 

a kind of high Z refractory metal shows high melting point, low sputtering rate, and high thermal 

conductivity similar advantages to W. Both W and Mo show body centered cubic structure, 
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therefore radiation hardening also can be found in Mo materials [14–16]. Therefore, this work is 

to improve the brittleness of metals even after irradiation. 

1.3 The issue of body centered cubic materials for plasma facing materials   

1.3.1 The brittleness from structure 

  In order to improve the toughness of metals, it is very necessary to understand their brittle 

behavior. The brittleness of W material is the behavior of fracture without obvious yield or plastic 

deformation under the external force, suggesting that W material exhibit high strength and hardly 

plastic deformation. In other words, the lattice resistance that W needs to overcome for plastic 

deformation is relatively large, or the dislocation mobility in the material is limited. For the body-

centered cubic (BCC) structure metal, the plastic deformation mainly depends on 1/2<111> screw 

dislocations [17,18], and the dislocations incline to slip on the (110) crystal plane. In the 

{110}<111> slip system of the BCC structure metals, the slip direction on the slip surface, namely 

the <111> direction, has only 1 or 2 directions, implying the dislocation mobility is limited, so 

they are more likely to exhibit brittle behavior compared to FCC (face-centered cubic) structure 

metals [19]. Cui et al [20] used discrete dislocation dynamics simulations and found that the energy 

barrier needed to overcome for 1/2<111> screw dislocation nucleation and movement is relatively 

large. In addition, the yield stress of W plastic deformation strongly depends on the temperature, 

which is the yield stress decreases significantly when the temperature rises. Giannattasio et al [21] 

simulated the crack tip dislocation behavior of W materials and found that increasing temperature 

is beneficial to dislocation nucleation.  

  It is worth noting that the researchers [22,23] found that the single crystal W does not 

have brittleness at RT through experiments, and its DBTT is only 77 K [23], even as low as 20 K 

[22]. Compared with single crystal W, W materials used in engineering applications are generally 

polycrystalline materials. Therefore, W materials exhibit brittle behavior at RT, which is related 

not only to the lattice strcture of W, but also to the presence of grain boundaries in the material. 

The influence of the grain boundary mainly has three aspects [24], 1) low grain boundary strength; 

2) incompatibility of deformation between grains; 3) grain boundary limits the mobility of 

dislocations. Due to the low grain boundary strength, the W material at RT mainly shows the 
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intergranular and brittle fracture, caused by the impurity elements (C, N, O, P, S, etc.) segregated 

at the grain boundaries [25–27]. The incompatibility of deformation between grains at low 

temperature is very important, mainly because the mobility of screw dislocations depends on the 

number of movable slip systems of dislocations. For polycrystalline materials, if the number of 

movable slip dislocations are less than 5, it is difficult to continue uniform plastic deformation, so 

that the material exhibits low toughness behavior. Cheng et al [28] simulated the interaction 

between dislocations and grain boundaries in W, and the results show that dislocations are more 

likely to transmit strain and deform through small-angle grain boundaries. Generally, the DBTT 

of W materials is from 150°C to 400 °C, implying that W is usually brittle under water-cooling 

conditions. For brittle materials, cracking is usually sudden and catastrophic without obvious 

damage or warning. PFMs and structural parts must avoid cracks like this. Therefore, the high 

ductility at room temperature and above is very useful for the application of W. The high 

temperature in fusion reactor will change the microstructure of W through recovery, 

recrystallization then grain growth. Due to the internal stress in the grain boundary and the increase 

of grain size, the mechanical properties degraded, and the DBTT enhanced. Fig. 1.3 shows the 

recrystallization curve of  W annealed at elevated temperatures for 1 h [4]. 

 

Figure 1.3 Recrystallization behavior of tungsten annealed at a given temperature for 1 h [4]. 
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1.3.2 The embrittlement from irradiation 

  Irradiation embrittlement (or radiation hardening) can be found in almost any materials, 

including W and Mo. The lattice atoms in materials will deviate from their original position and 

form a large number of primary knock-on atoms (PKA) after the impact of ions or neutrons 

produced by nuclear reactions. And these generated PKAs will form complex defects through a 

further cascade collision process, such as interstitials, vacancies, dislocation loops, stacking fault 

tetrahedrons and voids, etc. The illustration of generation of PKAs and cascade collision is shown 

in Fig. 1.4 [7]. In addition, long range replacement collisions, called dynamic crowdion, exist 

during irradiation. When the nuclear material undergoes plastic deformation under external loads, 

the movement of its internal dislocations will be affected by these large amounts of radiation 

defects, which will greatly change its mechanical properties, such as radiation hardening, and 

radiation embrittlement etc. In the future fusion reactor, W will suffer the greater thermal load, 

and be exposed to high-energy neutrons and low-energy ions at the same time. Meanwhile, 

intergranular cracking was caused by recrystallization and radiation embrittlement. Besides, 

hydrogen isotopes retain highly for the moment. Although the solubility of hydrogen isotopes in 

W is extremely low, a large number of lattice defects, generated by the irradiation of energy 

particles, act as strong trapping sites for hydrogen isotopes and increase their retention rate 

significantly. Inhibiting the retention of hydrogen isotopes requires reducing the accumulation of 

lattice defects caused by radiation, which will also reduce the embrittlement of radiation.  

 

Figure 1.4 Schematic illustration of generation of PKAs and cascade collisions [29]. 
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1.4 Methods to improve the brittleness of refractory metals  

  The brittle behavior of the materials is not only dependent on its lattice type and the 

bonding force between lattice atoms (atomic bonds), but also related to the surface energy for 

cracking [30,31]. The former is the lattice property of the material, which is related to the 

dislocation nucleation and dislocation mobility when the material undergoes plastic deformation, 

and the latter is related to the work-of-fracture of material. Therefore, improving the brittle 

behavior of W can be considered from the increase of the plastic deformation ability of the material, 

and the material's fracture absorption work. According to the Griffith crack theory [32], under the 

external force, the cracks begin to grow steadily when the stored elastic potential energy of the 

materials is not less than the new surface energy generated by the crack propagation, which 

suggests that the resistance to brittle cracking of materials can be relieved by changing the new 

surface morphology (increasing surface energy) formed by the fracture. In addition, toughness is 

the ability of materials to resist the fracture in fracture mechanics. Therefore, the method to 

improve the toughness of W should also be considered from the crack initiation and crack 

propagation.  

 

Figure 1.5 Schematic illustration showing how strength and fracture behavior can be considered 

in terms of intrinsic (plasticity) versus extrinsic (shielding) toughening mechanisms associated 

with crack extension [33]. 
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  Two toughening mechanisms are proposed by Ritchie, and the schematic diagram is 

shown in Fig. 1.5 [33], which can be divided into internal toughening and external toughening. 

Internal toughening is always related to improving the plasticity of the material, which acts on the 

front of the crack tip and can effectively resist crack formation and propagation. Therefore, the 

internal toughening mechanism is generally to increase the mobility of dislocations to produce a 

plastic zone at the front of the crack tip (see Fig. 1.5). Then, the movement of dislocations causes 

dislocations to block up or cause interface separation, leading to cleavage fracture or micro pore 

aggregation fracture. For the external toughening mechanism, the inherent fracture resistance of 

materials was not changed, and it mainly acts behind the crack tip, which can alleviate and hinder 

the crack propagation by changing the microstructure characteristics of the fracture surface. In 

composite materials, the external toughening mechanism can generally be achieved by adding 

fibers, flake layers, second phase particles or tough phases to provide bridging traction on the 

cracks. In essence, external toughening is to improve the fracture toughness of the material by 

increasing the energy required to form a new surface by the fracture of the material. Generally 

speaking, the internal toughening mechanism is for plastic materials to resist fracture, and the 

external toughening mechanism is for brittle materials on the contrary [33,34]. For brittle W 

materials at RT, two toughening mechanisms, internal toughening and external toughening, can be 

used to improve the toughness of W to satisfy practical engineering applications. And, a lot of 

research works have been carried out on high-performance W-based materials, including alloying 

[35-37,41-42,45-49], dispersion [50-66], machining technology [71-87] as well as fiber reinforced 

composites [88-93]. 

1.4.1 Alloying 

  The improvement of metals’ toughness by adding alloying elements mainly focused on 

two aspects. One is to add alloying elements that can form a solid solution with W, and to change 

part of the W-W atomic bonds in the material, which is expected to improve the toughness of W. 

The other is to add metal elements that cannot or are slightly solid-soluble in W used as the matrix 

phase. The most typical materials corresponding to these two situations are W-Re alloy and W 

heavy alloy, respectively. 
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1.4.1.1 Solid solution strengthened W 

  Solid solution strengthening refers to the phenomenon that alloying elements are 

dissolved in the base metal to increase the strength of the alloy. This is because the solute atoms 

will cause the matrix lattice distortion, thereby hindering the dislocation slip to improve the yield 

strength of the alloy. We can add other solid solution elements to W to achieve high strength W-

alloy through this solid solution strengthening principle. Re element has been widely added to 

BCC structural metals such as W, Mo and Cr to improve toughness [35]. For W, adding Re can 

alter the symmetry properties of the 1/2<111> screw dislocation core to increase the number of 

slip surfaces, and on the other hand, it can reduce the Peierls force of plastic deformation, resulting 

the improvement of the mobility of dislocation [36], suggesting that Re as a toughening element 

to improve the toughness of W materials belongs to the internal toughening mechanism. Besides, 

the grain boundary bonding force can also be improved by adding Re [37]. However, for nuclear 

material applications, the addition of Re must be restricted to satisfy the lower activation 

requirements [38], and to avoid the formation of brittle phases of irradiation-induced precipitation 

WRe (σ phase) and WRe3 (χ phase) [39,40]. Same phenomenon can also be found in Mo-Re alloys 

[16]. The degree of radiation hardening is proportional to the content of Re, and the DBTT of Mo-

41Re is 874 K after irradiation. Ta, V and Ti was also added to W to strengthen W by alloying, 

however, alloying with Ta and V does not improve the Charpy energy of W [41]. In addition, with 

the increase of Ta content, the fracture toughness of W-Ta alloy decreases [41,42]. Recent research 

on W-Ti alloy has not brought promising results, in which the alloys still show brittle at RT [43,44], 

suggesting that the other elements do not change the crystal structure, or vary the crystal structure 

in a different way from Re.  

1.4.2.2 Heavy alloy 

  W heavy alloy is composed of W phase with high strength and high melting point, and 

matrix phase with high toughness and low melting point. The matrix phase is generally metal 

elements with FCC structure, such as Ni, Fe, Cu, Mn, Co, etc [45–49]. The low melting point of 

matrix phase enables W heavy alloys achieve high densification by liquid phase sintering. The 

ideal W heavy alloy has both the high strength of W and the good toughness of the matrix material, 

so it can exhibit good mechanical properties, which depends on the interfacial strength of matrix 
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phase and W. Senthilnathan et al [46] added an appropriate amount of Co to W-Ni-Fe alloy, and 

found that the addition of Co can not only increase the strength of the matrix phase, but also 

improve the of the interfacial strength. Adding 1 wt% Co can increase the yield strength of W-Ni-

Fe from 686 MPa to 1300 MPa, and its fracture strength can reach to 1508 MPa. Moreover, the 

main fracture mode also changes from intergranular fracture to transgranular fracture. The main 

factors affect the interfacial strength between W and the added matrix phases are, 1) Intermetallic 

compounds formed between W and matrix phases weaken the interface; 2) Cracks and nucleation 

of holes are prone to occur at the W-W interface [49]; 3) Impurity elements (such as S, P, O, etc.) 

segregate at the interface to weaken the interface. Therefore, the rare earth elements, such as La 

[45] and Y [48], were added to purify the grain boundaries and increase the interface strength, so 

as to achieve the purpose of improving the mechanical properties of W heavy alloys. Fig. 1.6 [48] 

displays the tensile test results of 93W–0.03Y alloy, prepared by powder metallurgy, at 25 °C to 

1000 °C. It is easy to notice the plastic deformation in W-0.03Y heavy alloy tested at RT, indicating 

that the plastic deformation of the W heavy alloy during stretching is mainly dominated by the 

plastic deformation of the matrix phase. Besides, the work hardening capacity declines noticeably 

with heighten the measurement temperature. 

 

Figure 1.6 Engineering stress–strain curves of fine grain W-4.9Ni-2.1Fe-0.03Y [48]. 

Fig. 1.7 [48] is the SEM image of the fracture morphology of W-0.03Y at different temperatures. 

It can be seen that the fracture modes of the W alloy after being stretched at RT are mainly the 

https://www.collinsdictionary.com/zh/dictionary/english-thesaurus/decline
https://www.collinsdictionary.com/zh/dictionary/english-thesaurus/heighten
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transcrystalline cleavage fracture in W and the ductile fracture in the matrix phase. As the 

temperature rises, obvious slip lines can be found on the cross-crystalline fracture of W, implying 

that there are obvious signs of dislocation movement in the W particles, which shows that the 

increase of temperature can improve the dislocation mobility effectively (see Fig. 1.7 b)). The 

main fracture mode of W heavy alloy changes to intergranular fracture when the tested T is 

1100 °C (see Fig. 1.7 d)). In addition, the fracture morphology showed obvious peeling from the 

W/W interface and the W/matrix interface. Combined with the tensile properties of W heavy alloys, 

it can be seen that the material has good mechanical properties when the fracture mode is 

transcrystalline cleavage fracture in W and ductile fracture in the added matrix phase. This shows 

that the toughening of W heavy alloys is mainly through the plastic deformation of the matrix 

phase to achieve the toughening effect. This kind of mechanism that does not change the plastic 

deformation ability of W to achieve toughening is an external toughening mechanism. 

 

Figure 1.7 SEM fracture morphologies of 93W-4.9Ni-2.1Fe-0.03Y alloy after tensile test [48]. 
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1.4.2 Second phase dispersion 

  Impurity elements, such as nitrogen, oxygen and phosphorus as well as other elements, 

segregate at the grain boundaries (GB) of W easily, forming an embrittlement film on the GBs. 

This films bring about lowering GB strength, leading to intergranular brittle fracture, and 

increasing the initial DBTT and low temperature brittleness significantly. The impurity elements 

at GBs can be reduced by adding active elements such as Y, La, Ti, Zr, etc. or by absorbing free 

impurities N, O, P at the GBs to form the stable compounds. In addition, the formed compounds 

can pin dislocations and grain boundaries, then hinder the movement of dislocations and grain 

boundaries, thereby improving the strength of the material, refining the grains and stabilizing the 

crystal structure.  

  Previous studies show that W-2wt%Y2O3 (ODS-W) composites, prepared by powder 

metallurgy, has ductility properties from 400 °C by 3 point bending test [50], which is no 

improvement compared with pure W. Huang et al [51] also reported the DBTT of pure W is about 

400 °C to 500 °C. Another important additive that has attracted the attention of many researchers 

is La2O3 [52,53]. Adding 1% La2O3 to W can improve its cutting performance and recrystallization 

temperature [52,54]. However, W-10%La2O3 exhibit higher DBTT compared with pure W 

although ODS-W shows higher yield strength, indicating that ductility reduced in La2O3 dispersed 

W [55].  

There is another drawback in ODS-W materials. Oxide particles cannot maintain 

thermodynamic stability because these reinforced particles are easily coarsened at high 

temperature. For example, W-Y2O3 composite material sintered at higher temperature lead to the 

loss of the dispersion strengthening effect due to the coarsening of the high-temperature sintered 

oxide particles, thus failing to improve the mechanical properties of tungsten [56]. 

  Carbides also attract attention as candidate additives for the preparation of dispersion-

reinforced composites. Different carbides have been studied, including TiC [57–59], TaC [60], 

WC [61–63], ZrC [64], HfC [65] and SiC [66] etc. Carbide dispersion-strengthened W-based 

alloys can not only refine grains and improve mechanical properties, but also the melting point is 

higher compared with these oxides Y2O3 (2410 °C), La2O3 (2217 °C), while for the carbides the 

melting point of carbides is about 3540°C for ZrC, 3140°C for TiC and 3900°C for HfC 
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respectively. And generally speaking, materials with high melting point have high thermodynamic 

stability and low vapor pressure. 

 

Figure 1.8 The 3 pointing bending stress strain curves for W–1.1TiC before and after compression 

forming at 1923 K [59]. 

  Kurishita et al fabricated W with different ratio of TiC after hot isostatic pressing. They 

found that adding TiC can refine the W grains, reduce DBTT, and improve recrystallization 

temperature and mechanical properties [57–59]. And atmosphere during sintering has also an 

impact on the mechanical property. The strength of W-TiC alloy sintered in H2 is higher than that 

of material sintered in Ar [57]. Besides, W-1.1wt%TiC after compression forming show the 

highest strength of 4.4 GPa and appreciable RT-ductility (see Fig. 1.8) [59]. In addition, W-0.3TiC, 

irradiated at 550 °C by He ions, displays the 10 times irradiation resistance compared with 

commercial pure W [58]. W-0.5wt%ZrC material were prepared by powder metallurgy. And the 

DBTT of W-ZrC is about 50-80 °C, which is much lower than that of pure W [64]. The ZrC 

particles are located in the grain boundary or phase boundary, reducing the concentration of O at 

the GBs. The coarsening and concentration of the dispersion at the GBs in the ODS-W alloy can 

be inhibited, because of the higher melting point and thermal stability of ZrC. 

  Due to the high thermal stability of carbides, carbides can not only refine the grains, but 

also stabilize the crystal structure and inhibit the growth of grains at high temperatures, which 

makes the addition of carbides improve the performance of tungsten-based materials as well as 

stabilize the microstructure of tungsten-based materials at high temperatures to improve the 

thermal stability of W. 
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  However, for adding 2nd phases (oxides or carbides) dispersed tungsten materials to 

strength W, there is a problem to improve the toughness. Like the author descripted in 1.4.1 

‘because the solute atoms will cause the matrix lattice distortion, thereby hindering the dislocation 

slip to improve the yield strength of the alloy’ and ‘In addition, the formed compounds can pin 

dislocations and grain boundaries, then hinder the movement of dislocations and grain boundaries, 

thereby improving the strength of the material, refining the grains and stabilizing the crystal 

structure.’, the principle is impediment the movement of dislocations, which benefits the strength. 

And 2nd located in the grain boundary can suppress the grain growth of base material. Both 

conditions have the advantage in strength, but damage the ductility or fracture toughness. In 

addition, all investigation on 2nd phase dispersed W led to improved creep or strength, to higher 

recrystallization behaviour, and to better machining based on Hall-Petch relation. On the other 

hand, a clear reduction of tensile elongation could be recognized in most works[55], which match 

the mutually exclusive relationship between strength and fracture. In nano-scale W, it should show 

higher ductility due to grain boundary sliding. However, it is difficult to obtain only by adding 

second phase particles.  

 

Figure 1.9 The tensile test and microstructure of Cu [67]. Curve A, annealed, coarse-grained Cu; 

B, room temperature rolling to 95% cold work (CW); C, liquid-nitrogen-temperature rolling to 93% 

CW; D, 93% CW + 180 °C, 3 min.; and E, 93% CW + 200 °C, 3 min.  

Wang et al [67] prepared Cu with uneven grain size, the tensile test results and 

microstructure is shown in Fig. 1.9 [67]. The specimen with uniform nano-size grain show high 

strength (curve D), however for specimen with abnormal grain (curve E), it shows high strength 
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with high ductility. Therefore, the increase in ductility provided by grain boundary sliding in small 

grains is either insufficient to compensate for the loss of dislocation controlled ductility [67,68]. 

So material with dual-size grains might display high strength and high ductility, in which small 

grain is responsible for strength, and large grain is responsible for ductility. 

1.4.3 Machining deformation technology 

  The influence of processing deformation on W material is mainly in 4 aspects [24,69]: 1) 

Refine the grain size; 2) Change the grain orientation (texture); 3) Change the crystal morphology; 

4) Increase the dislocation density. These effects may be beneficial to the toughness after 

processing and deformation. After W is processed and deformed, the grain refinement effect is 

very obvious, and the large plastic deformation can refine the grains to submicron or even 

nanoscale (below 100 nm) [70,71].  

  In addition, the textured W is related to its DBTT. Fig. 1.10 [72] shows the fracture 

toughness results of different crack systems of single W crystal with temperature changes. It can 

be found that the DBTT of W with the cracks {100}<001> and {100}<011> are about 470 and 

370 K, respectively, while the DBTTs of W with the cracks {110}<001> and {110}<011> are 

about 430 K and 370 K, respectively, which shows that W grains with different orientations have 

different fracture toughness and DBTT. The processed polycrystalline W displays texture 

orientation, and its texture type is mainly related to the processing technology. For the deformation 

of the BCC structure W, forging, extrusion, and wire drawing will cause a strong <110>-type 

texture, on the contrary, rolling deformation will produce a {111}-type texture and a <110>-type 

texture. Different types of textures have different Schmidt factors of deformation, so the texture 

orientation grains which is beneficial to toughness can be increased through processing 

deformation to improve the toughness of W.  
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Figure 1.10 Fracture toughness of W with single crystals for the four low index crack systems at 

different temperature [72]. 

  The crystal morphology of W after deformation may also affect its toughness and brittle 

behavior. The three-point bending test were carried out on the W deformed by rolling along 

different directions. It was found that the fracture perpendicular to the rolling direction showed 

fibrous morphology and mainly transcrystalline cleavage fracture, while the fractures in other 

directions were mostly intergranular fracture [73,74]. Rupp et al [73] found that, from RT to 600 °C, 

the fracture toughness in perpendicular to the rolling direction was significantly higher than the 

fracture toughness in other directions, which is not only related to the texture orientation, but 

should also be related to the change of grain morphology caused by deformation. In addition, a 

large number of dislocations are introduced during deformation, meaning that the number of 

movable screw dislocations and dislocation mobility increases, so the deformed W showed better 

plasticity and toughness [75].  
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Figure 1.11 Charpy impact performance of the sintered and rolled tungsten [76]. 

 

  At present, the more widely used processes for processing and deforming W materials 

include rolling [76] , forging [77,78], and a combination of the two processes [79,80]. There are 

also large plastic deformation processes such as high-pressure torsion [81] and equal channel 

angular extrusion [82] to process W. Zhang et al. [76] performed Charpy impact experiments on 

pure W with different rolling deformation ratios at different temperatures, and the corresponding 

fracture toughness results are shown in Fig. 1.11 [76]. It can be seen that under the experimental 

test conditions, pure W in the sintered state is brittle, and the toughness of W after rolling 

deformation is obviously improved; the fracture toughness of pure W with different deformation 

ratios is different, which is mainly due to the different deformation ratios. It is worth noting that 

when pure W with a deformation ratio of 80% and 90% is subjected to Charpy impact at a higher 

temperature, the fracture surface shows a layered morphology. Rieth et al. [83] performed Charpy 

impact experiments on W materials subjected to rolling deformation at different temperatures and 

also found this layered tear-like fracture morphology. This fracture morphology means that high 

energy is required to form a new surface when the material fractures, thereby improving the 

toughness of the W material by reducing the tendency of the material to crack. This method of 

improving the toughness of W materials can be called layered toughening, which belongs to the 

energy release mechanism [84]. Therefore, many studies [85–87] have performed multiple rolling 

deformations on W materials to obtain a layered structure W material with strong texture in order 

to improve the toughness of the material.  
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1.4.4 Fiber reinforced composites 

 

Figure 1.12 The mechanism to toughen brittle material [88]. 

  W fiber toughened tungsten matrix composites are also considered to be one of the 

effective ways to improve W toughness [89–91]. W-fiber-toughened tungsten-based composites 

are mainly reflected in the crack propagation stage, so they belong to the external toughening 

mechanism. The toughening effect is mainly determined by two factors: W fiber and the interface 

between W fiber and W matrix. Fig. 1.12 [88] is a schematic diagram of the toughening mechanism 

of W fiber toughened brittle matrix composites. Since the added W fiber has good plastic 

deformation ability [92], under the action of external load, energy is mainly consumed in three 

ways: fiber deformation, fiber pull-out and crack bridging to improve the toughness of W material. 

This means that W fiber toughened tungsten-based composites also belong to the energy release 

mechanism. In addition, improving the toughness of W materials can also increase the area of the 

material fractured to form a new surface and the energy required. Therefore, the interface between 

W fiber and W matrix should be designed reasonably. The purpose of adding W fiber is that after 

the W material cracks, the material can continue to work and not fail. At present, researchers 

mainly prepare fiber-toughened tungsten-based composites by preparing a layer matrix with W 

long fibers [88,89]. Due to the high technological requirements for weaving W long fibers, Mao 

et al. [93] used powder metallurgy to successfully prepare W short fiber reinforced tungsten matrix 

composites. In addition, the interface between W fiber and W matrix is weakened by preparing 
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Er2O3 [94], Mo and Y2O3 [93] interlayers to weaken the interface, so that cracks can expand along 

the interface to generate a large number of new surfaces to improve the toughness of W.  

1.5 The reasons to select SiC fiber 

Considering that the fiber reinforced ceramic matrix composites show ductility while 

matrix still is brittle, fiber reinforcement method was used in this work. In addition, ceramic SiC 

fiber was selected as reinforcement to strengthen W and Mo. The reasons for selection SiC fiber 

are as follows. 

1) SiC fiber-reinforced SiC-based ceramic composites (SiCf/SiC) have been studied in nuclear 

reactors for several decades due to its good thermophysical properties, such as thermal stability, 

oxidation resistance, creep resistance and high strength at high temperature [95].  

 

Figure 1.13 Tensile stress–strain behaviors for the unirradiated and irradiated NITE-SiC/SiC 

composites [96]. 

2) SiC materials also exhibit excellent mechanical properties in a neutron irradiation environment 

(see Fig. 1.13) [96,97]. The fracture strength and pseudo ductile behavior did not change much 

after neutron irradiation. In addition, it was found that the pure SiC and SiCf/SiC composites 

have high strength and good dimensional stability at irradiation doses up to 70 dpa in the 

temperature range of 500 to 1,000 °C [98]. 

3) Metals and SiC have very close thermal expansion coefficients(CTE). The CTE of W and Mo 

is 4.4 × 10-6 and 5.2 × 10-6 /K respectively. Besides, the ceramic fibers are very close to metals 

with 4.5 × 10-6 /K. In addition, the swelling of SiC is lower than 1% at 800 °C to 1300 °C in 
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the operating temperature window of W by neutron irradiation [96, 98], so it is considered that 

the stress generated at the interface is minor. 

4) Besides, both Si and C are light elements with good compatibility to plasma.  

1.6 Motivation and outline in this work  

W and Mo are the candidates for the plasma-facing components of nuclear fusion devices 

due to their high melting point, high thermal conductivity and high resistance to sputtering yield. 

Severe radiation hardening embrittlement due to irradiation-produced defects occurred even with 

a low-level exposure for both metals. Therefore, fiber reinforced metal composites were developed 

like ceramic composites in this work. High strength SiC fiber was used as reinforcement in this 

work, because SiC materials also exhibit excellent mechanical properties in a neutron irradiation 

environment [95]. Therefore, the objective of this thesis is to investigate whether the SiC-based 

fiber strengthened brittle metals (W, Mo) composites show pseudo ductility at room temperature, 

like fiber reinforcement ceramic composite from the toughening mechanism of long fiber 

reinforced matrix, and optimize the strength and thermal property of fabricated composites. 

Long fiber reinforced composites include fiber, matrix and interface. In this work, 

composite with various fiber and matrix with or without foil were fabricated by hot press at 

different sintering temperature. Mechanical property especially tensile test was examined at room 

temperature and high temperature at 1000 °C. In addition, fracture behavior and microstructure 

after tensile test were also investigated. Effects of the sintering temperature, the type of fibers and 

matrixes on mechanical property and thermal property were studied. In addition, the 

recrystallization behavior of foils used in this work was also analyzed. Moreover, suitable diffusion 

barrier between SiC and metal was evaluated from microstructure. The outline of whole work is 

revealed in Fig. 1.4. Chapter 2 describes the details about the fabrication of fiber reinforced 

composite, and the specimen for evaluating the diffusion barrier, as well as the property analysis 

methods. The effect of sintering temperature, fiber types, and different matrixes with or without 

foil on the microstructure, chemical composition, the fracture behavior, and the mechanical 

property and thermal property of fiber reinforced composites are presented in Chapters 3, 4 and 5, 

respectively. Besides, recrystallization development at high temperature can be found in this 

Chapter 4. Chapter 6 discusses the possible diffusion barrier based on the microstructure and 
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element analysis. In addition, the mechanical property and microstructure of composite with the 

workable diffusion barrier were also discussed. Chapter 7 summarizes and concludes the full text.  

 

Figure 1.14 The schematic flow of this work. 
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2.1 Introduction 

The divertor environment in the fusion reactor is extremely harsh for materials owing to 

heat load and sputtering by plasma and neutron. Tungsten (W) is the most promising candidate for 

divertor, but its brittleness properties caused by high ductile-brittle transition temperature (DBTT) 

and further embrittlement in a neutron irradiation environment are restrictions. In addition, the 

toughness deteriorates caused by the recrystallization behavior, causing the narrow operating 

temperature window of W between DBTT and recrystallization temperature.   

  To improve the toughness of brittle materials, fiber reinforcement has been developed as 

a successful method for decades, in which SiC fiber is widely used because of its extraordinary 

mechanical properties even at temperature [1] higher than the recrystallization temperature of W. 

In this study, a completely new method, to strengthen W with SiC ceramic filaments by hot press 

that can obtain excellent fracture toughness, was to give more choices for divertor application 

retaining excellent W features including stability to plasma sputtering and high thermal 

conductivity. Since tungsten and SiC have very close thermal expansion coefficients, and the 

swelling of SiC at the operating temperature window of W (800 °C to 1300 °C [2]) by neutron 

irradiation is lower than 1% [3], so the stress generated at the interface is minor due to the 

mismatch of CTE (coefficient of thermal expansion). In addition, SiC materials also exhibit 

excellent mechanical properties in a neutron irradiation environment [4]. In this work, SiC fiber as 

reinforcement was used to fabricate W composites by hot-press, then the mechanical property was 

examined by tensile test to evaluate whether the SiC fiber can raise the toughness of W or not. In 

addition, to prevent the reactions between SiC and metals, diffusion couples with or without 

coating were also prepared. 

2.2 Methods to fabricate fiber reinforced composites  

Two methods were used to fabricate the composites in this study. The schematic diagram 

about the fabrication of composites in this work is shown as Fig. 2.1. Composites with or without 

diffusion barrier and with or without W foils were synthesized by hot-press sintered in graphite 

die with 40 × 40 mm2 or 40× 40 × 22 mm2 size at different temperature from 1500 °C to 1900 °C 

in Ar atmosphere for 1 h with 20 MPa pressure using continuous woven Hi-Nicalon type S SiC 
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fiber (NGS Advanced Fibers Co., Ltd.), the thickness of fiber tow is about 0.1 mm. W or Mo 

powder (grain size 0.6 um, Kojundo Chemical Laboratory Co. Ltd) and W or Mo foil (Kstrading 

Co., Ltd) as raw materials in this work. And C interface is produced by pyrolysis of phenolic resin 

(PR-50273, Sumitomo Bakelite Co., Ltd). For both methods, fibers were desized at 500 °C before 

they were used, and also slurry was prepared.  

 

Figure 2.1 Preparation methods of SiC fiber reinforce metal composites. 
 

For method A (MA), only woven SiC fiber was used. W powder sheet was prepared firstly. 

W powders and PVB (5:1 with weight ratio) dispersed in isopropanol by ball milling by ball-

milling for 24 h using W balls to prepare slurry for composites. Subsequently, the slurry was 

poured on the PET film, later the slurry dried at room temperature. After drying, then woven fibers 

and the powder sheets stacked together were pressed to sandwich-like under 5 MPa at room 

temperature. The thickness of dried powder sheet is about 0.042 mm. Then the pressed prepreg 

was cut to a suitable size for hot press. The image of the arrangement pepreg before hot pressure 

was shown in Fig. 2.2. Besides, W foils are also used in this work due to high density, and they 

were washed by NaOH solution (0.98 wt%) using ultrasonic cleaning to remove WO3 on the 

surface of W foil. 

 In addition, for method B (MB), W powder and PVB (30:1 with weight ratio) were 

dispersed in acetone. Then fibers were infiltrated in W slurry directly, then also dried at room 
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temperature. In addition, all composites were hot-pressed in a graphite die at different temperature 

(1500 °C, 1700 °C and 1900 °C) for 1 h under a pressure of 20 MPa in argon atmosphere, and the 

sintering curve revealed at Fig. 2.3. Moreover, the pressure at about 200 °C is to press the softened 

W powders with PVB to fiber bundle. 

 

Figure 2.2 The prepreg of MANF before sintering. 

 

Figure 2.3 Typical sintering process in this work. (red for temperature; black for pressure; blue for 

the displacement change during sintering). 

2.3 The choice of solvent 

The sedimentation of the solute is important in a slurry, especially for MA. The W powders 

should be stable during drying without deposition. The sedimentation coefficient (s=
𝑚

6𝜋𝜂𝑟
, where 

𝑚 is the excess mass of the particle over and above the mass of an equivalent volume of the fluid 

https://www.sciencedirect.com/topics/materials-science/argon
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in which the particle is situated, 𝜂 is the viscosity of the medium, and 𝑟 is the radius of the particle ) 

of a particle characterizes its sedimentation during centrifugation. From this equation, the higher 

𝜂 of the slurry, the lower sedimentation coefficient. However, high 𝜂 slurry might be difficult to 

disperse uniformly, and difficult to go inside of the fiber bundle. Therefore, the viscosity of the 

slurry measured by the viscometer at the beginning to select a suitable solvent.  

Table 2.1 The viscosity of slurry with different weight ratio in different solvent. 

η/(dPa⋅s) 20 wt% slurry  30 wt% slurry 35 wt% slurry 40 wt% slurry 

Acetone ≤ 0.3 0.5 0.83 2.2 

Ethanol 0.32 0.75 2.1 4.7 

Isopropanol 0.41 1.1 3.4 5.8 

  

The viscosity of slurry with 3 kinds of solvents, i.e., ethanol, acetone, and isopropanol were 

tested in this work for MA. In addition, the weight ratio also has an effect on η, therefore the slurry 

with different weight ratio from 20 wt% to 40 wt% were also investigated. The viscosity values 

were exhibited in Table 2.1. Moreover, the dried W powder sheets were shown in Fig. 2.4, and the 

acceptable solvents and weight ratio were marked the red rectangle. When acetone as the solvent, 

W powders settle on the PET film until the weight ratio is 35 wt%, and only 40 wt% slurry of 2.2 

dPa⋅s can remove from PET film without remained powders (see Fig. 2.4 a4)). For slurry with 

ethanol, the 35 wt% solute is enough, and the value of η is 2.1 dPa⋅s lower than 40 wt% slurry 

with acetone.  However, 1.1 dPa⋅s η slurry used isopropanol with 30 wt% W powders can already 

obtain an ideal sheet. Therefore, isopropanol was selected as solvent for MA, and the W powders 

in slurry is 30 wt%.    
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Figure 2.4 The tungsten powder sheet for MA. a) for acetone as solvent and the weight ratio are 

from 20 wt% to 40 wt% respectively; b) for ethanol as solvent; c) for isopropanol as solvent. 

 

Figure 2.5 The photo of upper and lower surfaces of SiC fiber with W powder by a), b) 60 wt% 

and c) 30 wt%.  

Acetone as solvent was used in slurry for MB, because it is easy to go inside of the fiber 

bundle due to the lowest viscosity. In addition, the appropriate ratio of solute was studied. 2 weight 

ratio were investigated, 60 wt% and 30 wt% respectively. The slurry was prepared as the same 

way as MA. Details were described in 2.2. The SiC fiber with dried W powder prepreg is shown 

in Fig. 2.5. When the weight ratio is 60 wt%, the viscosity is 0.43 dPa⋅s, and the slurry can’t 

disperse in the fiber bundle uniformly, which caused the large difference between upper and lower 

surface. On the upper surface, only dried W powders can be found, while there are little powders 
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in most area on the lower surface. For prepreg from 30 wt% slurry, the powders distributed more 

uniform on both sides compared with prepreg from 60 wt% slurry. Therefore, the weight ratio is 

30 wt% for MB. 

2.4 The fabrication of diffusion couple  

  Dipping method might be a suitable way for coating fiber because the surface of the inner 

side fiber in the fiber tow can be coated easily, and on the other side, the interface between fiber 

and coating is not very dense, which might satisfy the weak bonding in composites to bring 

additional toughness by crack deflection and fiber frictional sliding to consume energy. 

Seven kinds of materials (oxides (ZrO2, TiO2, & Er2O3), carbides (ZrC, & TiC), nitrides 

(ZrN, & TiN)) were prepared by dipping method and evaluated as diffusion barrier for SiC/W 

system in this work, besides sputtering method (nitrides) were also investigated to prevent the 

reaction. And the substrate is CVD-SiC plate in all cases to replace SiC fiber. Because it is 

convenient to coat on a plate than fiber by both dipping and sputtering method, and a joined 

specimen are easy to prepare and analyze the reacted thickness. Subsequently, to investigate which 

coating is feasible, the sandwich-like specimens were prepared by joining the coated CVD-SiC 

plates and W foils at the similar condition with sintering SiCf/W composites to simulate the 

sintering procedure of composites (see Fig. 2.6), namely 1700 °C for 1h with 20 MPa in Ar 

atmosphere.  

Before joining, the dipped CVD-SiC plates were dried at 120 °C for 10 min, then annealed 

at 500 °C for 1h in air to generate oxides coating. And for carbides, carbon black powders were 

added to the liquid precursor before dipping, then mixed well by ultrasonic treatment. Afterwards, 

similar condition with generating oxides was used to prepare C dispersed oxide film. Subsequently, 

the coated SiC was annealed at 1600 °C for 2h in Ar atmosphere to produce carbide coating by 

carbothermic reduction reaction. Besides, for nitrides, two kinds of methods (sputtering and 

dipping method), were used in this work. To produce nitrides coating by dipping method, oxide 

films were generated firstly, later the oxides coated SiC plates were annealed at 1400 °C for 2h in 

flowing N2 to generate nitrides. To fabricate the carbides and nitrides coating by multiple dipping 

from oxides, high temperature annealing was carried out after dipped every time. In addition, the 

sputtered nitrides coatings were generated from metals (Ti and Zr) film with about 300 nm 
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thickness after annealing at the same condition with a nitride film by dipping, which were coated 

at the Osaka Research Institute of Industrial Science and Technology. In addition, approximately 

300 nm C is deposited firstly before the metal was coated to prevent the reactions between metals 

(Zr and Ti) and SiC.  

The uncoated CVD-SiC joined with W foils was also investigated for comparison. And for 

the diffusion barriers by dipping method, SiC was dipped from once to 5 times. The used 

precursors to coat diffusion barrier films in this work were coating materials from Kojundo 

Chemical Laboratory Co., LTD. (TIK03LB for Ti-based coating, ZRK03LB for Zr-based coating, 

and ERK0E1LB for Er-based coating). The used W foils with thickness of 0.05 mm were 

purchased from E-metals Co., Ltd. 

 

Figure 2.6. Schematic diagram of W joined with diffusion barrier coated CVD-SiC 

2.5 Property evaluation 

2.5.1 Tensile test  

Tensile tests were carried out by Instron-5581 at room temperature to assess the mechanical 

properties. The size of testing bar is 3×1.5×40 mm3. For composite with foils by both methods, the 

rolling direction was parallel to the 40 mm side, which is also the same as the loading direction. 

All surfaces were grinded, and two pieces of strain gauge were pasted to 3×40 mm2 surface 

respectively before measurement. The strength is from the equation of σ =
𝐹

𝐴
, here σ is tensile test 

heating heating 
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strength, 𝐹 is the loading on the specimen, and 𝐴 is cross-sectional area of the tested sample. Six 

bars were measured for each composite, in which 3 bars were annealed at 1000 °C for 1 h.  

 

Figure 2.7 The fixture and the geometry of specimen for tensile test at high temperature 

In this work, we also focus on the tensile strength at 1000 °C of SiCf/W composites. 

Moreover, before heating, the pressure in the furnace was reduced to ≤ 10-4 Pa to avoid the 

influence of oxygen. The geometry of the sample and the used fixture for high temperature tensile 

test are displayed in Fig. 2.7. Herein, the thickness is 2 mm. The 2 stick-like matter on both sides 

act as strain gauge to measure the real deformation. 

2.5.2 Thermal property  

The heat capacity was measured by differential scanning calorimetry (DSC, Rigaku Co.), 

and thermal diffusivity of composites were tested by light flash apparatus (LFA, Netzsch) using 

the specimen with a diameter of 6 mm and thickness of 2 mm from through-plane (x) and in-plane 

(y) directions. Then the thermal conductivity was calculated by the equation of λ = Cp ∗ ρ ∗ a ( λ, 

thermal conductivity; ρ, density; a, thermal diffusivity; Cp, heat capacity), in which density is 

calculated from geometry due to the large difference of the values tested by densimeter and from 

size.  
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2.5.3 Microstructure and phase/element analysis 

Microstructure of composites were observed by scanning electron microscopy in secondary 

electrons (SE) mode (SEM, ZEISS Ultra-55). In this work, electron probe micro analyzer (EPMA, 

JEOL JXA-8500F) is used for element analysis because energy-dispersive X-ray spectroscopy 

(EDS, EDAX) cannot distinguish W and Si element for the reason that Kα emission energy 

between W and Si is too close. EDS was used to evaluate the distribution of Mo. The phase analysis 

was carried out by X-ray diffraction (XRD, Rigaku) using Co target.  

2.5.4 Density  

  The real density (ρr) and volume (Vr) is measured by Shimadzu AccuPyc Ⅱ 1340 using 

helium gas. Before voulume test, the weight (m1) was measured firstly. Besides, to understand the 

open porosity (𝑃𝑜), the mass in pure water (m2) and the mass (m3) of the same specimen filled 

with water were also measured. Thus, 𝑃𝑜  can be cacluted by 𝑃𝑜 =
𝑚3−𝑚1

𝑚3−𝑚2
. Then the relative 

density (RD) in this work is from the equation of 𝑅𝐷 = 1 −
𝑉𝑟

𝑉𝑠
 (Vs is volume calculated from 

size.), and the close porosity (𝑃𝑐) can be from 𝑃𝑐 =
𝑉𝑟

𝑉𝑠
− 𝑃𝑜 . In addition, desnsity was also 

calculated from geometry. 
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Chapter 3 Effect of sintering temperature 

on properties of SiC fiber reinforced W 

composites 
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3.1 Introduction 

In this work, a new way is provided for designing the structural materials in fusion nuclear 

systems. The SiC fiber was considered as reinforcement to W because SiC exhibits excellent 

properties. It has been reported that SiC material with high crystallinity exhibits very excellent 

properties under neutron irradiation environment and does not cause strength deterioration [1]. 

Furthermore, the coefficients of thermal expansion of W and ceramic fibers are very close to each 

other, so the generated stress at the interface by thermal load should be limited. Umer et al. [2] 

synthesized SiC particles reinforced W and found that the flexural strength decreased with the 

increment of SiC content, while the ablation resistance improved because the layer of SiO2 

appeared on the surface of ablated samples to prevent the formation of WO3. Shi et al. [3] reported 

the strength of 0.8 wt% discontinuous SiC fiber reinforced W–20Cu composites had 1200 MPa by 

3-point bending method and thermal conductivity was 235 W/(m∙K). Nevertheless, both works did 

not focus on toughness and did not illustrate the strain-stress curve in the papers, and no works 

focused on the continuous SiCf/W system. Thus, discussing the fracture behavior and thermal 

properties of continuous SiC fiber reinforced W composites is necessary to give more selections 

for diverter application. In order to confirm the most suitable sintering temperature to balance the 

reactions and the relative density when fabricate the SiC fiber reinforced W composites, the 

composites were sintered from 1500 to 1900 °C. In this work, unidirectional SiC fibers as 

reinforcement were used to fabricate W based composites by hot-press to widen the operating 

temperature of W limited by high DBTT and recrystallization behavior, and to maintain toughness 

after irradiation under neutron irradiation or plasma exposure. Then the mechanical property was 

examined by tensile test at RT to evaluate whether the SiC fiber can enhance the ductility of W. 

The density, microstructure and reactions in the sintering process were also discussed, as well as 

the kinetics between SiC and W. 

3.2 Density and porosity 

The results of density by size and densitometer are given in Table 3.1. The fiber volume 

fraction displayed here was calculated by weight and density (3.1 g/cm3). The results show that 

the densification happened when sintering temperature was increased from 1500 °C to 1900 °C. 

In addition, the values of density by these two methods differ greatly, which caused from high 
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open porosity. However, the density by size including open and closed pores is more reasonable 

for a bulk material.  

Table 3.1 Density and porosity of sintered composites. 

Sintering Temperature / ° C 1500 1600 1700 1800 

Vf% 53.16 52.93 50.75 51.92 

ρs / g/cm3 9.01 9.14 10.43 11.46 

ρa / g/cm3 10.75 10.19 11.75 11.70 

Note: Vf is fiber volume ratio; ρs is density calculated by geometric method; ρa is density measured by 

Archimedes method using helium gas. 

3.2 Phase changes and microstructure after sintering  

 

Figure 3.2 XRD patterns of composites fabricated at different temperatures. 

Fig. 3.2 reveals the XRD patterns of fabricated composites, implying the effect of sintering 

temperature on interfacial reaction. Besides, the schematic diagram of the measured surface is also 

exhibited in the inset of the XRD pattern image, in which the tested surface is parallel to the 

direction of fiber. Phase compositions of composites changed a lot as a result of reactions between 

W and SiC. Two different tungsten carbides (W2C and WC) and two different tungsten silicide 

phases (W5Si3 and WSi2) were identified after sintering, which is different from the work of SiC 

powder reinforced W prepared by the SPS method. There is only W2C and W5Si3 found after 
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sintering at 1700 °C [2]. In this work, the peak of W can only be identified at 1500 °C prepared 

samples because of the small grain size of raw W powder and SiC fiber as well as the relatively 

large surface of small diameter fiber, bringing about the severe diffusion of Si or C atom, which 

suggests that the reaction rate enhance a lot by increasing the sintering temperature from 1500 °C 

to 1900 °C. Another phenomenon is the peak of WC and W5Si3 becoming stronger with the 

sintering temperature enhancement because W2C and WSi2 transferred to WC and W5Si3 [4]. 

While in previous papers, W2C always acts as a more stable phase in the W-Si-C ternary system 

[5–7]. 

 

Figure 3.3 SEM images (secondary electron mode) and element analysis by EPMA mapping of 

composites fabricated at different temperatures. a) 1500 °C; b) 1600 °C.  

Fig. 3.3 exhibits the secondary electron (SE) images and the elements’ distribution 

measured by EPMA of composites fabricated at 1500 °C and 1600 °C. Tungsten carbides located 

near the SiC part, and a gap of Si distribution in matrix can be found in the EPMA results, and a 

similar phenomenon was observed in the paper [5], indicating that W is easier to react with Si, 

rather than C. Moreover, in both kinds of composites, the Si and C atoms diffused to the W region 

because of their smaller atomic radius than the size of W atom, in which, the region of Si atom 

diffused is larger than the length of C from image b), suggesting that the reaction rate between Si 

and W is higher than that of W and C. Moreover, Si atoms have already diffused the whole matrix 

in composites fabricated above 1500 °C, due to the small grain size of W as raw material, and no 
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W remained according to the results of EPMA (see Fig 3.3. b)) and XRD. Besides, because the 

reaction rate increased with temperature according to XRD, therefore the generated phases 

(tungsten silicides and tungsten carbides) are not appropriate as diffusion barriers in the SiC/W 

system, which also can be found in the microstructure images of composites.  

 

Figure 3.4 SEM images in SE (secondary electron) mode of cross-section of SiC fiber reinforced 

W composites. a1), a2) and b1), b2) are the images of composite fabricated at 1500 °C and 1600 °C 

with different magnification. c) is the image of composite sintered at 1700 °C. d) is the image of 

composite prepared at 1900 °C. 
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The morphologies of the cross-section images with different magnifications of SiCf/W 

composites sintered from 1500 °C to 1900 °C after tensile tests examined by SEM in SE mode are 

shown in Fig. 3.4. Short pull-out fiber can be observed in composites except 1900 °C sintered 

composites. For both composites, tiny pores in matrix near fiber tow region can be observed in W 

powders synthesized from 1500 °C to 1700 °C, and pores also can be found in the middle matrix 

part in 1500 °C prepared composite. These are unsintered regions caused by W and carbides with 

the higher melting point than silicides, combined with the EPMA results. Besides, five layers, 

namely carbides/silicides/W/silicides/carbides, can be observed at matrix in composites sintered 

at 1500 °C. In comparison, W layer disappeared, and 3 layers (carbides/silicdes/carbides) remained 

from 1600 °C. Thus, the pores at the fiber edge region is caused by the existence of carbides with 

high melting point, which caused the weak interface between fiber and matrix. Thereby, fiber pull 

out effect can be viewed. Furthermore, in the composite sintered 1900 °C, the matrix region is 

totally dense except for the slurry undispersed region, and fiber damaged completely. Thus, 

1900 °C is too high to sinter SiC fiber reinforced W composite. Therefore, it is necessary to 

discover an effective interface as a diffusion barrier to impede the reaction at the high temperature.  



51 

 

3.3 Mechanical property 

 

Figure 3.5 Results of tensile tests of SiCf/W composites and pure W. Images a) to d) show the 

strain-stress curve of composites sintered from 1500 °C to 1900 °C respectively; Image e) shows 

tensile test result of pure W sintered at 1700 °C. (Please note here, the strain for every bar should 

start from 0, and the curves were separated in order to show them clearly, same as the other tensile 

test results.) 

Fig. 3.5 reveals the variation of tensile strength at RT of SiCf/W composites fabricated at 

the different sintering temperatures, in which tensile test data of pure W annealed at 1700 °C is 
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also shown for comparison. The load direction was the same as the fiber direction. Furthermore, it 

can be found that composites sintered at 1500 °C to 1700 °C exhibited pseudo ductility, compared 

with pure W annealed at 1700 °C (see Fig. 3.5 e)), although the tensile tests were carried out at 

RT, which is lower than the DBTT of W.  

Furthermore, the tendency of pseudo ductility reduced with increasing the sintering 

temperature, and almost no pseudo-ductile behavior can be found in 1900 °C sintered samples 

from the stress-strain curve because of significant reaction between fiber and matrix. Because 

relatively low sintering temperature can decrease the reaction rate between SiC fiber and W, more 

unreacted fibers remained after sintering, which contributed for the higher ductility. In addition, 

strength increases with the enhancement of temperature. The average UTS of UD composites 

sintered at 1900 °C was about 178 MPa, which is almost three times higher than 56 MPa of 

UD1500 composites. In addition, the average UTS of composites prepared at 1600 °C and 1700 °C 

are 37.8 MPa and 82.9 MPa, respectively. Compared with pure W, the composites showed 

relatively lower UTS but more apparent pseudo ductility. It is unnecessary to consider the DBTT 

for fiber reinforced composites because brittleness of W isn’t matter. 

3.4 Thermal property 

Effect of sintering temperature on thermal conductivity was characterized. Thermal 

conductivity (λ) of composites measured in two different directions at RT, which is thermal load 

vertical (through-plane, also named X direction) and parallel (through-plane, also named Y 

direction) to the fiber direction, respectively, was shown in Fig. 3.6. Furthermore, the geometric 

density with open and closed pores was used to calculate λ because of the big difference compared 

with the value measured by the helium pycnometer (see Tab. 1). The results show the λ increased 

with sintering temperature caused by densification. Moreover, it is substantial to be found that the 

value of λ is higher in the in-plane direction (red points) compared to the through-plane direction 

(black points). Because thermal conductivity of X direction is determined by mixture of W layer 

and SiC fiber layer with pores, while it is determined by the highest thermal conductivity layer at 

Y direction. The thermal conductivity of 1700 °C fabricated composite in in-plane direction 

showed the best result of 51.5 W/(m∙K) at RT, whereas the value was 32.2 W/(m∙K) in the through-

plane direction. However, even the highest thermal conductivity of SiCf/W composites is still 
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lower than the thermal conductivity of pure W of 170 W/(m∙K) [8] and W-K alloy of 160 W/(m∙K) 

[9] as well as K doped W-3wt%Re alloy of 110 W/(m∙K) [10], while similar with W-10wt%Re 

alloy of 60 W/(m∙K) and higher than W-25wt%Re alloy of 25 W/(m∙K) [11]. Because the reaction 

products display the low conductivity compared to W and SiC, another reason is the low relative 

density even for 1700 °C sintered sample.  

 

Figure 3.6 Thermal conductivity of SiCf/W composites fabricated at 1500 °C to 1700 °C in 

different directions (X direction, through-plane direction; Y direction, in-plane direction) 

measured at 25 °C.  

3.5 Discussion 

Table 3.2 summarizes the mechanical and thermal properties of synthesized composites. 

The reaction between SiC fiber and W matrix depended on sintering temperature. Only limited 

reactions happened in relatively lower sintering temperature (1500 °C), although more than half 

of W was reacted. For mechanical property, the decreasement of UTS from 1500 °C to 1600 °C is 

from the reduction of high strength W ratio even with higher densification. Therefore, reactivity 

has more contribution for UTS. Sufficient reactions between SiC and W were observed above 

1600 °C. The strength increased with sinterability above 1600 °C. In addition, for composite 

sintered at lower temperature, short pull-out fiber can be observed. Moreover, pores at the fiber 
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bundle and the fiber edge caused the weak interface between fibers and matrix, so the laminate 

effect is also responsible for the pseudo-ductility. However, densification lead to the strong 

interface between fiber and matrix, causing that the laminate effect reduced with increasing the 

sintering temperature. Therefore, pseudo ductile behavior was limited with the sintering 

temperature so that no pseudo-ductility exists in composite fabricated at 1900 °C with the highest 

density and the most severe reaction. So, densification has a greater impact on the pseudo-ductility. 

While for the thermal conductivity, 1500 °C sintered composite shows the lowest thermal 

conductivity even if W with high thermal conductivity exists in the matrix due to low sinterability, 

and it increases with the sintering temperature. The ρa in the table 1 was calculated without open 

pores. A lot of open pores existed in the material sintered at 1500 °C. Therefore, sinterability 

dominates the thermal conductivity compared with reactivity. Thus, there is a tradeoff. Relatively 

high temperature sintering improves densification, strength and thermal conductivity, however 

high temperature caused severer damage in fiber and matrix. So the densification of composites 

and reaction between fiber and matrix need to be balanced. 1700 °C should be suitable temperature 

to fabricate SiC/W composites by hot press, which displayed pseudo ductile behavior with relative 

high UTS, as well as high thermal conductivity, however, the composition of matrix has been 

reacted totally, and no W remained. Based on this, to raise the pseudo-ductility and thermal 

conductivity of the composites, it is essential to prepare diffusion barrier to avert the reaction to 

remain higher content of W and keep the shape of SiC in composites after sintering.  

Table 3.2 Summary of the fabricated composites’ properties. 

Sintering 

temperature/°C 

 Density / 

g/cm3 

Reaction at 

interface 

Mechanical property Thermal conductivity/(RT) 

Pseudo 

ductility 

Average 

UTS/MPa 

X direction Y direction 

1500 9.01 very severe yes 56.17 16.45 25.29 

1600 9.14 totally changed yes 37.76 20.45 31.06 

1700 10.43 totally changed yes 82.87 32.23 51.48 

1900 11.46 totally changed no 178.2 --- --- 
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3.6 Conclusion 

SiC fiber reinforced W composites were fabricated at different sintering temperature by 

hot-pressing successfully. The strength and thermal conductivity of composites increased with 

increment of sintering temperature due to densification, however pseudo ductility was reduced due 

to enhanced reaction between SiC fiber and W matrix. In addition, the stress-strain curves 

displayed obvious pseudo-ductile behavior for specimen sintered at 1500 °C, 1600 °C and 1700 °C 

compared with pure W annealed at 1700 °C even if the temperature of tensile test is lower than the 

DBTT of W. So SiC fiber as reinforcement to strengthen W is feasible. Concerning thermal 

conductivity, higher sintering temperature leaded to higher thermal conductivity. In addition, it is 

much higher in through-plane direction than in-plane direction. The composites fabricated at 

1700 °C showed the largest strength with pseud ductility. Besides, the reaction rate increased 

approximately 18 times when temperature increased from 1500 °C to 1700 °C. Thus, to acquire 

better properties, it is necessary to recognize an effective diffusion barrier for the W and SiC 

system without reactions to get higher W content and protect SiC fiber. 
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Chapter 4 Effect of matrix on properties of 

SiC fiber reinforced composites 
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4.1 Introduction 

The significant reactions were identified between W powder and SiC fiber from Chapter 3, 

generating tungsten silicides (W5Si3 and WSi2 (47 W/m-1/K-1 [1])) and tungsten carbides (WC (63 

W/m-1/K-1 [2]) and W2C), lower than the thermal conductivity of SiC and W. Therefore, we 

consider using dense W foil (0.05 mm and 0.08 mm thick foil) as matrix to reduce the reaction and 

improve the strength of composites. While W foil displays ductile behavior, W foil will lose 

ductility due to recrystallization behavior at high temperature[3,4]. Therefore, the recrystallization 

temperature of W foils used in this work was examined by annealing in the temperature range of 

600 °C to 1200 °C for 1 h (every 200 °C) in order to verify the recrystallized temperature of used 

foils to confirm the ductility from foil or fiber. Moreover, the variation of property of foils like 

residual stress and hardness were also analyzed in this work. In addition, molybdenum (Mo) is the 

same group element as W with BCC structure, encountering the identical issue which is lack of 

ductility at RT [5]. Therefore, the SiC fiber reinforced Mo composite with foils was also tried to 

fabricate by same method at 1500 °C with 20 MPa pressure for 1h due to lower melting point of 

2623 °C than W. In addition, the recrystallizational behavior of Mo foil was also examined in this 

work. Then, the mechanical property of prepared composites with different matrix reinforced by 

unidirectional SiC fiber was evaluated by tensile test measured at RT and 1000 °C, and also phase 

changes during fabrication were investigated. 

4.2 The recrystallization behavior of foil at high temperature  

4.2.1 Recrystallization temperature of metal foils used in this work 

Fig. 4.1 displays W's recrystallization behavior, in which 0.08 mm foils were annealed at 

elevated temperatures for 1 h from 600 °C to 1200 °C for every 200 °C, etched by plasma using 

CF4 and O2 mixture gas with the ratio of 90% and 10% before observing [6]. Furthermore, the 

SEM images of the foil in 1500 °C fabricated composite with 0.08 mm foil is shown in Fig. 4.1 f), 

in which the reaction between SiC fibers and W foil is limited. It can be found that the W grains 

have no noticeable change below 800 °C, while they start recovery from 1000 °C. In addition, a 

typical triple junction can be found in 1500 °C heat treatment W foil, indicating that the grains 
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have completely recrystallized at 1500 °C. Therefore, we think both foils in composites have 

recrystallized even after 1700 °C sintering.  

 

Figure 4.1 SEM images of  microstructural changes of 0.08 mm W foils annealed at different 

temperatures. a) as-received W foil; b) 600 °C, 1h; c) 800 °C, 1h; d) 1000 °C, 1h; e) 1200 °C, 1h; 

f) 0.08 mm W foil in composite (1500 °C). 
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Figure 4.2 The EBSD results of as-received and annealed W and Mo foils as-received and annealed 

at different temperatures. a) is as-received 0.05 mm W foil; a1) to a5) are 0.05 mm W foil annealed 
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at different temperatures; b) is as-received 0.08 mm thick W foil; b1) to b5) are 0.08 mm W foil 

annealed at different temperatures; c) is as-received 0.08 mm Mo foil; c1) to c5) are the 0.08 mm 

Mo foil annealed at different temperatures. 

EBSD measurement was also used to evaluate the recrystallized temperature, and the 

results of W foils with different thickness (0.05 mm and 0.08 mm) and Mo foils of 0.08mm 

thickness annealed at different temperatures were shown in Fig. 4.2. For W foils with different 

thicknesses of 0.08 mm and 0.05 mm, similar results can be noticed, which is the recrystallization 

behavior occurred between 1200 °C and 1400 °C and only grain growth developed at lower 

1200 °C. In addition, the thickness of foils after hot rolling has no effect on recrystallized 

temperature. However, the recovery temperature is slightly higher than the value reported in K-

doped W and K-doped W-Re materials [7]; however, both rolled W recrystallized completely as 

well after 1500 °C, 1h annealing [7], causing the significant variation of properties like reducing 

the Vickers hardness [7] and increasing the DBTT [8]. Therefore, composition has a great impact 

on recrystallization behavior. In addition, the recrystallized temperature of Mo foil is lower than 

that of W, which is between 1000 °C and 1200 °C. At 1200 °C, Mo grains have already 

recrystallized totally. 

4.2.2 Property changes of metal foils before and after recrystallization  

 

Figure 4.3 Dependence of hardness of metal foils on the temperature of annealing. a) the 

relationship between load and depth by nanoindentation; b) the hardness variation of foils after 

high temperature treatment. 
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Fig. 4.3 shows the alternative of nanoindentation hardness of W and Mo foils used in this 

work with the annealing temperature. The Berkovich tip indenter was used in this work. In addition, 

the highest depth was set as 1000 nm. With the increase of temperature, the hardness of foils 

gradually decreased. Moreover, the received rolled W have same hardness with unrelated its 

thickness about 6.1 ± 0.3 GPa for 0.05 mm W foil and 6.1 ± 0.4 GPa. In addition, the hardness of 

Mo foil is 3.7 ± 0.1 GPa at RT. This reduce of hardness is considered to be recovery caused by 

the release of residual stress and the disappearance of dislocation and grain boundary. The 

improvement of hardness at high temperature may cause from the inaccuracy of measurement. At 

higher temperature the grain growth takes place after recrystallization, therefore, the hardness 

should decrease slightly.  

The differences of residual stress of all foils before and after heat treatment were evaluated 

by CrossCourt4 (CC4) software based on Kikuchi patterns from EBSD results. The stress 

distribution in 3 directions of as-received and annealed at 1500 °C foils were shown in Fig. 4.4, in 

which the “-” means compressive stress. According to the results, the stress scattered only in 2 

directions, and no stress was detected from 𝑥3 direction. Because electrons in SEM have limited 

ability to penetrate the sample, EBSD can only detect the surface stress of the sample. Therefore, 

this surface stress distribution from CC4 on the basis of EBSD can be regarded as a two-

dimensional stress state, and its stress σ33≈0 perpendicular to the sample, while the principal 

strain ε3 in this direction is not 0. 

It is easy to be found that the stress relief caused from the recrystallization and grain growth 

in all foils. The stress of 0.05mm W foil without annealing in σ11 and σ22 is within the range of 

100 GPa to -100 GPa, but data reduced to 30 GPa after heat treatment at 1500 °C. For the 0.08 

mm thick foil, the residual stress decreased from the range between 100 GPa and -70 GPa to ± 20 

GPa. However, it is difficult to say the effect of thickness on the residual stress just based on the 

results from CC4, and more detail and accurate data are required. Similar phenomenon occurred 

in Mo foil. The data is in the limit from 120 GPa to -60 GPa for non-annealed foil, while it’s about 

± 30 GPa in 1500 °C annealed foil. 
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Figure 4.4 The residual stress from three directions of as-received and annealed foils at 1500 °C 

by crosscourt4. a) and b) are the stress of as-received and annealed 0.05 mm W foils; c) and d) are 

the stress of as-received and annealed 0.08 mm W foils; e) and f) are the stress of as-received and 

annealed 0.08 mm Mo foils. 
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4.3 Effect of W foil thickness on the microstructure and mechanical property 

of composites 

4.3.1 Microstructure 

Table 4.1 Density and porosity of sintered composites with W foils 

composites Vf/% ρs / g/cm3 ρr / g/cm3 Po / % Pc / % R.D / % 

composite0.05 46.68 10.49 11.68 10.15 2.92 86.93 

composite0.08 43.39 11.06 12.44 11.09 1.09 87.81 

Note: Vf is fiber volume ratio; ρs is density calculated by geometric method; ρr is density measured 

by Shimadzu AccuPyc Ⅱ 1340; Po and Pc is open and closed porosity of composites; R.D is 

relative density of composite 

Table 4.1 displays the density and porosity as well as other information of composites. 

Herein, 1500 °C 0.08 means the composite with 0.08 mm foil sintered at 1500 °C. The relative 

density is 86.93 % and 87.81 % for composite with 0.05 mm foils and 0.08 mm foils respectively, 

in which the low density is from high open porosity of approximately 10 % for both composites 

because the slurry do not disperse uniformly in the fiber bundle. Besides, the fiber volume fraction 

is about 43.4 % in 0.08 mm foils fabricated composites, lower than that of composites with 0.05 

mm W foil of 46.7 %. 

The XRD pattern of the fabricated composites is shown in Fig. 4.5, displaying the phases 

in the composites. Herein, it is clear to identify the W’s peaks in both composites with two kinds 

of foils sintered at 1700 °C, although the stable reaction products of silicides (W5Si3 and WSi2) 

and carbides (WC and W2C) can be found. However, no W remained after sintering at 1700 °C 

for composite with powders as matrix, illustrating that dense foil can lessen the reaction rate 

between SiC and W. Besides, the intensity of W peaks in 0.08 mm foil fabricated composite is 

stronger than that of composites with 0.05 mm foil W and without foils fabricated at 1700 °C, 

indicating that more W remained in composite with 0.08 mm foil. 
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Figure 4.5. The XRD pattern of sintered composites with W foils of different thickness. 

 

Figure 4.6 The cross-sectional SEM image and element analysis by EMPA of composite fabricated 

with different thicknesses of W foils. a) 0.05 mm foil; b) 0.08 mm foil. 

The SEM images of the cross-section and element analysis by EPMA mapping of 1700 °C 

sintered composites with foils are exhibited in Fig. 4.6. It is easy to recognize the remained W and 

the damaged SiC fibers. In addition, the content of non-reacted W in composites with thicker foil 
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is more than that in composite with 0.05 mm foil, and approximately 10 µm W matrix remained 

in 0.05 mm foil, illustrating that dense matrix can decline the reaction rate. Besides, it is easy to 

observe columnar grains tungsten silicides in composites. Moreover, the diffusion path of Si and 

C atoms to W were much larger than the one of W into SiC caused by the difference of atoms’ size. 

According to the reported results [9], the possible reactions between W and SiC during the 

sintering process up to 1700 °C are shown as follows, and such reactions leading to the degradation 

of fiber. 

SiC + 5/3 W→1/3 W5Si3 + C 

SiC + 5/2 W→1/2 WSi2 + W2C 

SiC + 3/2 W→1/2 WSi2 + WC 

SiC + 8/3 W→1/3 W5Si3 + WC 

SiC + 8/3 W2C→1/3 W5Si3 + 11/3WCSiC + 3/7 W5Si3→8/7 WSi2 + WC 

 

Figure 4.7 The cross-sectional SEM images of composites sintered at 1700 °C after tensile test 

measured at RT. a1) and a2) are composite fabricated with 0.05 mm-thick foils in various 

magnifications; b) composite with 0.08 mm-thick foils. 
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Fig. 4.7 reveals the SEM images in SE mode of the cross-section of fabricated composites 

containing W foils after tensile test at RT with different magnification. Very short pull-out fiber 

can be observed from these images in both composites. In addition, most grains in fracture surface 

show transgranular fracture at RT. Besides, it was also found that the SiC fibers were damaged 

after sintering at 1700 °C. Moreover, for both composites, small pores in matrix in W powders 

area near fiber tow can be observed, and these unsintered regions should be carbides because of 

the high melting point of tungsten carbides combined with the EPMA results.  

 

Figure 4.8 Optical image of the fracture surface side of composite with foils. a) 0.05 mm; b) 0.08 

mm. 

The optical photographs of the side of fracture surface of composite with foils are revealed 

in Fig. 4.8. It is easy to identify the short foil pull-out behavior from image b) due to weak bonding 

between SiC fiber and W matrix caused by the relatively open porosity, leading to crack deflection. 

In contrast, only limited crack deflection can be found in composite with 0.05 mm foils. Therefore, 

we think the pull-out effect from foil contributes to the pseudo ductility in this work. 

4.3.2 Mechanical property at room temperature and 1000 °C   

The tensile test results of SiCf/W composites with different thick foils tested at RT sintered 

at 1700 °C are illustrated in Fig. 4.9. The loading direction is parallel to the fiber direction and 

rolling direction of foil. It can be found that both composites with foils exhibited pseudo ductility 

tested at RT, although the temperature of tensile tests was room temperature, which is lower than 

the DBTT of W and the fabrication temperatures are higher than recrystallization temperature. 

However, the composite with thicker foils displayed a better mechanical property with the more 
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evident pseudo ductile behavior. The result is consistent with the optical images, in which more 

pull-out short can be found in composites with 0.08 mm. Furthermore, it maintains a high strength 

of 197 MPa, although it has a comparatively low fiber volume fraction. Besides, the strength is 

much higher than that of composite fabricated with 0.05 mm foil of 129 MPa. Thus, it can be 

assumed that the composite with 0.08 mm foils without reactions between fiber and foils should 

exhibit better UTS and pseudo ductility, in which fiber is responsible for ductility and the W matrix 

is for strength. However, the UTS of both composites are lower than that of pure W of 478 MPa 

at RT shown in Fig. 5.1, while no ductility can be found. In addition, we think both foils have no 

contribution to ductility because they have recrystallized after 1700 °C sintering (see Fig. 4.1 and 

4.2), and it is reported that the recrystallized W has no ductility below 200 °C even though the as-

received W displayed ductile behavior at RT [7]. Therefore, the pseudo ductility in this work is 

from the SiC fiber and pull-out foil (see Fig. 4.8), and considering that the lower volume fiber 

fraction in composites with thicker foil exhibit higher ductility, the contribution for the pseudo 

ductility from the pull-out effect is higher than SiC fiber itself. 

 

Figure 4.9 Tensile test results of fabricated composites with different thick foils measured at RT. 

The composites were also fabricated at 1500 °C and 1600 °C with the same pressure and 

holding time with about 41.71 vol% and 44. 23 vol% SiC fiber respectively. The tensile test results 

measured at room temperature are revealed in Fig. 4.10. The composites delaminated easily 

according to the results marked by the arrows because composites don’t sinter well. Therefore, 

1500 °C and 1600 °C are low to sinter composites with 0.08 mm foil, consistent with the results 



70 

 

in Chapter 3 that 1700 °C is a recommendation temperature to sinter SiC/W composite by hot 

press. 

 

Figure 4.10 The tensile test results of SiCf/W composites sintered at 1500 °C and 1600 °C with 

0.08 mm foil. a) 1500 °C; b) 1600 °C.  

The pseudo ductility has already verified in the SiC fiber reinforced W composites with or 

without foils at room temperature. While, temperature also has a great influence on mechanical 

property, and whether the composites show better property than that of pure W at high temperature. 

Therefore, it is necessary to carry out the tensile test at higher temperature, and the main purpose 

is to understand the fracture behavior of the new material in a high temperature environment. The 

load position and stress strain curve of composites with 0.08 mm foil prepared at 1700 °C tested 

at 1000 °C are shown in Fig. 4.11. The loading speed for high temperature tensile test is 0.5 mm/s. 

The highest stress is 92.1 MPa lower than it measured at room temperature. The fracture of 

composites can be divided 4 steps based on the tensile test result. 1st step, the pseudo-ductile 

behavior can be noticed due to the composite effect, namely the weak interface between fiber and 

matrix. At high load region, there is still part delamination occurred. Then the SiC fiber fractured 

firstly due to brittleness, and the stress reduced to 20 MPa. However, the position was still moving 

to the downside. Subsequently, the remained W starts plastic deformation. Finally, the deformed 

W fractured. 
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Figure 4.11 The tensile test result of SiCf/W composite with 0.08 mm foil sintered at 1700 °C 

without diffusion barrier. a) position load curve; b) stress strain curve. 

 

Figure 4.12 The cross-sectional SEM image of SiCf/W composites after 1000 °C tensile test. 

The cross sectional SEM image of composite after high temperature tensile test was 

revealed in Fig. 4.12. The plastic deformed W region can be observed easily. In addition, the height 

in fiber area is lower compared with the W part. Therefore, SiC fiber fractured firstly and W broke 

at last from the SEM image matched with load position and stress strain curve.  
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Figure 4.13 The thermal properties of SiCf/W composite with 0.08 mm foil. a) thermal diffusivity; 

b) heat capacity; c) thermal conductivity. 

The thermal properties of SiCf/W composites with 0.08 mm foils are shown in Fig. 4.13, 

and the details about thermal conductivity of composites without foils can be found in Fig. 3.6. 

Here, the x and y means the through-plane and in-plane respectively. There is still higher 

conductivity in in-plane direction than that of through-plane direction, in addition the conductivity 

reduces with the improve of temperature due to more severe phonon scattering. Moreover, the 

thermal conductivity of composite with 0.08 mm foil is 55.6 W/(m⋅K) at room temperature higher 

than composite without foils of 51.5 W/(m⋅K). However, for composites with 0.05 mm foil, 

thermal conductivity should reduce larger in higher temperature due to lacking of the contribution 

from electrons in remained W.  
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4.4 The property and microstructure of SiCf/Mo composites  

 

Figure 4.14 The mechanical property of SiCf/Mo composite with or without heat treatment 

measured at room temperature.  

The Mo based composites were fabricated at 1500 °C for 1h with 20 MPa pressure 

reinforced by SiC fiber with 48.8 vol%, and the density of composite is 7.09 g/cm3 calculated by 

size. The size of tensile bar is the same as bar for W-based materials. 3 of 6 bars were annealed at 

1000 °C before tensile tets. In addition, the tensile test results of SiCf/Mo composite with or 

without heat treatment were shown in Fig. 4.14, in which one annealed bar failed to test. The UTS 

is 109.8 ± 10.7 MPa for unannealed composite bars, and for the annealed bars, the UTS is 92.2± 

17.8 MPa, lower than the UTS of SiCf/W composite with 0.08 mm foil. In addition, the pseudo 

ductility can be noticed easily, suggesting that SiC fiber can act as an effective reinforcement to 

ameliorate the brittleness of Mo material. The recrystallization temperature of Mo foil is between 

1000 °C and 1200 °C. Therefore, Mo foils have no contribution on the ductility for composite 

sintered 1500 °C.  
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Figure 4.15 The XRD pattern of 1500 °C fabricated SiCf/Mo composites and pure Mo.  

 

Figure 4.16 The phase diagram of SiC and Mo until 3000 °C 

Like W and SiC system, Mo also reacted with SiC. In addition, the XRD patterns of 

1500 °C sintered composite and pure Mo are displayed in Fig. 4.15. Ceramic phases of 

molybdenum silisides (Mo5Si3C and Mo5Si3) and carbide (Mo2C) were generated and their peaks 

can be identified. While, SiC and Mo can be detected, indicating that there is still unreacted Mo 
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after high temperature sintering. Moreover, such results in accordance with the phase diagram of 

SiC and Mo system shown in Fig. 4.16. Mo only remained when temperature is lower than 1700 °C, 

and all Mo reacted with SiC at higher temperature. 

 

Figure 4.17 The SEM and EDS of SiCf/Mo composites after tensile test. a) The cross-section SEM 

image of SiCf/Mo; b) The EDS result of image a); c) and d) are the larger magnification images 

in a). 

In order to know about the reaction in SiC and Mo clearly, the SEM images and EDS of 

tested SiCf/Mo composite after tensile test were also measured, and the images are revealed in Fig. 

4.17. It is easy to notice that 3 layers, SiC fiber/reaction zone/Mo, from cross-section image can 

be observed similar with SiCf/W composite. Remained Mo can be found based on the EDS result. 

In addition, the depth of light atoms (Si and C) diffuses deeper than the depth of Mo atoms due to 

smaller grain size. Besides, twinned crystals can be found in remained Mo. 

The thermal properties, including thermal diffusivity and conductivity as well as heat 

capacity, were measured or calculated from 25 °C to 925 °C for every 100 °C exhibited in Fig. 
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4.18. For composite, it was tested from 2 directions (x direction, through-plane direction; y 

direction, in-plane direction, see Fig. 3.6). The Cp data is measured by DSC, and both pure Mo  

 

Figure 4.18 The thermal property of SiCf/Mo and pure Mo. a) thermal diffusivity; b) heat capacity; 

c) thermal conductivity. 

and composite match the linear law and increase with increasing temperature. The density to 

calculate conductivity is used the data from its geometry. The diffusivity and conductivity of pure 

Mo reduced with the improve of temperature, and the data of pure Mo is higher compared with 

composite. The conductivity is 160 W/(m⋅K) at 25 °C and reduces to 145 W/(m⋅K), suggesting 

that Mo displays high thermal conductivity even at high temperature. In addition, the thermal 

property in y direction is larger than x direction for composite due to the location of open porosity 

like SiCf/W composites, and more detailed discussion can be found in Chapter 3.4. It need to be 

notice that the thermal conductivity of composite in both directions enhance with the temperature. 

This phenomenon might cause from the incorrect heat capacity data at high temperature, and the 

measured Cp data should be larger than the real data. Because the reactions between W and SiC 

occur in composites at high temperature, and such reactions caused the phases changes during heat 
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capacity measurement, thereby the heat capacity is different with the real value. For the thermal 

diffusivity, it can be considersed the pores in composites influences more than phases because both 

SiC and W have high diffusivity while composites show low diffusivity due to pores. However, 

the tested data at lower temperature are correct. The thermal conductivity of composite is about 30 

W/(m⋅K) in in-plane direction and 10 W/(m⋅K) in through-plane direction lower than that of W 

based composite in both directions. 

4.5 Conclusion 

  Continuous (long) SiC fiber reinforced W composites with 0.05 mm or 0.08 mm foil as 

matrix were fabricated at 1700 °C, and Mo based composites with 0.08 mm foil was sintered at 

1500 °C successfully. The recrystallization temperature of W foil and Mo foil is from 1200 °C to 

1400 °C and from 1000 °C to 1200 °C, respectively. Therefore, there is no contribution for ductility 

of composites from foil because all foils have recrystallized after sintering in this work. For W 

composites, the tensile test measured at RT implies that the W based composites obtained with 

0.08 mm foil showed better apparent pseudo-ductile behavior due to the short pull-out foil and 

higher UTS of 197 MPa owing to high relative density and more remained W, suggesting that 

using dense foil as matrix is an efficient way to reduce the reaction rate. For Mo based composite, 

pseudo-ductility can also be found from the tensile test at RT, while both UTS and thermal 

conductivity are lower than those of W composites, Thus SiC fiber as reinforcement is one of the 

successful methods to ameliorate the embrittlement of metals, and such pseudo ductility is 

independent to consider the DBTT and recrystallization temperature. Moreover, it is expected that 

pseudo-ductile behavior will be obtained even if W and Mo are brittle caused by neutron irradiation 

or radiation hardening. 
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Chapter 5. Effect of fiber on properties of 

SiC fiber reinforced W composite  
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5.1 Introduction 

  The property of fiber is also a parameter to affect composites’ properties. The ultimate 

tensile strength 𝜎𝑈𝑇𝑆  of composites can be estimated by the equations [1,2] of 𝜎𝑈𝑇𝑆 =

𝑉𝑓𝜎𝐶(
2

𝑚+2
)1/(𝑚+1) 𝑚+1

𝑚+2
 and 𝜎𝐶 = (

𝜎0𝜏𝐿0

𝛾
)1/(𝑚+1), in which where 𝜎𝐶 is the relevant strength of the 

fibers, 𝑚 is the Weibull modulus of the fibers, 𝜎0 is the Weibull reference strength of the fibers, 

𝐿0 is the gauge length, τ is the sliding resistance, 𝑉𝑓 is fiber volume fraction, and γ is the radius of 

the fiber. Effect of fiber volume fraction [2–5], fiber arrangement [3,5], and fiber treatment [6] on 

the property of composites were studied. In this work, unidirectional SiC fiber and 2 dimension 

(woven SiC fiber) as reinforcement was used to fabricate W composites by hot-press, then the 

mechanical property was examined by tensile test to evaluate which kinds of fiber show better 

property. In addition, SiC/W woven fiber was used as reinforcement in this work to ameliorate the 

mechanical property and to improve the high temperature thermal property especially in through-

plane direction. because W shows higher thermal conductivity than SiC at high temperature due 

to high contribution from electrons. Moreover, the relationship between microstructure and 

properties was discussed. 

5.2 The property and microstructure of composites with woven SiC fibers 

Two different methods with or without W powder sheet were taken advantage of 2D SiC 

fibers to fabricate composite (see Fig. 2.1). In addition, pure W by powders or foils were also 

sintered. The properties are shown as follows. 

5.2.1 Basic information of prepared composites with woven fibers  
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Table 5.1 Densification of SiC fiber reinforced W composites fabricated by 2 methods and pure W. 

  1500  1700 1900 

 Vf% ρ/(g▪cm3) P/% R.D. Vf% ρ/(g▪cm3) P/% R.D. Vf% ρ/(g▪cm3) P/% R.D. 

Wp -- 17.30 9.66 90.34 -- 16.61 13.66 86.34 -- 17.32 9.93 90.07 

Wf Debonding in cutting for tensile test bar -- 18.87 1.95 98.05 

MANF Debonding in cutting for tensile test bar 49.73 9.12 19.14 80.86 50.73 9.73 12.06 87.94 

MAF Debonding in cutting for tensile test bar 36.80 11.62 12.67 87.33 

MBNF 47.57 7.86 32.05 67.95 51.84 8.98 17.51 82.49 50.65 10.67 3.65 96.35 

MBF 46.41 8.44 28.17 71.83 41.93 10.57 15.32 84.68 39.19 11.35 12.15 87.85 

Note: Vf (fiber volume fraction), ρ (density), R.D. (relative density), P (porosity), Wp (pure W 

sintered by W powder), Wf (pure W prepared by W foil) 

The fiber volume fraction, density and porosity of composites are shown in Table 5.1, in 

which density is calculated by its size. All materials densified with the temperature, especially for 

MBNF composite. Pure W only by W foils and composite by MA with foils delaminated in both 

1500 °C and 1700 °C. In addition, MANF composite fabricated at 1500 °C was also debonding in 

the cutting period to prepare the tensile test bar, indicating that the W powder might be not go 

insides the fiber bundle after 20 MPa pressure with 30 min at 200 °C. While for composites by 

MB, there is no debonding even if the porosity higher than 30 vol%. Therefore, MB should be 

more appropriate compared with MA from W powder sheet.  

An interesting phenomenon needs to be noticed that the porosity of 1500 °C prepared pure 

W by powder of 10.66 % is lower than that of 1700 °C sintered W of 13.66% (see Table 5.1), 

which may be caused by the existence of tungsten oxide (WO3). As we all know, W is oxidized 

easily, especially for small grain size powders with specific surface area. The grain size in this 

work is 0.6 µm, so the WO3 has existed before sintering. In addition, the melting point of WO3 is 

1470 °C, lower than the sintering temperature of 1500 °C. Therefore, such oxides act as sintering 

additive to generate the liquid phase. However, the WO3 boiled when temperature reached to 

1700 °C, and such boiled oxides gas can not pass whole material due to the pressure with 20 MPa 

during sintering, which is responsible for the high porosity. 
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5.2.2 Mechanical property and microstructure of prepared composites with woven fibers   

The tensile test results of pure W fabricated by foils and powders were exhibited in Fig. 

5.1. The annealing condition is 1000 °C for 1 h in Ar. No results of pure W by foils sintered lower 

than 1900 °C due to the delamination of foils during cutting period for the tensile test specimen. 

No ductile behavior can be found in all specimens whether by powders or foils. The inaccuracy in 

the results caused by the wrong paste of strain gauge. 

 

Figure 5.1 The tensile test results of pure W by powders fabricated from 1500 °C to 1900 °C a), b) 

c) and d) by foils sintered at 1900 °C d) with or without annealing. 

In addition, the tensile test results of composites by woven fibers fabricated from 1500 °C, 

1700 °C, and 1900 °C respectively by 2 methods (MA and MB) with or without foils are displayed 

in Fig. 5.2. The pseudo ductility reduced with sintering temperature for all composites, indicating 

that densification cause the strong interface between fiber and matrix. The tensile test bar of 

MANF1500, MAF1500, and MAF1700 delaminated, therefore the results are not shown here like 

pure W prepared by foils, indicating that the method A is not suitable to fabricate SiC fiber 

reinforced W composites. For composites by MA with or without foils at 1700 °C and 1900 °C, 
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only little pseudo ductility can be identified, compared with the pure W. While apparent pseudo 

ductile behavior can be noticed in composites by MB with or without foils at 1500 °C and 1700 °C, 

and the strength of MBF1500 and MBF1700 is higher than composite without foils. It can be 

assumed that foils are responsible for the higher strength at 1500 °C and 1700 °C. It is worth noting 

that composite with or without foils at 1900 °C by MB, no ductile behavior was recognized. 

Moreover, 1900 °C is a little high for woven fiber reinforced composites. In addition, the strength 

between MBF and MBNF at 1900 °C are almost identical with 120 MPa, which is the highest 

strength for composite by MB with woven fiber but still lower than the pure W of higher than 500 

MPa. 

 

Figure 5.2 The tensile test results of fabricated composites with or without annealing. a), b) and c) 

are the results of composites fabricated from 1500 °C, 1700 °C, and 1900 °C respectively.  

The summary of the relationship between temperature and strength for every tensile test 

bar is revealed in Fig. 5.3. The strength of all composites by woven fiber for both methods is lower 

than that of pure W irrelevant to the sintering temperature and W sources (by powder or foil), and 
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the strength increased with temperature due to the decrease of porosity, which also caused the 

strong interface between fiber and W at higher sintering temperature. In addition, such strong 

interface leads to the reduction of pseudo ductility (see Fig. 5.2). While for the pure W fabricated 

by powder, the lowest UTS is sintered at 1700 °C rather than 1500 °C in this work, matched with 

the density and porosity, namely W sintered at 1700 °C indicates lower density and higher porosity, 

caused by the low melting and boiling point of WO3. In addition, the annealing at 1000 °C almost 

has no effect on tensile test results, no matter UTS or ductile behavior, for all specimens. 

 

Figure 5.3 The relationship between sintering temperature and ultimate tensile strength (UTS) by 

every tensile test bar.  
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Figure 5.4 The cross sectional SEM images of pure W after tensile test at room temperature. a) 

pure W by powders at 1500 °C, b) pure W by powders at 1700 °C, c) pure W by powders at 

1900 °C, d) pure W by foils at 1900 °C.  

The cross sectional microstructure of tested specimens was observed to understand the 

connections between microstructure and property, and the microstructure of pure W sintered by 

powders or foils at different temperature after tensile test were revealed at Fig. 5.4. It is easy to 

notice the grain growth with the improvement of sintering temperature from 1500 °C to 1900 °C 

in pure W by powders. Moreover, sintering pores are identified in all powder sintered specimens.   

At 1500 °C, the size is lower than 1 µm, irregular pores are in the grain boundary, revealing that 

1500 °C is low to sinter W powder together. While the size reached to 10 µm sintered at 1900 °C. 

Therefore, small grain size in 1500 °C sintered W may be also responsible for the higher strength 

compared with W sintered at 1700 °C. In addition, the materials at lower sintering temperature 

(1500 °C and 1700 °C) display intergranular fracture, and the cracks at grain boundary can be 

easily found in 1700 °C fabricated specimen (see Fig. 5.4 b)) due to the presence of oxide. In 

addition, both intergranular and transgranular fracture can be recognized in pure W by powders at 

1900 °C. For the material by foils, the gaps between each foils were still observed, indicating that 

1900 °C is still low to join without adding sintering additives. 
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The SEM images of microstructure of SiC fiber reinforced W composites with or without 

foils by both methods after tensile test are displayed in Fig. 5.5. For MA, it seems only little W 

powders moved into the fiber bundle for composite without foil sintered at 1700 °C even although 

pressure with 20 MPa was applied at 200 °C for 30 min, which is the reason why the composites 

fabricated by MA delaminated when sintering temperature lower than 1700 °C.  For composites 

by MB, they were fabricated successfully even if the sintering temperature is 1500 °C, and the 

powders can be recognized easily in the fiber bundle. The element analysis and the detailed 

discussion can be found in Chapter 3.2.  

 

 

Figure 5.5 The cross-section SEM images of SiC fiber reinforced W composites with both methods 

fabricated at different temperature after tensile test at RT  
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5.3 The property and microstructure of fabricated composites with 

unidirectional SiC fiber 

Detailed properties about unidirectional SiC fiber reinforced W composites can be found 

in Chapter 3 and Chapter 4.3. 

5.4 The property and microstructure of fabricated composites with woven SiC 

and W fibers 

W wire with 0.1 mm diameter woven with Hi-Nicalon type S SiC fiber was fabricated 

successfully by twill way with 4/4 by different pitches (0.3 mm, 0.5 mm, and 0.7 mm). The photo 

of SiC/W fabric with 0.7 mm pitch was displayed in Fig. 5.6. 

 

Figure 5.6 The photo of fabricated SiC/W fabric by twill way with 4/4 by 0.7 mm pitch.  

 

Figure 5.7 The SEM image of SiC fiber before and after in NaOH (aq, 0.98wt%) for 50 h at room 

temperature. 

SiC 

W 
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The SiC/W fabric was washed by NaOH solution before using. Besides, in order to evaluate 

whether SiC fiber is stable in NaOH aq, the same SiC fiber was in 0.98 wt% NaOH solution for 

50 h at room temperature firstly, and the SEM images of SiC fiber before and after in solution are 

exhibited in Fig. 5.7. It can be found that SiC fiber is stable in NaOH solution even for 50 h.  

 

Figure 5.8 The tensile test results of SiC/W fabric reinforced W composites with 0.08 mm foil 

sintered at 1700 °C with or without annealing. a) 0.3 mm pitch composite; b) 0.5 mm pitch 

composite; c) 0.7 mm pitch; d) summary of mechanical property of SiC/W fabric reinforced 

composites. 

The mechanical property of 1700 °C fabricated SiC weaved with W fiber reinforced W 

composites with 0.08 mm foils measured at room temperature is revealed in Fig. 5.8. The UTS of 

composites with 0.3 mm, 0.5 mm, and 0.7 mm pitch without annealing are 136.5 ± 8.3 MPa, 116.5 

± 6.3 MPa, and 148.5 ± 18.7 MPa respectively. In addition, the strength of all composites reduced 
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slightly after 1000 °C annealing for 1 h, and the values are 122.9 ± 17.0 MPa for 0.3 mm pitch 

fabric sintered composite, 91.6 ± 4.4 MPa for 0.5 mm pitch fabric prepared composite, and 139.9 

± 2.8 MPa for 0.7 mm pitch fabricated composite respectively. In addition, the values caused by 

different pitches have not changed much, which may cause from the deviation during measurement. 

Moreover, it was easy to find the more obvious pseudo-ductility in SiC/W fabric reinforced W 

composite compared with woven SiC fiber reinforced composite, while weaker than pseudo-

ductility in composite reinforced by unidirectional SiC fiber. In addition, the UTS of composite by 

woven SiC fiber with 0.05 mm foils is 103.33 MPa, and strength of composite by unidirectional 

SiC fiber with 0.05 mm and 0.08 mm foils is 125.97 MPa and 197.12 MPa respectively. The UTS 

of composites by UD fiber is higher than both 2D fibers. Because for 2D fiber, when the direction 

of fiber is parallel to the load direction during tensile test fibers can work, only half of fibers have 

contribution to the mechanical property, shown in Fig. 5.9. Therefore, the UTS of composite by 

2D fiber is theoretically about 50% of UTS of UD composite. Both the strength of composites by 

both 2D fibers was higher than 1/2 σ(UD composite). Therefore, 2D fibers are better than UD fiber. 

But for these two kinds of 2D fibers, it needs to be studied further to find which one is better. 

 

Figure 5.9 The schematic diagram of composite by 2D fiber under load. 
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Figure 5.10 The cross-sectional SEM images of SiC weaved W fiber reinforced W composite after 

tensile test at room temperature. a) composite with 0.3 mm pitch SiC/W woven fiber; b) large 

magnification of image a); c) composite with 0.5 mm pitch SiC/W woven fiber; d) composite with 

0.7 mm pitch SiC/W woven fiber. 

The SEM images after measuring the mechanical property are shown in Fig. 5.10. Very 

short fiber pull-out effect can be observed from the cross-sectional images. In addition, larger pores 

can be viewed from image a). Besides, the damage of the W wire can be found, and only half 

diameter remained after sintering, such damages destructive to its mechanical property and thermal 

property.  

The reason why SiC/W fabric is introduced is to improve the heat transfer in the direction 

perpendicular to the surface of the fabric, because SiC has a lower thermal conductivity than 

tungsten at high temperature. The layer of SiC fibers has lower thermal conductivity than W matrix 

layer. The thermal properties of SiC/W woven fiber reinforcement W composites are shown in Fig. 

5.11. The thermal conductivity is also higher in in-plane direction than that of through-plane 

direction. The highest thermal conductivity is composite by 0.3 mm pitch fiber of 57.2 W/(m⋅K) 

in in-plane direction, slightly higher than UD composite with 0.08 mm foils 55.6 W/(m⋅K), which 
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caused from the high porosity in composites with SiC/W woven fiber. For the through-plane 

direction, similar with in-plane direction, the thermal conductivity of composites with W wire is 

lower at room temperature than that of UD composites with foils due to high porosity. However, 

composites by SiC/W fabric show higher conductivity at high temperature owing to the introduced 

W wire when composites were sintered at 1700 °C.  In addition, the thermal diffusivity of 

composites with W wire in through-plane direction reduced just slightly compared to that of 

composites without W wire (see Fig. 4.13) because of the contribution from W wire. Therefore, 

introducing W wire is perspective method to improve thermal conductivity. 

 

Figure 5.11 The thermal property of 2D SiC/W fiber reinforced W composites. a) thermal 

diffusivity; b) heat capacity; c) thermal conductivity.  
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5.5 Conclusion  

The effect of fiber on the property of composite was investigated in this Chapter. Three 

kinds of fiber, woven SiC fiber, unidirectional SiC fiber, and SiC and W woven fiber, were utilized 

to reinforce W. For SiC woven fiber, 2 methods were used to fabricate composites with woven 

fiber. In addition, the results show all composites fabricated by method with powder sheet at 

1500 °C deboned during processing to achieve tensile test bar. Therefore, method B is more 

appropriate than method A. Moreover, in these three kinds of fibers reinforced composite, all three 

kinds of composites displayed pseudo-ductile behavior at room temperature. In addition, 

composites with unidirectional fiber show the highest strength, because only 50% fiber works 

during tensile test in composites by the other two kinds of woven fibers, and the strength of both 

composites by both 2D fibers were higher than the 50 % strength of composite by unidirectional 

fiber. Therefore, 2D fibers are better than UD fiber. But for these two kinds of 2D fibers, it needs 

to be studied further to find which one is better. For thermal property, the composite by 2D W/SiC 

fabric shows higher conductivity at high temperature due to the introducing W wire with high 

conductivity from electrons especially in through-plane direction compare with composites 

without W wire. Therefore, SiC/W woven fiber might be more suitable combined the thermal 

property and mechanical property.  

  



93 

 

References 

[1] W.A. Curtin, Theory of Mechanical Properties of Ceramic-Matrix Composites, J. Am. 

Ceram. Soc. 74 (1991) 2837–2845. https://doi.org/10.1111/J.1151-2916.1991.TB06852.X. 

[2] K. Shimoda, T. Hinoki, Effects of fiber volume fraction on the densification and 

mechanical properties of unidirectional SiCf/SiC-matrix composites, J. Eur. Ceram. Soc. 

41 (2021) 1163–1170. https://doi.org/10.1016/J.JEURCERAMSOC.2020.09.024. 

[3] E. Elkazaz, W.A. Crosby, A.M. Ollick, M. Elhadary, Effect of fiber volume fraction on 

the mechanical properties of randomly oriented glass fiber reinforced polyurethane 

elastomer with crosshead speeds, Alexandria Eng. J. 59 (2020) 209–216. 

https://doi.org/10.1016/J.AEJ.2019.12.024. 

[4] C. Qin, N. Soykeabkaew, N. Xiuyuan, T. Peijs, The effect of fibre volume fraction and 

mercerization on the properties of all-cellulose composites, (2007). 

https://doi.org/10.1016/j.carbpol.2007.06.019. 

[5] H. Bouafif, A. Koubaa, P. Perré, A. Cloutier, Effects of fiber characteristics on the 

physical and mechanical properties of wood plastic composites, Compos. Part A Appl. 

Sci. Manuf. 40 (2009) 1975–1981. 

https://doi.org/10.1016/J.COMPOSITESA.2009.06.003. 

[6] M.Z. Rong, M.Q. Zhang, Y. Liu, G.C. Yang, H.M. Zeng, The effect of fiber treatment on 

the mechanical properties of unidirectional sisal-reinforced epoxy composites, Compos. 

Sci. Technol. 61 (2001) 1437–1447. https://doi.org/10.1016/S0266-3538(01)00046-X. 

 

 

 

 



94 

 

Chapter 6 Assessment of the potential 

diffusion barriers between metals and SiC 
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6.1 Introduction 

Tungsten (W), as a metal with the highest melting point, is expected as the plasm facing 

material, and silicon carbide (SiC) composites are expected as the structural materials for the 

nuclear fusion power plant [1]. In addition, the coefficient of thermal expansion (CTE) of W and 

SiC is 4.6 and 4.7 × 10−6 /°C, respectively. Therefore, the development of the W and SiC 

composites joint technology [2–4] or the usage of SiC to reinforce W [5–7] are the critical issues 

for the larger and more complex components in a fusion reactor. However, severe interfacial solid-

state reactions occur between SiC and W after annealing at high temperature generating various 

carbides (WC and W2C) and silicides (W5Si3 and WSi2) [3,7–9]. Such produced ceramics phases 

damage the strength and thermal conductivity of W and SiC. Moreover, the reaction zone still 

exists even joined by a rapid joining method (spark plasma sintering, SPS) [2,10]. Therefore, an 

effective diffusion barrier is very essential for SiC and W systems to suspend the reaction. 

Nevertheless, only a few works focus on diffusion barriers in SiC and W systems. It is 

reported that 70 nm thick TaC [11] or 100 nm thick TiN [12] can act as an effective diffusion 

barrier at 1000 °C, in which no reactions can be found and just grain growth after 24 h annealing. 

However, the evaluating temperature is much lower than the sintering temperature to fabricate the 

SiC fiber reinforced W composites. Umber et al. [5] fabricated the TiN-coated SiC particles 

reinforced W materials by SPS at 1700 °C for 3 min, and the intensity of tungsten carbides and 

silicides’ peaks reduced a lot compared with the composite without TiN coating. However, three 

min is too short to evaluate whether it works. Roger et al. examined the TiC [13] and TiN [14] 

layers, and both of them can noticeably lessen the depth of the reaction zone after 1500 °C for 16 

h annealing. But the thickness used in this work is thicker than 10 µm, which is too thick for 

interface material in a composite. Nonetheless, it’s worth investigating TiC and TiN as diffusion 

barriers further. ZrN and ZrC as other typical transition metal nitrides and carbides with both Ti 

and Zr belonging to group Ⅳ elements, show similar properties to TiN and TiC, such as high 

melting point and good corrosion resistance, etc. Moreover, ZrC [15,16] or TiC [17,18] as well as 

ZrN [19,20] powders were added to W to remove the oxygen impurities in the grain boundary to 

improve the mechanical property of W, so there is evidence of good stability between carbides, 

nitrides and W. In addition, the thermal conductivity of these transition metal nitrides and carbides 

display positive trend with temperature because of high contribution of electrons [21–23]. Thus, 

ZrN and ZrC were also chosen in this work. In addition, oxides (ZrO2, TiO2 and Er2O3) with high 
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thermal stability and low activation to irradiation [24] were selected as interface materials as well 

in order to suppress the movement of Si and C atom. ZrO2 powder was also used to ameliorate 

W’s brittleness sintered higher than 2000 °C [25]. In addition, Er2O3 acted as the interface layer in 

W fiber-reinforced W composites [26,27]. Thus, it’s stable between these oxides and W. 

Therefore, in this work, these candidate materials were chosen to assess the possibility of an 

effective diffusion barrier for SiC and W systems, and evaluations were carried out by SiC and W 

joints. 

6.2 Diffusion couple about uncoated CVD-SiC joined with metal foils  

 

 Figure 6.1 The cross-sectional SEM image with secondary electron mode (a)) and element 

distribution by EPMA (b) for Si; c) for W) of joined CVD-SiC and W foil without diffusion barrier 

at 1700 °C, 20 MPa for 1h. 

The cross-sectional SEM image and EPMA results of the sample without diffusion barrier 

were shown in Fig.6.1. Approximately 34.5 µm average thick (measured at 5 different regions, so 

are the later average values) reaction layer can be observed just after 1h heat treatment according 

to the image, which is almost 3 times thicker than the diameter of SiC fiber (Hi-Nicalon Type S) 

with 12.2 µm [28]used in SiCf/W composite. It is well-known that variety of silicides (W5Si3 and 

WSi2) and carbides (WC and W2C) were generated after high temperature annealing in W and SiC 

system, and the generated ceramic phases will aggravate the embrittlement of W based material. 

And for SiCf/W composite, the interfacial reaction damaged the fiber and only few W remained 
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after sintering, which is detrimental to the mechanical property and thermal conductivity of the 

composite. So, an effective diffusion barrier is vitally important. 

 

Figure 6.2 The cross-sectional SEM images of the W/SiC diffusion couple joined at different 

temperatures for 1h. a) 1500 °C; b) 1600 °C; c) 1700 °C; and d) is for Arrhenius plots of the 

parabolic rate constants of the reaction zones by the W/SiC joints as a function of the reciprocal 

of temperature(K). 

Besides, to understand the kinetics of reactions between SiC and W, the W foil and CVD-

SiC diffusion couples were joined at the same pressure and holding time with sintering composites 

from 1500 °C to 1700 °C, because it is easy to measure the correct thickness of reaction zone 

compared with the composites. Fig. 6.2 reveals the cross-sectional SEM images of W/SiC joints. 

The average thickness of the reaction zone measured from these images from different regions was 

7.09 µm for 1500 °C, 13.31 µm for 1600 °C, and 34.5 µm for 1700 °C, respectively. To understand 

the reaction kinetics better, the following equations were used to calculate the growth rate constant 

and apparent activation energy. 

                                                                𝑥2 = 2 𝑘𝑝𝑡                                                               (6.1) 

                                                           𝑘𝑝 = 𝑘0 exp (−𝑄/𝑅𝑇)                                                  (6.2) 
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in which  𝑥 is the thickness of reaction zone, 𝑘𝑝 is the parabolic growth rate constant, 𝑡 is time 

equal to 3600 s for every joint, 𝑘0 is pre-exponential factor,  𝑄 is apparent activation energy, 𝑅 is 

gas constant 8.314 J/(mol⋅K), 𝑇 is absolute temperature with the unit of Kelvin. The parabolic 

growth rate for W/SiC diffusion couples from 1773 K to 1973 K based by Eq. 6.1 are 4.19 × 10-

13 m2/s, 1.48 × 10-12 m2/s, and 7.70 × 10-12 m2/s, respectively. Therefore, the reaction rate increases 

approximately 3.5 times when the temperature was improved from 1500 °C to 1600 °C, while it is 

about 5 times at 1700 °C than that of 1600 °C, matching the XRD results (see Fig. 3.2), implying 

that the reaction rate increases with temperature. Thus the generated phases (tungsten silicides and 

tungsten carbides) are not appropriate as diffusion barriers in the SiC/W system. In addition, the 

apparent activation energy was found to be equal to 421.57 KJ/mol, and 𝑘0  is 0.0189 m2/s 

according to Fig. 6.2 d) from the Arrhenius equation of Eq. 6.2. Moreover, the calculated 𝑄 and  

𝑘0 are similar to the values reported in [13].  

 

Figure 6.3 The cross-sectional images and EDS analysis of SiC and Mo joints prepared at different 

temperature without diffusion barrier. a) Joined at 1450 °C; b) 1500 °C; c) 1550 °C; d) 1600 °C. 

The cross-sectional images of SiC/Mo joints were also displayed in Fig. 6.3 which were 

fabricated at different temperature from 1450 °C to 1600 °C to know about kinetics, and the EDS 
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mappings of diffusion couple joined at 1500 °C are shown in Fig. 6.3 b1) and b2). The equations 

to calculate the apparent activation energy and pre-exponential factor are the same as to that of 

SiC and W. The average thickness of reaction zone is 20.19 µm for 1450 °C, 49.38 µm for 1500 °C, 

46.77 µm for 1550 °C, and 58.67 µm for 1600 °C, respectively. Therefore, the parabolic growth 

rate constant, Kp are 6.37×10-14 m2/s, 3.81×10-13 m2/s, 3.42×10-13 m2/s, and 5.38×10-13 m2/s from 

equation 6.1. Then the pre-exponential factor is 0.586 m2/s and the apparent activation energy is 

394.37 kJ/mol in the reaction between SiC and Mo by drawing the graph with lnKp and 1/T in Fig. 

6.4. Please note here, the data from joint prepared at 1500 °C didn’t be used in Fig. 6.4. Therefore, 

the Mo/SiC system easier reacted with each other compared with W/SiC system. 

 

Figure 6.4 The reaction kinetic between SiC and Mo.  

6.3 CVD-SiC and W foil joined with diffusion barrier  

6.3.1 Oxide coatings by dipping method 

  XRD patterns of oxides films by dipping method are revealed in Fig. 6.5, and the results 

indicate that 3 kinds of oxides were indeed produced after heat treatment at 500 °C. Besides, the 

other unmarked peaks in Fig. 6.5 belong to CVD-SiC. And the obtained TiO2 showed anatase 

structure based on XRD data. The SEM images of oxide coatings’ surface and cross-section coated 

on SiC were shown as Fig. 6.6. It is easy to observe the cracks on the surface of ZrO2 coating and 

TiO2 coating due to the large CTE mismatch with SiC (4.7×10-6 /K), and the CTE of ZrO2 and A-

TiO2 (anatase TiO2) were 9.6 × 10-6 /K and 17.35 × 10-6 /K (c-axis) [29] at room temperature 
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respectively. While almost no cracks can be found in the surface of Er2O3 coating caused from 

suitable CTE value of 7.25 × 10−6 /K [30], lower than the other oxides. From images d), e) and f) 

in Fig. 6.6, it can be found that the thickness of oxides coating by dipping method is about 100-

200 nm for 1 time.  

 

Figure 6.5 XRD patterns of oxides coating on CVD-SiC substrate after 1time dipping. 

 

Figure 6.6 Surface and cross-sectional SEM images of oxides coating on CVD-SiC substrate after 

1time dipping before joining with SE2 mode. a) and d) are the images of surface and cross-section 

of ZrO2 coating by 1 time dipping respectively; b) and e) are the images of surface and cross-
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section of TiO2 coating by 1 time dipping respectively; c) and f) are the images of surface and 

cross-section of TiO2 coating by 1 time dipping respectively. 

Fig. 6.7 exhibits the cross-sectional images of oxides by dipping method coated CVD-SiC 

and W after joining. The reactions zone (RZ) between W and SiC still can be observed in 

specimens with oxides coating. And the depth of RZ in ZrO2 and TiO2 coated specimens were 

approximately 33 µm and 40 µm respectively, which is almost same thickness of RZ compared 

with joined sample without diffusion barrier (see Fig. 6.1), indicating that ZrO2 and TiO2 coating 

by dipping method were not contributed to the diffusion barrier in W and SiC system. While 

regarding the joined specimen with Er2O3 coating by dipping method, the thickness of RZ is about 

28 µm, thinner than the RZ of non-interface sample and the other oxides film cases, revealing that 

Er2O3 might be suitable material for W/SiC system. Thus, the influence of Er2O3 coatings’ 

thickness on whether diffusion barrier works was examined further, and the thickness was 

modified by the times of dipping.  

 

Figure 6.7 SEM images of cross-section of W joined with oxide coated SiC by 1 time dipping after 

1700 °C, 20 MPa for 1 h heat treatment. a) Cross-sectional image of ZrO2 coated SiC by dipping 

method joined with W; b) Cross-sectional image of A-TiO2 coated SiC by dipping method joined 

with W; c) Cross-sectional image of Er2O3 coated SiC by dipping method joined with W. 

 Reaction zone  Reaction Reaction zone  Reaction zone  



102 

 

 

Figure 6.8 The XRD pattern of Er2O3 coating after 5 times dipping by precursor on CVD-SiC. 

  The XRD pattern of Er2O3 coating after 5 times dipping by precursor on CVD-SiC is 

displayed on Fig. 6.8. The peaks became stronger and stronger with the dipping times, indicating 

that the crystallinity improved after multi-dipping and heat treatment. The images of surface and 

cross-section of Er2O3 coating by multi-dipping (from 2 times to 5 times) before and after joining 

were shown in Fig. 6.9, manifesting the impact of thickness of diffusion barrier. The thickness of 

Er2O3 film increased from 115 nm (see Fig. 6.6 f)) by 1 time dipping to approximately 550 nm 

(see Fig. 6.9 d) & f)) by 5 times dipping. After 3 times dipping with about 300 nm thick Er2O3 

layer, the depth of RZ reduced 72% for the specimen without diffusion barrier and 67% for the 

specimen with Er2O3 coating by 1 time dipping respectively. Meanwhile, only about 1.1 µm thick 

(thickest part) reaction layer can be found in the joined specimen with about 500 nm thick Er2O3 

film, although there are still some cracks with about 1µm length, generating in the last time dipping 

period, can be observed on the surface film (see Fig. 6.9 e)).  
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Figure 6.9 SEM images of surface and cross-section of coated CVD-SiC before and after joining 

with W foils. Images a) to d) are the cross-section of 2 times to Er2O3 coated SiC by 5 times 

dipping joined with W respectively; e) is surface of Er2O3 coating by 5 times dipping before 

joining; f) is cross-section of Er2O3 coating by 5 times dipping before joining. 
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6.3.2 Carbides coating by dipping method 

  Carbides in this work were produced by carbothermal reduction reactions between 

oxides and carbon black as follows.  

ZrO2 + 3C  ZrC +2CO 

TiO2 + 3C  TiC +2CO  

  XRD data of carbides film coated on CVD-SiC, fabricated by dipping method after 

annealed at 1600 °C for 2h in flowing Ar atmosphere, displayed in Fig. 6.10. The XRD results 

show that carbides were generated, and the peaks of carbides became strong with number of 

dipping, revealing that the thickness and crystallinity of carbides increased with the number of 

dipping, because the total heat treatment time for coating by 5 times dipping was 10 h. And longer 

annealing time also caused the grain growth (see Fig. 6.11).   

 

Figure 6.10 XRD patterns of carbides by dipping method before joining. a) ZrC; b) TiC. 

  Fig. 6.11 shows the SEM images of surface of carbide film by dipping method and cross-

sectional interface of diffusion barrier coated CVD-SiC and W foil after high temperature 

annealing with 20 MPa pressure. The carbides films by 5 times dipping were prepared by dipping 

then annealed at 1600 °C for 5 times. It can be observed the thickness of ZrC was just about 323 

nm, thinner than the other films by 5 times dipping, indicating that part of ZrC film peeled off. 

Because volume change with about 18.49 % for ZrC and 16.55 % for TiC respectively generated 
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during the reaction process caused by higher density of carbides ZrC (6.73 g/cm3) and TiC (4.93 

g/cm3), than oxides (ZrO2 (5.68 g/cm3) and TiO2 (4.23 g/cm3)). Then volume variation caused 

thermal stress generating cracks on the surface in the procedure from oxides to carbides. Thus the 

larger volume changes in ZrC coating leading to the phenomenon of stripping (see Fig. 6.11 b)). 

However, the CTE of ZrC of 7.5 ×10-6 / K is less than TiC of 8.5 ×10-6 / K [22], implying that the 

volume changes caused by the difference in density dominates the procedure. And the similar 

phenomenon can be observed in nitrides coating by multiple dipping. However, the width of RZ 

in TiC coated case was almost same as the RZ in ZrC coated sample although the thickness of TiC 

film with around 808 nm in the relatively thicker part is more than twice of ZrC coating, implying 

the ZrC might be more effective than TiC as diffusion barrier in W/SiC. But ZrC produced by 

dipping method using carbothermic reduction is not appropriate due to film peeling off for the 

reason of the big difference in density. Thus it is better to minimize the steps of producing carbide 

film as possible, or coat the diffusion barrier on fiber directly.  
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Figure 6.11 The surface and cross-sectional SEM images of carbides film by dipping method 

coated SiC before and after joining. a) and b) are the surface of  ZrC by 1 time and 5 times dipping 

coated SiC before joining, c) ZrC by 5 times dipping coated SiC joined with W; d) ZrC by 5 times 

dipping coated SiC joined with W with larger magnification; e) TiC coated SiC by 5 times dipping 

method joined with W. 
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6.3.3 Nitrides coating by dipping method 

XRD patterns of nitrides coating produced by dipping several times and annealing at 

1400 °C for 2h in flowing N2 atmosphere are shown in Fig. 6.12. The results show nitrides can be 

produced by annealing in N2. Moreover, no other reaction products were identified after heat 

treatment. And similar to carbides coating by multi-dipping, the intensity of nitrides’ peaks became 

stronger with the dipping times, suggesting that nitrides coating by 5 times dipping have better 

crystallinity, similar with the carbide cases.     

 

Figure 6.12 XRD patterns of nitrides by dipping method before joining. a) ZrN; b) TiN. 

  Fig. 6.13 displays the surface of nitrides film by dipping method before joining and the 

cross-sectional images of nitrides coated SiC by 5 times dipping joined with W foil. It is easy to 

recognize the grain growth after several times dipping, and the grain size in the 5 times TiN film 

is about 250 nm, which is approximately 3 times compared with the 1 time dipping case with the 

grain size lower than 100 nm, matching with the XRD results and similar with the carbide case. 

And after joined with W at high temperature, the thickness of RZ in TiN coating prepared by 5 

times dipping case is about 13.6 µm, much lower than the specimen without diffusion barrier with 

33 µm RZ and ZrN coating specimen by 5 times dipping method, although the higher CTE (9.9 

×10-6 / K)  and larger volume change (about 27.6 %) for TiN compared to the ZrN for CTE of 7.8 
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× 10-6 / K [22] and volume change of 24.8 % when oxides changed to nitrides. However, the width 

of RZ in TiN diffusion barrier by dipping method is almost 10 times thick compared with Er2O3 

coated specimen (see Fig. 6.9 d) & Fig. 6.13 c)), which suggests that Er2O3 exhibits the most 

efficient diffusion barrier for coatings prepared by dipping method.  

 

Figure 6.13 The surface and cross-sectional SEM images of nitride coated SiC by dipping method 

before and after joined with W foil at 1700 °C with 20 MPa pressure. a) the surface of TiN on 

CVD-SiC by 1 time dipping with different magnifications; b) the surface of TiN film by 5 times 

dipping; c) the cross-sectional of TiN coated SiC by 5 times dipping joined with W; d) the cross-

sectional of ZrN coated SiC by 5 times dipping joined with W. 
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6.3.4 Coating by sputtering method 

 

Figure 6.14 The thickness of sputtered films by KLA tencor profiler (by Osaka Research Institute 

of Industrial Science and Technology). a) Ti; b) Zr; c) C. 

  The ZrN and TiN produced by sputtering method, acting as diffusion barrier in SiC and 

W system, were also studied. The sputtered nitrides coating in this work were from the metal Zr 

or Ti film annealed at the same condition with the nitride coating by dipping method, namely 

1400 °C in N2 atmosphere for 2 h. And carbon here is to protect SiC from Ti and Zr metal during 

the nitrides producing process. The thickness for all sputtered films were about 300 nm, measured 

by KLA tencor profiler (Osaka Research Institute of Industrial Science and Technology), shown 

in Fig. 6.14. In addition, Fig. 6.15 illustrates the SEM image of surface and cross-section of the 

sputtered metal films before annealing. The thickness of C and metal layer are about 300 nm 

respectively. And the dense metal coatings were fabricated by sputtering method according to the 

SEM images of surface and cross-section. 
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Figure 6.15 SEM images of surface and cross-section of sputtered coating with SE2 mode before 

heat treatment. a) and b) are the surface and cross-sectional image of sputtered C/Ti coating 

respectively; c) and d) are the surface and cross-sectional image of sputtered C/Zr coating 

respectively. 
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  Figure 6.16 SEM images with SE2 mode of surface and cross-section of sputtered coating and 

XRD patterns after 1400 °C heat treatment at N2 atmosphere. a) the cross-sectional image of C/TiN 

coating; b) XRD patterns of sputtered coating after 1400 °C heat treatment; c) the cross-sectional 

image of C/ZrN coating; d) the surface of C/ZrN coating. 

  The surface and cross-sectional SEM images of sputtered metal films after 1400 °C heat 

treatment are displayed in Fig. 6.16. The nitrides were indeed generated by annealing in N2 in 

terms of the XRD results (see Fig. 6.16 b)). And some microcracks, causing by the volume change 

in the annealing period and CTE mismatch between C and nitrides, can be observed on the surface, 

but the length and width of created cracks on the sputtered coating is much smaller than the film 

by dipping method (see Fig. 6.13 a), b) and Fig. 6.16 d)). And TiN coating’s surface, were not 

shown here, has the similar microstructure with ZrN coating. 
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Figure 6.17 SEM images and EPMA results of cross-section of sputtered coated SiC joined with 

W foils. a) cross-sectional SEM images of TiN coated SiC and W; b) cross-sectional SEM images 

of ZrN coated SiC and W; c) line scan results of TiN coated SiC joined with W by EPMA; d) line 

scan results of ZrN coated SiC joined with W by EPMA. 

  The joining condition is the same as the specimens by dipping method, and the evaluated 

results of sputtered nitrides as diffusion barrier are shown in Fig. 6.17. The thickness of RZ for 

both nitrides coating was much thinner for the comparison with the specimen without interface 

coating and films by dipping method coated specimen (except Er2O3 coating by dipping method), 

although some cracks can be noticed on the surface of sputtered nitrides coating, implying the 

nitrides fabricated by sputtering method were good candidates for diffusion barrier application for 

SiC/W system, while the nitrides by dipping method did not work well. A phenomenon need to be 

noticed here is that the reaction zone in TiN coated specimen identified by SEM and EPMA was 

located in the inner part of W, rather than the junction area (see Fig 6.17 a) & c)). Because cracks 

existed in the W foil, and the Si and C atom diffuse easily through these cracks. Then the stress 

generated after reaction, which caused the cracks propagation further, damaging the mechanical 

property and thermal conductivity of SiCf/W composites.   

6.3.5 Discussion about possible diffusion barrier in SiC/W system 

Table 6.1. The results of SiC/W joints with different diffusion barrier coatings joined at 1700 °C 
for 1 h. 

Coating Er2O3 ZrO2 TiO2 ZrC TiC ZrN TiN 

dipping √ × × × × × × 

sputtering ---- ---- ---- ---- ---- √ √ 

Here, √ means a good result. × means that coatings cannot work. ---- means that coatings don’t 

be evaluated in this work. 

  The summary results were described in Table 6.1. The carbides and nitrides coating 

fabricated by dipping method from the oxides film by dipping method annealed at high 

temperature (1600 °C for carbides, and 1400 °C for nitrides) induced larger thermal stress leading 

to more and larger cracks due to the high-temperature processing compared with the temperature 
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producing oxides film (500 °C). Additionally, large volume shrinkage caused by phase transition 

creates the further occurrence of larger cracks, revealing the nitrides and carbides by dipping 

method were not appropriate as diffusion barriers. Thus, the carbides and nitrides film by dipping 

eventually failed. On the other hand, the sputtered nitrides filmed by annealing metals in N2 

atmosphere can successfully impede the reaction. The different methods (dipping and sputtering) 

also caused the varying results. In addition, the joining process (SPS [5] and hot-press) has an 

effect on whether diffusion barriers work even at the same temperature resulting from the holding 

time of 3 min for SPS in [5] and 1 h for the hot press in this work. Shorter holding times can reduce 

the thickness of the reaction zone. Thus, whether the carbides are suitable needs to be further 

studied, although the films by dipping method cannot work well.  

 

Figure 6.18 SEM images and spot scan of oxides coating by dipping method after 1600 °C, 2h 

annealing. a) ZrO2; b) TiO2; and c) Er2O3. 

The Er2O3 show the best results among oxides coatings. In addition, to understand the 

reaction between SiC and the oxide coating directly, the oxide coatings by dipping were annealed 

at 1600 °C without the W foils, and the results are revealed in Fig. 6.18. The significant reactions 

were observed in ZrO2 and TiO2, and the surface of the ZrO2 coating and TiO2 coating became 

very rough and uneven, even parts of the zone were directly exposed to W. From the results of the 

spot scan in the ZrO2-coated SiC in Fig. 6.18, the peak of Zr was identified just in the bright part, 
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namely area 1. Thus, ZrC was formed in this zone after high-temperature annealing. The dark zone 

is SiC rich region. Although for the Er2O3 coating by dipping, only grain growth can be noticed, 

and the Er2O3 film by dipping still exhibited relatively uniform in contrast with the others. Thus, 

the Er2O3 layer as diffusion barriers in the composites merits further study. However, ZrO2 and 

TiO2 cannot be used as the interface in the SiCf/W composites for the damage of fiber due to the 

reaction between oxides and SiC. 

Therefore, the material of Er2O3 is the most potential diffusion barrier in SiC and W 

system according to these results. While considering as the diffusion barrier in a composite, the 

film to produced using the liquid precursor by dipping method is easy to coat on the fiber in fiber 

tow compared with the sputtering method. Moreover, for a composite, the space in fiber bundle is 

around 1 µm, thus, the thickness of interface with 500 nm should be appropriate. The Er2O3 by 

multi-dipping might be the better candidate to fabricate the diffusion barrier based on the results, 

because the used liquid precursor can fill in the cracks formed in previous coating (see Fig. 6.19), 

so the observed cracks on the coating by multi-dipping should generate at the last time dipping. 

And the thickness of diffusion barrier can also be controlled by the times of dipping. Besides, high 

crystalline coating can be identified on multi-dipping specimen. 

 

Figure 6.19 The schematic diagram of coating by multi-dipping on the substrate (Colors indicate 

different dipping times).  

6.4 CVD-SiC/Er2O3/Mo joint 

From the results between SiC/W diffusion couple, we found the most possible diffusion 

barrier is Er2O3 for dipping method. Therefore, Er2O3 was also used in CVD-SiC and Mo joint 

from the candidate diffusion barriers to lower the reaction rate like W/SiC.  
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Figure 6.20 The results of SiC and Mo joints prepared at different temperature. a) 1700 °C; b) 

1800 °C; c) The graphite die after joining SiC and Mo at 1900 °C; d) The XRD pattern of SiC/Mo 

joined at 1900 °C and the tested area. 

 

Figure 6.21 The SEM images of deboned Mo plate at 1700 °C. 

The Er2O3 coated from the slurry, which same as slurry for method without power sheet 

changed W powders to Er2O3 powders with 30 wt%. Then, the SiC plate was dipped in slurry. 

Subsequently, the coated SiC plates were treated at 1700 °C for 1h without pressure to remove 

PVB and sinter Er2O3 powders. Afterwards, the SiC with sintered Er2O3 joined with Mo plate at 
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different temperature from 1700 °C to 1900 °C with 20 MPa pressure for 1h revealed in Fig. 6.20. 

The SiC and Mo deboned in the Er2O3 coating after 1700 °C and 1800 °C heat treatment. However, 

severe reaction even liquid phase can be found when temperature was improved to 1900 °C (see 

Fig. 6.20 c)). The XRD of such liquid phase was examined and the result is shown in Fig. 6.20 d). 

In addition, the investigated area was marked by the red circle. The result shows the liquid phase 

is SiO2. In addition, other molybdenum silisides and carbides are also identified. The deboned Mo 

plate heat treated at 1700 °C is shown in Fig. 6.21. No reaction zone can be recognized, so Er2O3 

can work until 1800 °C.  

 

a) Er
2
O

3
-SiC 
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2
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3
-Mo 

c) SiC-Mo 
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Figure 6.22 The binary phase diagram of a) Er2O3-SiC, b) Er2O3-Mo, and c) SiC-Mo until 3000 °C. 

To understand the liquid phase caused by the reaction, the binary phase diagrams of Er2O3, 

Mo and SiC with each other by CatCalSE are displayed in Fig. 6.22. While no SiO2 generate at 

1900 °C based on the Er2O3-SiC and SiC-Mo binary phase diagram. Therefore, we need to refer 

to the ternary phase diagram, which is exhibited in Fig. 6.23. According to the ternary phase 

diagram at 2000 °C, liquid SiO2 will be generated. In this work, the SiO2 was found when the 

joining temperature is 1900 °C. Moreover, the melting point of SiO2 is 1710 °C lower than the 

heat treatment temperature of 1900 °C. Therefore, Er2O3 diffusion barrier in SiC/Mo system must 

be perfect coating without cracks to hinder the existence of liquid phase of SiO2. 

 

Figure 6.23 The ternary phase diagram of Er2O3-Mo-SiC at 2000 °C. 
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Figure 6.24 The SEM images of SiC/ Er2O3/SiC joined at 1950 °C and the ternary phase diagram 

of Er2O3-W-SiC at 2000 °C. 

Liquid phase was also found in W/ Er2O3/SiC system joined at 1950 °C (see Fig. 6.24 b)), 

matched with the ternary phase diagram of Er2O3-W-SiC system, which caused from the cracks 

on the Er2O3 coating. While, Er2O3 without cracks area can protect SiC and W well, and the joined 

area without reaction can be observed after heat treatment at 1950 °C when the thickness of Er2O3 

is 29.4 µm. Therefore, it is necessary to fabricate the integral coating without defects. 

a) b) 

SiC W W 

Er2O3 

Reaction 

zone 

c) 
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6.5 SiC fiber reinforced metals with diffusion barrier sintered at 1700 °C  

 

Figure 6.25 The mechanical property of unidirectional SiC fiber reinforced W composite with 

Er2O3. a) Er2O3 by dipping method; b) Er2O3 from slurry; c) C from phenolic resin/ then Er2O3 

slurry; d) Er2O3 slurry with C powder. 

The composites with Er2O3 ad diffusion barrier were fabricated at 1700 °C with foils, and 

the tensile test results are revealed in Fig. 6.25. The composites with Er2O3 prepared by dipping 

method shows the good mechanical property, and the ultimate tensile strength (UTS) is 180.3 ± 

15.6 MPa and 190.0 ± 6.3 MPa before and after annealing. The specimen with Er2O3 by dispersed 

from slurry with Er2O3 powder display high strength of 186.3 ± 15.2 MPa without annealing while 

lack of pseudo ductility. Materials with C was prepared from phenolic resin (PR) firstly by cured 

at 200 °C, then Er2O3 slurry was poured on the PR coated fiber. Composites with two layer 

diffusion barriers exhibits better pseudo ductile behavior compared with others. However, the 

strength is 116.6 ± 32.0 MPa and 143.2 ± 19.6 MPa with or without heat treatment lower than 
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other composites with diffusion barrier. In addition, error of tensile test strength in the composites 

with PR/Er2O3 is largest due to the nonuniform PR/ Er2O3 layers. To solve this problem, another 

easier way was used to prepare the diffusion barrier, which is the C and Er2O3 powder were 

dispersed in slurry together. The strength was improved of 179.4 ± 12.1 MPa and 181.9 ± 14.2 

MPa before and after annealing compared with specimen with 2 layer coatings, while the ductility 

reduced. 

 

Figure 6.26 The cross-sectional SEM images of unidirectional SiC fiber reinforced W composite 

with Er2O3. a) Er2O3 by dipping method; b) Er2O3 from slurry; c) Er2O3 slurry with C powder; d) 

C from phenolic resin/ then Er2O3 slurry.  

To understand the relationship between mechanical property and their structure, the 

microstructure was observed by SEM with secondary electron mode after tensile test, and the 

images are revealed in Fig. 6.26. For the composite with Er2O3 by dipping method, pull-out fiber 

and strong reactions can be observed, in which the fiber pull-out effect is responsible for the good 

pseudo ductility. In addition, almost no Er2O3 can be found, indicating that it is difficult to coat 

Er2O3 by dipping method on a circle fiber. Therefore, preparing Er2O3 by dipping method is not 
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appropriate. For the composite with the dispersed Er2O3, reactions were hindered successfully. 

However, strong interface between SiC and Er2O3 caused little ductility. With adding C powder, 

the thickness of reaction zone was 11.2 µm larger than composite just by dispersed Er2O3, but 

lower than composite without diffusion barrier of 34.5 µm. But it is not so efficient to improve the 

ductility. Pull-out fiber can also be observed in composite PR/Er2O3 due to the weak interface 

between SiC and C, which is the reason why composite displayed the better ductility. Uneven 

diffusion barrier caused the different thickness of reaction layer. 

 

Figure 6.27 The XRD pattern of unidirectional SiC fiber reinforced W composite with Er2O3. 

The XRD pattern of SiCf/W composites with Er2O3 with or without C was identified by 

Fig. 6.27. The Er2O3 in the figure means dispersed Er2O3. The generated ceramics can be identified, 

and the intensity of their peaks reduced a lot compared with composites without Er2O3. In addition, 

the silicides can be prevent successfully, while carbides were measured easily due to smaller size 

of C atoms. 

The mechanical property of Er2O3 dispersed SiCf/W composite at 1000 °C was evaluated, 

and the result is shown in Fig. 6.28. Similar with composite without diffusion barrier (see Fig. 
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4.11), the fiber and ceramic Er2O3 fracture firstly, then the remained W deformed. Finally, the 

whole composite fracture. For composite with Er2O3, the plastic deformation occurred at about 0.5 

kN compared with composite without Er2O3 deformed at 0.15 kN, indicating that the high ratio of 

remained W by using Er2O3 as diffusion barrier. Before fiber fracture, only very slight composite 

effect can be measured due to the strong interface between SiC fiber and Er2O3. 

 

Figure 6.28 The mechanical property of unidirectional SiC fiber reinforced W composite with 0.08 

mm foil with Er2O3 diffusion barrier measured at 1000 °C. 
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Figure 6.29 The thermal properties of unidirectional SiC fiber reinforced W composite with 0.08 

mm foil with Er2O3 diffusion barrier fabricated at 1700 °C 

The thermal property of SiCf/W composites with dispersed Er2O3 with or without C were 

revealed in Fig. 6.29. The highest thermal conductivity is 42.3 W/(m⋅K) in composite with Er2O3 

and C powders, lower than composite without diffusion barrier of 55.6 W/(m⋅K) even high content 

of remained W in composite with diffusion barrier. The low thermal conductivity of Er2O3 of 6.5 

W/(m⋅K) [31] might be responsible for low thermal conductivity of whole composites. In addition, 

the contents of Er2O3 of 16.63 vol%, 14.17 vol% and 17.21vol% in composites with Er2O3, Er2O3 

and C powder, and PR/Er2O3 respectively, are a little high, which consistent with the results of 

thermal conductivity. Therefore, it is required to decrease the content of oxide with low thermal 

conductivity. 
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6.6 Conclusion 

Seven materials (oxides (ZrO2, TiO2, and Er2O3), carbides (ZrC and TiC), and nitrides 

(ZrN and TiN)) produced by dipping method or sputtering method as diffusion barrier in W and 

SiC system were investigated by joined with W foils in this work, in order to select a proper 

interface for SiC fiber reinforced W composite. And for the dipping method after 5 times dipping, 

the Er2O3 coated CVD-SiC joined with W showed the thinnest reaction zone compared with other 

coatings by dipping method according to the cross-sectional images by SEM. TiO2 and ZrO2 film 

are not suitable as interface in SiC/W case, since reactions between SiC and the oxides can be 

identified after high temperature annealing. The carbides and nitrides by dipping method cannot 

work well owing to the defects on the coating because of volume variation generated during heat 

treatment. While both nitrides coating prepared by sputtering method can act as effective diffusion 

barrier. Er2O3 is also good diffusion barrier in SiC/Mo system. But for interface in composite, 

weak interface is also necessary to acquire pseudo ductility, so it is not appropriate to coat Er2O3 

by dipping method on a circle surface. In addition, Er2O3 as interface need to investigated further. 

Besides, long time annealing is still very necessary to be carried out to make sure how long the 

diffusion barrier can work. 
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7.1 Summary 

Radiation hardening is a phenomenon that can cause metals to become brittle over time. In order 

to improve the brittleness of tungsten (W) and molybdenum (Mo), a novel method of toughening 

metals based on SiC-based fibers reinforcement is proposed. This method is intended for use in 

structural materials that are utilized in thermonuclear fusion reactors. The objective of this thesis 

is to develop new composites that are reinforced by SiC-based fiber in order to exhibit ductile 

behavior even after irradiation. The toughening mechanism of these composites is similar to that 

of fiber-reinforced ceramic matrix composites, which results from the debonding and friction that 

occurs at the fiber/matrix interface. The composites were fabricated using hot press technology. In 

order to optimize the fiber reinforced composite, this study investigated the effect of fiber types, 

matrix, and sintering temperature on mechanical and thermal properties, from both in-plane and 

through-plane directions, as well as microstructure. Two sintering methods were used to sinter the 

2D woven SiC fiber, with and without a powder sheet. The study also explored the potential 

diffusion barrier between SiC and brittle metals. In the following, the main results of this study 

will be discussed. 

Effect of sintering temperature on properties and microstructure 

Unidirectional (UD) Hi-Nicalon type S SiC fiber was used to reinforce W composites 

manufactured by hot press successfully. The stress-strain curves obtained at room temperature, 

lower than the ductile-brittle transition temperature (DBTT) of W, showed obvious pseudo-ductile 

behavior for specimen sintered until 1700 °C. So SiC fiber as reinforcement to strengthen W is 

feasible. But the ultimate tensile strength (UTS) is low and the highest value is 82.9 MPa in 

composite sintered at 1700 °C. Considering thermal conductivity, higher sintering temperature led 

to higher thermal conductivity. In addition, it is much higher in in-plane direction than through-

plane direction. The composites sintered at 1700 °C showed the largest strength with pseud 

ductility. Therefore, the suitable sintering temperature to fabricate SiC/W composite is 1700 °C. 

Effect of matrix on properties and microstructure 

Metal foils were used as matrix in this work. W foils with 0.05 mm and 0.08 mm thickness 

and Mo foil with 0.08 mm were selected. The recrystallization temperature of foils was examined 

by annealing at high temperature. For W foils, the temperature is between 1200 °C and 1400 °C 



131 

 

independent of their thickness. In addition, the temperature of Mo foil is between 1000 °C and 

1200 °C. All foils have recrystallized during sintering. Therefore, there is no contribution for 

ductility of composites from foil. Continuous unidirectional SiC fiber reinforced W composites 

with 0.05 mm or 0.08 mm foil as matrix were sintered at 1700 °C, and reinforced Mo composite 

with 0.08 mm foil was sintered at 1500 °C successfully. The tensile test implies that the W based 

composites obtained with 0.08 foil showed better apparent pseudo-ductile behavior due to the short 

pull-out fiber and foil with higher ultimate tensile strength (UTS) of 197 MPa. In addition, the 

pseudo ductility can also be found in Mo-based composite with the UTS of 109 MPa, worse than 

it of W composite. In addition, the thermal conductivity of Mo composite is also lower than W 

composite. Therefore, the best composite is unidirectional SiC/W composite with 0.08 mm foil. 

Besides, it is demonstrated that composite with suitable interface or diffusion barrier show better 

property.  

Effect of fiber types on properties and microstructure 

Three kinds of fiber, woven SiC fiber, unidirectional SiC fiber, and 2D SiC and W fiber 

reinforced W composites with foils were prepared. For SiC woven fiber by two methods, the 

results show that the method without powder sheet is more appropriate than that with powder sheet 

due to composite by powder sheet with foils delaminated during machining. In addition, all 

composites displayed pseudo-ductile behavior at room temperature. In addition, the strength of 

both composites by both 2D fibers were higher than the 50 % strength of UD composite, because 

only half fibers work in composites reinforced by 2D fibers. Therefore, 2D fibers are better than 

UD fiber. For thermal property, the composite reinforced by 2D W/SiC fiber shows higher 

conductivity at high temperature especially in through-plane direction compare with composites 

without W wire by introducing W wire with high conductivity. Therefore, it can be speculated that 

SiC/W woven fiber might be more suitable combined the thermal property and mechanical 

property. 

The potential diffusion barriers between metals and SiC 

Seven materials (oxides (ZrO2, TiO2, and Er2O3), carbides (ZrC and TiC), and nitrides 

(ZrN and TiN)) produced by dipping method or sputtering method as diffusion barrier in W and 

SiC system were investigated by joined with W foils to select a proper interface for SiC fiber 

reinforced W composite. And for the dipping method after 5 times dipping, the Er2O3 coated CVD-
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SiC joined with W showed the thinnest reaction zone. In addition, 29.5 µm thick Er2O3 can work 

until 1950 °C. Er2O3 was also used in SiC/Mo joint, and it works at least 1800 °C. Unidirectional 

SiC fiber reinforced W with 0.08 mm foil with Er2O3 composite was sintered at 1700 °C. The SiC 

fiber can be protected well, but the pseudo ductility reduced due to strong interface between fiber 

and matrix. After adding C, the pseudo ductility can also be found. However, the strength and 

thermal conductivity is lower than composite without diffusion barrier. Therefore, the most 

appropriate interface in composite needs to be studied further.  

7.2 Recommendation for future development  

In this work, a novel toughening method for brittle metals, retaining toughness even under 

room temperature successfully, which is the embrittlement conditions, was proposed and 

developed based on the reinforcement of SiC fiber. The best composite in this work is (UD) 

SiCf/W with 0.08 mm foil without diffusion barrier fabricated by method without powder sheet at 

1700 °C by hot press. Because 1700 °C is appropriate temperature to balance between high density 

to obtain high strength and weak interface to acquire pseudo ductility. Fiber reinforcement can 

ameliorate the brittle metals, and show pseudo-ductility at room temperature, lower than their 

DBTT. Therefore, there is no need to care about the radiation embrittlement. In addition, it can be 

assumed that pseudo-ductile behavior will be obtained in the composite even if metal as matrix is 

brittle caused by neutron irradiation. This work provides a guideline to improve the toughness of 

brittle metals as a structural material in fusion reactor. However, strength was sacrificed in some 

extent caused by the reaction between W and SiC. For working as diffusion barrier, Er2O3 is 

suitable. However, it is not suitable to contact to SiC directly, an inner thin (~200 nm) pyrolytic 

carbon (PyC) before coating Er2O3 is required. In addition, dipping method to coat Er2O3 on fiber 

is not appropriate. Chemical vapor deposition (CVD) might be suitable. Moreover, another idea is 

to change the fabrication method from hot press to CVD by reducing the sintering temperature or 

to spark plasma sintering by reducing the holding time. In addition, it is necessary to carry out the 

neutron irradiation experiment after optimizing the composite.  
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