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Abstract: Tungsten fiber reinforced tungsten (Wf/W) composite is one of the candidates to 

improve the toughness of tungsten materials. Powder metallurgy is a potential method to produce 

Wf/W composites, but it may cause the recrystallization and grain growth of the reinforcing fibers 

during the high temperature sintering process. In the present work, a layer of Y2O3 is coated on 

the fiber surface by magnetron sputtering to protect the fibers and prevent recrystallization and 

abnormal growth of grains. Wf/W composites with and without Y2O3 coating were fabricated by a 

field assisted sintering technology (FAST) process. Microstructure and mechanical properties 
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were characterized. The influence of the Y2O3 coating on the properties of the fiber was discussed 

in detail. The Y2O3 coating can effectively prevent recrystallization and abnormal grain growth of 

fibers during the sintering process. The Wf/W composites with Y2O3 coating shows higher strength 

and pseudo-ductile behavior. 

 

Keywords: Wf/W composite; Y2O3 coating; Microstructure; Mechanical properties; Field assisted 

sintering technology. 

 

1 Introduction 

Tungsten (W) has a high melting point and excellent mechanical properties at high temperature. 

However, its application is limited by its poor ductility at room temperature and high ductile-brittle 

transition temperature [1,2]. In order to improve the toughness of W materials, fiber reinforced W 

composites were developed based on the extrinsic toughening mechanisms similar to the fiber 

reinforced ceramic composites [3–5]. 

The W fibers processed by severe plastic deformation have good ductility and very high tensile 

strength, due to the elongated fine grain structure from their drawing production process [6,7]. 

Hence, recrystallization of the fibers can cause the degradation of the advanced mechanical 

properties [8]. To improve the recrystallization resistance of the fibers, potassium doping is often 

used to pin the grain boundary. The potassium doped W fibers show a ductile behavior even after 

annealing at a high temperature of 2173 K [9,10]. A weak interface between fibers and matrix 

realizes the mechanisms of interface de-bonding, crack deflection and fiber bridging, leading to a 

pseudo-ductile behavior of the composite  [11–13]. The ductile W fibers may contribute the most 

for the energy dissipation of Wf/W composites fracture [12]. Yttrium oxide (Y2O3) has been chosen 
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as the interface material because of its good thermal and chemical stability [14] and low activation 

due to neuron irradiation [15,16]. 

Powder metallurgy is a commonly used method to prepare Wf/W composites. Short random 

fiber reinforced Wf/W composites [17–19] and continuous fiber reinforced Wf/W composites 

[12,20] have been produced by powder metallurgy methods. The sintering process is usually 

carried out at a temperature higher than the recrystallization temperature of W, and the W fiber 

may recover and recrystallize during the sintering process, resulting in a sharp decrease in its 

ductility and strength [9,21]. Therefore, it is necessary to prevent recrystallization and grain growth 

of the fiber during sintering process for ensuring the good toughness of Wf/W composites. 

In this work, two different Wf/W composites with and without Y2O3 coating are prepared via 

field assisted sintering technology (FAST), respectively. The microstructure and mechanical 

properties of the Wf/W composites are characterized and analyzed. The influence of the Y2O3 

coating on the sintering process and fiber properties has been discussed. 

 

2 Experimental 

2.1 Composites fabrication 

W powders (OSRAM GmbH) and W weaves (Institute of Textile Technology (ITA), RWTH 

Aachen University) were used as the raw materials. The average particle size of W powders is 5 

μm. As shown in Figure 1a, the W weaves were woven with warp fibers (150 μm) of a distance of 

≈0.2 mm and weft fibers (50 μm) of a distance of ≈5 mm, more details about the weaves can be 

found in [22].  

Firstly, the W weaves were coated with a Y2O3 layer (with the thickness of ≈1.6 μm) by 

magnetron sputtering. The magnetron sputtering process is similar as described in [15]. 
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Alternatively raw W weaves without Y2O3 coating were used. Secondly, the samples were 

assembled into the graphite mold (with a diameter of 40 mm) by placing one layer of W powder 

and one layer of W weave alternately (totaling with 19 layers of W powders and 18 layers of W 

weaves) [20]. Each layer of W powder was 4.5 g and all the W weaves were arranged in one 

direction. In addition, graphite sheets were placed between the sample and the mold, aiming to 

reduce the damage of the mold surface and to ease the sample removal process. And two layers of 

tungsten sheet were used to separate the sample and graphite sheets in order to reduce the carbon 

contamination [17,23]. Finally, the samples were consolidated via the FAST process, with a 

heating rate of 100 ℃/min and a holding time of 5 min at 1800 ℃ (the temperature is measured at 

the bottom of the hollow punch) under 50 MPa. The composite was a commercial FAST system 

(HP D 25–2) from “FCT Systeme GmbH” (max force, 250 kN; max temperature, 2200 ℃; max 

heating rate, 400 K/min) is used in this study. The diagram of the sintering process and the final 

sample is shown as the Figure 1b. 

 

Figure 1. (a) W fiber weave; (b) Schematic diagram of the preparation process of the Wf/W 

composites. 
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2.2 Characterization 

The mass density of the sintered Wf/W samples was measured by the Archimedes principle. 

The microstructure of the composites was analyzed via a LEO 982 scanning electron microscope 

(SEM) with an energy dispersive X-ray spectroscopy (EDX) system after mechanical polishing 

and OPS polishing. The grain sizes of the fibers in cross section (plane perpendicular to the 

drawing axis) and longitudinal section (plane parallel to the drawing axis) were statistically 

analyzed by measuring the diameter of grains. 

Tensile tests and pre-notched 3-point bending test were used to measure the mechanical 

properties of the composites. Figure 2 illustrates the dimensions of the specimens. The dog-bone-

shape tensile specimens have a gauge length of 13.5 mm and a cross section of 3 × 2 mm2. The 3-

point bending specimens are 27 mm × 3 mm × 4 mm (length × width × thickness) with a 1 mm 

deep V-notch (0.1 mm notch root radius) and the span between the holders is 25 mm. All 

specimens were manufactured by electrical discharged machining (EDM). The tensile tests and 3-

point bending tests were performed using an Instron 3342 universal testing machine (Instron 

GmbH) with a displacement rate of 5 µm/s and 1 µm/s, respectively. During the tests, force and 

displacement were measured and the tests continued until complete failure of the specimen. The 

displacement is measured by an optical camera system [24]. Three tensile specimens and four 3-

point bending specimens of each type of composites were prepared for each test. After mechanical 

testing, the microstructure of the fracture section is analyzed via SEM (LEO 982). 
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Figure 2. (a) Dimensions of specimen for tensile tests; (b) Dimensions of specimen for pre-

notched 3-point bending tests. 

 

3 Results and discussion 

3.1 Microstructure of the Wf/W composites 

The relative densities of the Wf/W composites are 92.87% (with Y2O3 coating) and 92.57% 

(without Y2O3 coating), respectively. The Y2O3 coating shows little effect on the sintering density 

of the samples. Figures 3 and 5 show the microstructure of the prepared Wf/W composites. No 

matter for the composites with or without Y2O3 coating, the fibers can be clearly distinguished 

from the matrix, although there is no interlayer phase between the fibers and matrix anymore. The 

matrix of both composites has the similar microstructure, and there are many pores on the boundary 

of grains which is similar to the report in [21], it is consistent with the values of relative density. 

It indicates that Y2O3 coating has little effect on the microstructure of the matrix. However, the 

microstructure of the fibers is much different. The original grains in cross-section of the as-

fabricated fibers have a curled structure and sizes in range of (0.1-0.4) × (0.5-1) μm2 [8]. While as 

shown in Figures 3b and 3c, the fiber in the Wf/W composite with Y2O3 coating has fine and 

uniform equiaxed grains, with the sizes in range of 0.8-4 μm. These grains are columnar and they 
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have a larger size on the axial direction of the fiber (as shown in Figure 3d), they maintain a high 

aspect ratio and the grain size along the fiber direction is approximately 2-30 μm (the original grain 

size was estimated to be 10-40 μm [8]). It indicates that recrystallization and grain growth occurred 

during the sintering process, equivalent to the heat treatment of W fibers and the fiber grain size 

in this sample is similar to the pure W wire after 1200℃/1h heat treatment in [25]. The fiber 

contact tightly with the matrix and no Y2O3 layer observed on the interface (Figure 3b).  The 

disappearance of the Y2O3 layer between fibers and matrix can be attributed to the high 

temperature and pressure conditions during the FAST process, and the dielectric breakdown [3,26]. 

The pulsed current could produce electrical discharge and remove the surface oxide layer, and 

increasing heating rate will in general lead to the increase of the electrical discharge [27,28]. As 

shown in Figures 3e and 3f, some Y2O3 particles were observed in the matrix in the vicinity of the 

fibers, these particles are embedded between matrix grains and irregular in shape and size. 

 

Figure 3. Microstructure of the Wf/W composites with Y2O3 coating: (a-c) cross-section 
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perpendicular to the direction of fiber alignment; (d) longitudinal section of the W fiber; (e) 

microstructure of the matrix in the vicinity of the fiber; (f) distributions of the elements Y and O 

in the dotted region in (e) by EDX mapping analysis. 

The Y2O3 coating produced by the magnetron sputtering is a stable cubic phase [15]. Therefore 

the disappearance of Y2O3 coating could be consider as a physical process (The continuous Y2O3 

coating damaged into small particles, which move and disperse into the adjacent matrix.), it could 

be illustrated as Figure 4. At the beginning, the Y2O3 coating has an intact microstructure and no 

electric current pass through it due to its excellent electrical insulation (Figure 4a). While the 

plasma and local Joule heating may form at the surface based on the pulsed current, which can 

increase the material densification process as well as the damage of Y2O3 coating [29–31]. With 

the increase of pressure and temperature, some cracks may generate and the broken Y2O3 particles 

could move along with the movement of W powders (Figure 4b). If the coating is completely 

damaged before the end of sintering process, the current will pass though the fiber (Figure 4c). 

 

Figure 4. Schematic diagram of the microstructural evolution of Y2O3 coating during the 

sintering process. 

Figure 5 reveals the microstructure of the Wf/W composite without Y2O3 coating. The grains 
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in the periphery zone of the fiber are equiaxed grains and have the sizes in a range of 5-30 μm, the 

grain size increases obviously because of the recrystallization and abnormal growth during 

sintering process. The grain size of the central zone also has a little increase (1-8 μm) but they still 

have a high aspect ratio (although the aspect ratio is lower than that in the Wf/W composites with 

Y2O3 coating, as shown in Figures 5d and 5e). The difference of the grain size between the central 

zone and the periphery zone could be attributed to the higher local temperature of the periphery 

zone caused by the high contact resistance at the fiber-matrix interface. It strongly indicates that 

Y2O3 coating can effectively prevent the abnormal grain growth of W fibers during the SPS process. 

One interesting phenomenon is that the microstructure of the Wf/W composites without Y2O3 

coating is much different from the report in [12]. The latter produced the single layer fiber 

reinforced Wf/W composites without Y2O3 interface under a lower heating rate (50 ℃/min). Some 

researchers also find that the grain size decreased with increasing heating rate [32,33]. The higher 

heating rate usually corresponds to the higher electric current intensity, and the higher current 

density is conducive to mass transport and grain growth [27,34]. More details of the effects of 

sintering parameters on the Y2O3 interface and the microstructure of the fiber will be further 

investigated in future work. 
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Figure 5. Microstructure of the Wf/W composites without Y2O3 coating: (a-c) cross-section 

perpendicular to the direction of fiber alignment; (d-e) longitudinal section of the W fiber. 

Figure 6 illustrates the diagram of the simplified current conditions at the beginning of sintering. 

It just displays the main current state (in the real case there is a part of the current along the fiber). 

For the composite with Y2O3 coating (Figure 6a), due to the existence of the electrically insulating 

Y2O3 coating, the current could not pass through the fibers and no Joule heat generated in them. 

Therefore, the fine grain size of fibers is maintained after sintering. However, the current can pass 

through the fibers directly if there is no interface (Figure 6b), and with a higher contact resistance 

on the fiber surface, more Joule heat will be generated, resulting in a high local temperature and 

thus significant grain growth. At the same time, the current can also enhance the atom diffusivity 

and therefore accelerate the grain growth [35]. As the sintering progresses, the Y2O3 coating layer 

will be destroyed and the current will also pass through the fibers in the Wf/W composites with 

Y2O3 coating (as shown in Figure 4c), but it has little effect on the recrystallization and grain 
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growth because the duration is significantly shorter compared to the case without Y2O3 interface. 

This is a possible explanation to lead to the different fiber microstructures in Figures 3 and 5. More 

details and mechanisms of the sintering process will be investigated in future works. 

 

Figure 6. Diagram of the current conditions during the sintering process (red arrows indicate the 

current): (a) with Y2O3 coating; (b) without Y2O3 coating. 

3.2 Mechanical properties by tensile tests 

Table 1 reveals some results of the tensile test. It is clear that both the Wf/W composites have 

a similar Young’s modulus (≈306 GPa and ≈307 GPa, respectively), which is lower than the 

theoretical value of pure W (400 GPa) due to the lower relative density. The porous microstructure 

of matrix could lead to a decreased Young’s modulus [36]. The Wf/W composite with Y
2
O

3
 coating 

shows higher tensile strength (≈289 MPa) and fracture strain (≈0.095%) than the Wf/W composite 

without Y
2
O

3
 coating (≈243 MPa and ≈0.082%, respectively). As shown in Figure 7, the tensile 

stress-strain curves are noisy and end at the maximum stress. The noise of the curves are caused 

by the camera system which used to track the test process. The curves of both Wf/W composites 

with or without Y
2
O

3
 coating show a linear trend, means that all test samples of both composites 

only have elastic deformation during the test process, so the maximum strain is correlated with the 

strength. Moreover, the fracture surface is flat and perpendicular to the load direction.  
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Table 1. Mechanical properties of the Wf/W composites by tensile test. 

Samples 

Young’s Modulus 

(GPa) 

Tensile strength 

(MPa) 

Fracture strain 

(%) 

Wf/W
 
with Y

2
O

3
 coating 306.29±10.51 289.52±23.83 0.0947±0.0093 

Wf/W
 
without Y

2
O

3
 coating 307.53±13.62 243.44±32.10 0.0820±0.0065 

CVD Wf/W in [37] - 

482 

557 

≈3.47 

≈3.83 

 

 

Figure 7. Stress-strain curves of the Wf/W composites by tensile test: (a) with Y2O3 coating; (b) 

without Y2O3 coating. 

Figure 8 shows the SEM morphology of the tensile fracture surfaces of the Wf/W composites. 

There are many pores in the matrix, which correspond to the relative density of the composites 

mentioned above. The crack mainly propagates along the boundary between W particles, i.e. 

intergranular fracture. The only difference between the matrixes is that there are some Y2O3 

particles existing in the matrix of the Wf/W composite with Y
2
O

3
 coating (Figure 8c). In contrast 

to the matrix, the fibers in both composites show different fracture mechanisms. The fiber in the 
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Wf/W composite with Y
2
O

3
 coating has a microstructure of fine columnar grains and fractures with 

the mechanism of transgranular fracture with cleavage pattern (as shown in Figures 8b and 8c). 

Figure 8c reveals the detail of the fiber-matrix boundary, the fiber is tightly in contact with the 

matrix. There is no observation of the existence of Y2O3 layer and cracks on the interface, it is a 

complete W-W boundary. From Figures 8e and 8f, a difference of the fracture mechanisms can be 

observed between the central zone (intergranular fracture and transgranular fracture) and periphery 

zone (intergranular fracture) of the fiber in the Wf/W composite without Y
2
O

3
 coating. Both PM 

Wf/W composites prepared in the present work show lower strength and toughness than the CVD 

Wf/W composites reported in [37]. On the one hand, they have lower compactness and the pores 

in the matrix reduce the effective cross-sectional area and may act as crack sources, thus the matrix 

has a low strength. On the other hand, the strong W-W boundary could limit the plastic deformation 

of the fibers (even though the fiber has plasticity) [12,38]. 
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Figure 8. SEM images of the tensile fracture surfaces of the Wf/W composites: (a-c) with Y2O3 

coating; (d-f) without Y2O3 coating. 

As the interfaces between fibers and matrix have a high strength and do not de-bonding 

occurred during the tensile tests, the tensile strength (𝜎𝑐) can be estimated with the strength of the 

matrix (𝜎𝑚) and the fiber (𝜎𝑓) and the volume fraction of the matrix (𝑣𝑚) and the fiber (𝑣𝑓) by 

following equation [39]: 

 𝜎𝑐 = 𝜎𝑚𝑣𝑚 + 𝜎𝑓𝑣𝑓                                                                (1) 

The tensile strength of the matrix can be regarded as the strength of pure W produced via the 

same method, which is  𝜎𝑚 = 239 MPa [40]. Both Wf/W composites have the same volume fraction 

of the fiber, 𝑣𝑓 ≈ 20%, thus 𝑣𝑚 ≈ 80%. Therefore, the strength of the fiber in the Wf/W composite 

with Y
2
O

3
 coating ( 𝜎𝑓−𝑤𝑖𝑡ℎ 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 ) and the Wf/W composite without Y

2
O

3
 coating 

(𝜎𝑓−𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜𝑎𝑡𝑖𝑛𝑔) can be calculated by: 

𝜎𝑓 =
𝜎𝑐−𝜎𝑚𝑣𝑚

𝑣𝑓
                                                                (2) 

Substituting the tensile strength values in Table 1 into the Eq. (2), we can achieve that 

𝜎𝑓−𝑤𝑖𝑡ℎ 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 = 491.6 MPa and 𝜎𝑓−𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜𝑎𝑡𝑖𝑛𝑔  = 261.2 MPa. The strength of the W fiber 

without the protection of Y2O3 coating shows a great decrease (almost half of the one with 

protection), although the spread in the tensile values may cause an error to the values of fiber 

strength. It shows that the Y2O3 coating has a great effect on the microstructure and mechanical 

properties of the W fiber during FAST process. The transformation of the microstructure of fibers 

will greatly reduce its mechanical properties [8,41]. The values of the strength are much lower 

than the strength of the W fiber reported in previous researches [6,8], which indicates that the 

properties of W fibers may have some decrease during the preparation of Wf/W composites.   
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3.3 Fracture behavior by 3-point bending tests 

The fracture behavior of the composites was tested by a pre-notched 3-point bending test. 

Figure 9 shows the force-displacement curves of the test results. Comparing between Figure 9a 

and 9b, the maximum force of the Wf/W composite with Y
2
O

3
 coating (≈ 220 N) is higher than the 

one of the Wf/W composite without Y
2
O

3
 coating (≈ 130 N), although it does not represent the 

strength of the samples because of the existence of the pre-fabricated notch. For the Wf/W 

composite with Y
2
O

3
 coating (Figure 9a), the force increases approximately linearly with the 

displacement, it is an elastic process. Next, the load drops suddenly after reaching the maximum 

force, it is accompanied by the unstable propagation of the crack. And then, keeping a load about 

70 N for a long displacement. As shown in Figure 9b, the curves of the Wf/W composite without 

Y
2
O

3
 coating show an elastic stage followed by a slight displacement with a decreased slope before 

the maximum force.  However, the load gradually decreases after the maximum force is reached. 

The maximum force and displacement is much lower than the previous one. It means the difference 

of strength between the fiber and the matrix is smaller and it has lower fracture energy dissipation. 

In the tests of both Wf/W composites, a stable crack propagation process has been observed before 

the maximum force, thus the curves show a slop decrease and this crack length would be used to 

calculate the fracture toughness of the samples. 
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Figure 9. Force-Displacement curves of the Wf/W composites by pre-notched 3-point bending 

test: (a) with Y2O3 coating; (b) without Y2O3 coating. 

Figure 10 shows the morphology of the fracture surface of the Wf/W composite with Y
2
O

3
 

coating tested by the pre-notched 3-point bending test. The samples show a macroscopically flat 

fracture surface, which means that the crack did not deflect significantly during the test. The fibers 

fracture with a brittle manner, where river patterns can be observed on the fracture (Figure 10c). 

During the fracture process, the fibers will suffer with a triaxial tensile stress, because the bonding 

strength between fibers and matrix is too high to enable de-bonding. The fiber tend to fail brittle 

under this loading state even it has good plasticity [38,42]. The fibers are in tight contact with the 

matrix, but there are also some cracks on the interface. It may be caused by the huge difference 

between the strength of fibers and matrix. The crack can generate easier in the weaker matrix and 

propagate across the stronger fibers.  
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Figure 10. Bending fracture surface of the Wf/W composite with Y2O3 coating. 

For the Wf/W composite without Y2O3 coating (Figure 11), the fracture surface is also 

macroscopically flat and similar with the tensile fracture surface (Figures 8d-f). It is a complete 

brittle fracture. The periphery zone of the fiber is fully intergranular fracture as well as the matrix 

(Figure 11b). The central zone of the fiber is a combination of intergranular fracture and 

transgranular fracture (Figure 11c).  

 

Figure 11. Bending fracture surface of the Wf/W composite without Y2O3 coating. 
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Based on the pre-notched 3-point bending tests, fracture energy density and fracture toughness 

were calculated and shown in Table 2. The values are all higher than that of pure W in [24], which 

means the toughness of the W material could be improved by the addition of W fibers. The Wf/W 

composite with Y2O3 coating has higher fracture energy density and fracture toughness, which is 

0.88 ± 0.10 kJ∙m-2 and 14.32 ± 2.63 MPa∙m0.5, respectively. It is mainly attributed to higher 

strength of the fiber. Compared with the CVD Wf/W composites in [43], the fracture toughness of 

the Wf/W composite with Y2O3 coating is lower than the value of CVD as-fabricated Wf/WY2O3 

(206 ± 29 MPa∙m0.5) and similar to the CVD embrittled Wf/WY2O3 (14 ± 1 MPa∙m0.5). It is 

consistent with the results that the fibers fracture in a brittle manner, but the brittle fracture of 

fibers in present work is caused by the stress state during the test process [42]. It indicates that a 

weak interface is necessary to realize the toughening effect of the ductile fiber. 

Table 2. Fracture energy density and fracture toughness of the Wf/W composites. 

Samples 

Fracture energy density 

(kJ∙m-2) 

Fracture toughness, Kq 

(MPa∙m0.5) 

Wf/W
 
with Y

2
O

3
 coating 0.88±0.10 14.32±2.63 

Wf/W
 
without Y

2
O

3
 coating 0.32±0.04 8.73±0.54 

Pure W in [24] ≈0.12 ≈5.55 

 

The existence of the Y2O3 coating can effectively prevent the recrystallization and abnormal 

grain growth of the fiber, thereby reducing the reduction of the strength of the fiber caused by the 

sintering process. However, due to the disappearance of the Y2O3 coating after sintering, a strong 

W-W boundary between the fiber and the matrix is formed. Therefore, no interface de-bonding 

and thus there is no plastic deformation of fibers during the fracture process. The improvement of 
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the toughness is mainly contributed by the high strength of the fiber, as well as the resistance of 

the fiber to crack propagation. 

 

4 Conclusion 

The bulk continuous fiber reinforced Wf/W composites were fabricated by field assisted 

sintering technology with the W fibers with and without Y2O3 coating protection, respectively. 

The Y2O3 coating damaged and dispersed into the surrounding matrix during the sintering process 

due to the assisted pulsed current. Nevertheless the insulating Y2O3 coating can effectively prevent 

the high local temperature on the fiber surface caused by the current in the sintering process. By 

this, the Y2O3 coating can protect fibers from recrystallization and abnormal grain growth. The 

composite with Y2O3 coating has higher strength (≈289 MPa) and strain (≈0.095%), and also 

higher fracture energy density (≈0.88 kJ∙m-2) and fracture toughness (≈14.32 MPa∙m0.5). The W 

fibers without Y2O3 coating show recrystallization and abnormal grain growth in the periphery 

zone at the present sintering parameters. It could be attributed to the high current intensity and the 

high local temperature caused by the high contact resistance at the interface. Further investigation 

on the influence of the coating and sintering parameters on the microstructure and properties of 

Wf/W composites will be carried out in future. 
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