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A B S T R A C T   

For tungsten fiber-reinforced tungsten matrix (Wf/W) composites, the interfacial microstructure is essential for 
the improvement of mechanical properties. The Y2O3 coating deposited on the W fiber has been applied to 
modify the interface between the W matrix and W fiber. However, the Y2O3 coating on the W fiber is usually 
fractured and dispersed into the W matrix as large particles after sintering. In this study, the microstructure of the 
Y2O3 coating on the W fiber in Wf/W composites was studied. And the failure mechanism of Y2O3 interface 
during field assisted sintering was investigated through finite element analysis (FEA). The reasons for the fracture 
of the Y2O3 interface can be attributed to the transformation of the Y2O3 coating from cubic to face centered 
cubic (FCC) crystal structure, the large lattice misfit of 49.0% at the interface, the large difference of the elastic 
modulus and thermal expansion coefficient between W and FCC-Y2O3. In order to avoid the fracture of Y2O3 
interface during sintering, the finite element analysis was used to modify the processing parameters of Wf/W 
composites, including the sintering temperature, pressure, particle size of W powder and thickness of the Y2O3 
coating. And the simulation results were consistent with the experimental results.   

1. Introduction 

Pure tungsten (W) materials usually show brittle due to its high 
ductile to brittle transition temperature (about 500 K) and recrystalli
zation brittleness, in which recrystallization occurs at temperatures as 
low as about 1523 K [1]. The brittleness is a major problem for pure W 
materials applied as plasma-facing materials in future fusion reactors 
[2]. In order to improve the fracture toughness of pure W materials, 
Wf/W composites have been developed based on fiber-reinforced 
ceramic matrix composites, relying on extrinsic toughing mechanisms, 
such as pull-out of W fibers, the ductile deformation of the W fibers, 
crack deflection and/or interface de-bonding [3]. For the Wf/W com
posites, the interfacial microstructure between W fiber and W matrix 

plays an important role in the mechanical properties. It has been found 
that the weak interfacial bonding strength is beneficial for extrinsic 
toughing mechanism or pseudo-ductile fracture behavior in Wf/W 
composites [4]. However, the bonding strength between the W fiber and 
W matrix usually is too high to enable debonding, making the Wf/W 
composites still brittle [4]. Therefore, the modification of interfacial 
microstructure has been widely investigated to optimizing the bonding 
strength. 

To achieve a suitable interfacial bonding strength between the W 
fiber and W matrix, various interfacial materials coated on W fibers have 
been investigated, such as Cu, Mo, C, ZrO2, Er2O3 and Y2O3 et al. [3–8]. 
Compared with other interfacial materials, Y2O3 coating has received 
considerable attention due to its excellent thermal and chemical 
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stability, high mechanical strength and relatively low activation after 
neuron irradiation [8–10]. The Y2O3 coating on the W fiber can improve 
the fracture toughness of Wf/W composites due to the decrease of 
interfacial bonding strength between the W matrix and W fiber [4,8]. 
Meanwhile, the Y2O3 interface between the W matrix and W fiber can 
impede the abnormal recrystallization and grain growth behavior of W 
fiber in Wf/W composites sintered at temperatures lower than the 
normal recrystallization temperature of W wires [8]. 

However, the Y2O3 coating was always failure during sintering at 
high temperatures, which was fractured and dropped from the surface of 
W fibers as large particles [8–10]. At that condition, the fractured Y2O3 
coating was bad for the extrinsic toughing mechanism in Wf/W com
posites. Therefore, several ways have been applied to prevent the frac
ture of the Y2O3 coating, such as increasing the thickness of the Y2O3 
coating [4], and coating a W layer on the Y2O3 coating [10]. However, 
the results were not so satisfactory since the failure mechanism of Y2O3 
coating has not been explored. Therefore, the fracture of the Y2O3 
coating still occurs in Wf/W composites. 

In this study, the microstructure of the Y2O3 coating on the W fiber in 
Wf/W composites before and after sintering was investigated. Based on 
that, the failure mechanism of the Y2O3 interface in Wf/W composites 
during sintering was studied by both experimental investigation and 
finite element analysis (FEA). 

2. The materials and experimental procedures 

2.1. The preparation of the Y2O3 coating 

The short discontinuous Wf/W composites were prepared by powder 
metallurgy in this study. The original short as-drawn potassium doped W 
fibers with about 2.4 mm length and 0.15 mm diameter were provided 
by Xiamen Honglu Tungsten and Molybdenum Industry Co., Ltd. The 
Y2O3 coating on the short W fibers was deposited by Physical Vapor 
Deposition in a Prevac magnetron sputtering system. The Y2O3 coating 
was prepared under the metallic mode according to Ref. [9]. The 
magnetron target material was pure Y metal (Kurt J. Lesker Company, 
99.9% purity, 76.2 mm diameter, 6.35 mm thickness). The distance 
between the target and the substrate is about 15 cm. Argon was used to 
generate the plasma. Oxygen was injected as the reactive gas. The Ar 
flow rate was constant at 25 sccm in all cases. The vacuum chamber 
background pressure was about 5 × 10− 8 mbar and the pressure during 
deposition was about 6.5 × 10− 3 mbar. The thickness of the Y2O3 
coating after deposition was about 1.6 μm. 

2.2. The fabrication of the Wf/W composites 

The short W fibers with a volume fraction of 40% and the W powders 
with different particle size (Xiamen Honglu Tungsten and Molybdenum 
Industry Co., Ltd) were mixed in a vessel for 24 h. The particle size of the 
W powder is 2 μm, 5 μm and 10 μm. The mixture was then put in a 
graphite mold with a diameter of 30 mm. Pure molybdenum foils with a 
thickness of 25 μm were added between the compressed sample and the 
graphite mold to reduce the carbon contamination during the sintering 
process. The Wf/W composites were sintered via field assisted sintering 
technology in a spark plasma sintering (SPS) furnace (SINTERLAND, 
LABOX-350). The sample was heated at a constant rate of 200 ◦C/min in 
a vacuum with a pressure below 0.1 mbar. The sintering temperature 
was set to 1600 ◦C and the holding time is 5 min. A constant pressure of 
40 MPa was maintained throughout the sintering process. 

2.3. The microstructural characterization 

A scanning electron microscope (SEM) Zeiss GeminiSEM 300 was 
used to investigate the microstructure of Y2O3 coating and Wf/W com
posites. The electron backscatter diffraction (EBSD) analysis was con
ducted by a TESCAN MIRA3 SEM equipped by HKL Channel 5 software 
and an Oxford AZtec EBSD probe. In order to acquire EBSD maps with 
high quality, the samples for EBSD investigation were polished by dia
mond polishing liquid, and then plasma polished by an Argon ion 
polisher (Gatan Inc. 697. C). X-ray diffraction (XRD) was performed by 
an X-ray goniometer of the type Bruker Discover 8 with a solid copper 
target. The samples for XRD analysis were compressed bulk specimens 
composed by W powder and coated W fiber. The samples for trans
mission electron microscope (TEM) investigation were prepared by 

Fig. 1. Geometric diagram of 3D model for FEM analysis.  

Table 1 
The properties of the W matrix, W fiber and FCC-Y2O3 for FEA modelling.   

W matrix W fiber FCC-Y2O3 Temperature (◦C) 

Elastic modulus (GPa) 400 [11] 400 [11] 170 [12] 25 
347 [13] 347 [13] 75 [12] 1400 
341 [13] 341 [13] 50 1500 
335 [13] 335 [13] 25 [12] 1600 

Poisson’s ratio 0.28 [13] 0.28 [13] 0.3 [11] 25–1600 
Ultimate strength (MPa) 380 [11] 1968 1100 [12] 25 

300 400 283 [12] 1400 
200 300 193 1500 
150 200 103 [12] 1600 

Yield strength (MPa) – 1500 [14] 800 [12] 25 
250 350 226 [12] 1400 
150 250 154 1500 
100 150 83 [12] 1600  
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focused ion beam (FIB) conducted on a Helios NanoLab G3 UC SEM. The 
TEM observation was conducted with a Tecnai G2 F20 S-TWIN trans
mission electron microscope and the operated accelerating voltage is 
200 kV. The high-resolution TEM (HRTEM) was conducted on Titan G2 
60–300 with image corrector. 

2.4. Finite element model (FEM) 

The FEM was performed using the commercial software ABAQUS 

Standard 2021. The simplified 3D model was constructed to reduce the 
computational effort, as shown in Fig. 1. The W fibers were homoge
nized to a continuous layer which had a planar surface to the sur
rounding W matrix and Y2O3 interface. The W powder is set as 
hemisphere to facilitate the application of pressure. The interface be
tween W fiber, Y2O3 coating and W matrix is modelled by a cohesive 
contact. The detailed parameters were shown in section 4.2. The input 
parameters of W matrix, W fibers and Y2O3 coating used for modelling 
are shown in Table 1. The modelling results show the distribution of von 

Fig. 2. The microstructure of the Y2O3 coating on the W fiber. (a) The surface of Y2O3 coating on the W fiber. (b) The enlarged region B in figure (a). (c) The enlarged 
region C of figure (b). (d) The enlarged region D of figure (c). 

Fig. 3. XRD patterns of the tungsten fibers coated by Y2O3. (a) The overall patterns. (b) The detailed patterns at the relatively low intensity region.  
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Mises stress in the Wf/W composites, which is used for analyzing the 
failure behavior of Y2O3 coating during sintering. 

3. Results 

3.1. The microstructure of the Y2O3 coating on the W fiber 

Fig. 2 shows the microstructure of the Y2O3 coating deposited on the 
surface of short W fibers before the sintering process. As shown in Fig. 2a 
and b, parallel lines can be seen on the surface of the fibers due to the 
drawing process. The Y2O3 coating is intact and dense, which is 
composed of nano-pillars on the coating surface, as shown in Fig. 2c and 
d. The diameter of the nano-pillars is about 20 nm. 

The phases of the W fibers with Y2O3 coating are investigated by 
XRD, as shown in Fig. 3. The W fibers show body centered cubic (BCC) 
crystal structure with very high intensity, as shown in Fig. 3a. Although 
the diffraction intensity of Y2O3 is much lower than that of W, the 
diffraction peaks of Y2O3 can be clearly seen in Fig. 3b. The Y2O3 coating 
is the cubic (Ia-3) phase, which is similar with the Y2O3 coating 

deposited on Si [15]. The microstructure of the Y2O3 coating on the W 
fiber was further investigated by TEM, as shown in Fig. 4. In Fig. 4a, a set 
of nano-size Y2O3 columns was observed in the coating. Meanwhile, 
nano-sized grains or subgrains with high density of dislocations can be 
seen in the as-drawn W fibers. The average grain size is about 250 nm. In 
Fig. 4a, the zone C shows the region in W fiber. The zone D shows the 
region at the interface composed of W fiber and Y2O3 coating. The 
selected area diffraction patterns (SADPs) in region C of W fiber shows 
the crystal zone axis is [110]W. The corresponding SADPs at the interface 
region D of Fig. 4a is shown in Fig. 4d. Both the diffraction spots of the W 
matrix and diffraction rings of polycrystalline Y2O3 are presented. The 
diffraction rings also show that the cubic phase is developed in Y2O3 
coating, which is consistent with the result of XRD. The lattice param
eter of cubic-Y2O3 is calculated to be 1.07 nm. 

3.2. The interfacial microstructure in the Wf/W composites after sintering 

The microstructure of the Wf/W composites sintered at 1600 ◦C is 
shown in Fig. 5. A layer of Y2O3 is visible at the interface between the W 

Fig. 4. (a) The microstructure of W fibers and the Y2O3 coating at the interface. (b) High-angle annular dark field (HAADF) images and the distribution of W, Y, and 
O elements at the interface. (c) The corresponding selected area diffraction patterns (SADPs) of region C in the W fiber of figure (a). (d) The corresponding SADPs of 
region D at the interface in figure (a). 
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fibers and W matrix. However, the morphology of the Y2O3 interface is 
inhomogeneous and discontinuous. Some region of these W fibers has no 
Y2O3 interface, where the fiber and W powder are directly bonded 
together, as shown in Fig. 5b. It means that the Y2O3 interface falls off 
during sintering. Meanwhile, the Y2O3 interface contains many micro- 
cracks (Fig. 5c). The fractured Y2O3 interface breaks away from the W 
fiber surface, resulting in distribution of many large Y2O3 particles in the 
W matrix, as shown in Fig. 5c and d. The size of these large Y2O3 par
ticles can reach several micrometers, which may deteriorate the me
chanical property of the Wf/W composites. 

The microstructure of the Wf/W composites were also investigated 
by EBSD maps, as shown in Fig. 6. In Fig. 6a and b, the Y2O3 phase shows 
brighter than the W phase in the image quality map, as indicated by 
arrows. The Y2O3 is indexed correctly by the EBSD patterns to have face 
centered cubic (FCC) crystal structure, as shown in Fig. 6c. Compared 
with Fig. 6c and d, it can be seen that the grains in the Y2O3 interface 
with different orientations are developed. The grain size of these Y2O3 
can reach several micrometers, which is different from that of the 
original deposited Y2O3 coating in Fig. 4. For the microstructure of W 
fiber, it still shows fine grains with a grain size of about 500 nm. 

The fractured Y2O3 interface and particles are further investigated by 
TEM, as shown in Fig. 7. Fig. 7a shows the Y2O3 interface between the W 
fiber and W matrix in the Wf/W composites. The microcracks are also 
observed in the Y2O3 interface, which is consistent with the SEM results. 
Meanwhile, the microcracks at the interface between W fiber and Y2O3 
are also developed. Fig. 7b shows a Y2O3 particle with the shape of 
triangle in the W matrix. According to the SADPs of this Y2O3 particle, 
the crystal structure of Y2O3 is changed from cubic to FCC after sinter
ing. The microstructure of FCC-Y2O3 particle has also been investigated 

by High Resolution Transmission Electron Microscope (HRTEM), as 
shown in Fig. 7c. The corresponding fast Fourier transform (FFT) images 
of Fig. 7c show the presence of faint superlattice reflections and sec
ondary diffraction in Fig. 7d. The crystal zone axis is [112]Y2O3

. The 
lattice parameter of the FCC-Y2O3 is calculated to be 0.536 nm. 

4. Discussions 

4.1. The facture mechanism of Y2O3 interface in Wf/W composites 

It has been found that the fracture of Y2O3 interface is bad for the 
toughness of Wf/W composites [4,8–10]. Three main reasons should be 
taken into consideration attributed to the fracture of the Y2O3 interface. 
Firstly, it is the phase transformation of the Y2O3 interface during sin
tering. In this study, the Y2O3 coating before sintering is cubic crystal 
structure. The lattice parameter of cubic-Y2O3 is about 1.07 nm. How
ever, the cubic phase of Y2O3 changes to FCC-Y2O3 after sintering. The 
lattice parameter of the FCC-Y2O3 is about 0.536 nm, which is half of 
that of cubic Y2O3. It means that the volume of the Y2O3 coating changes 
induced by phase transformation after sintering, which may result in the 
fracture of the Y2O3 coating. The typical interfacial microstructure be
tween the W fiber and FCC-Y2O3 is shown in Fig. 8. The space distance of 
{310}W is about 0.100 nm, and the space distance of {220}Y2O3 

is 0.196 
nm. The lattice misfit between these two planes is up to 49.0%. It means 
that the interfacial energy is very high and not stable. 

The second reason for the failure of the Y2O3 interface may be the 
large difference in the elastic modulus and thermal expansion coefficient 
between W and Y2O3. The elastic modulus of the FCC-Y2O3 at room 

Fig. 5. Microstructure of the Wf/W composites sintered at 1600 ◦C. (a) SEM image of the W fiber and Y2O3 coating in the Wf/W composites. (b, c) The morphology of 
Y2O3 coating on the W fiber at the interface. (d) Distribution of W, Y and O at the interface between W fiber and W matrix in the region D of figure (c). 
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temperature is about 150 GPa [12]. However, the elastic modulus of W 
fibers is about 406 GPa [16]. It means that large modulus misfit exists at 
the interface. Meanwhile, the thermal expansion coefficient of W at 
1900K is about 18.37 × 10− 6/K [17], which is significantly different 
from that of Y2O3 (about 4.30 × 10− 5/K at 1900K) [18]. Therefore, large 
thermal stress (about 7000 MPa) appears at the interface during sin
tering at 1600 ◦C, which is much larger than the interfacial shear 
strength investigated by push-out tests (447 MPa) [19]. 

Finally, the fracture of the Y2O3 interface can also result from the hot 
compression due to the load of W particles on the Y2O3 interface during 
sintering. As shown in Fig. 5c, many W powders are pushed into the 
Y2O3 interface. During the sintering process, a pressure of 40 MPa was 
added to the samples. The stress distribution was analyzed by FEM, as 
shown in Fig. 9a. A very large stress of 1833 MPa is loaded on the W 
fiber, which is much higher than that of the yield strength (about 83 MPa 
[12]) and the ultimate compressive strength of the FCC-Y2O3 coating 
(about 103 MPa [12]). Therefore, the Y2O3 interface will be compressed 
to be plastic deformation and fracture during sintering. This large stress 
can also be reflected from the pores on the surface of W fiber, as shown 
in Fig. 9b. 

4.2. The effect of sintering process parameters on the interfacial 
microstructure 

The Y2O3 interface is essential in improvement of the fracture 
toughness of the Wf/W composites, due to weakening the interfacial 
adhesion energy between the W fiber and matrix, simultaneously 
impeding the abnormal recrystallization and grain growth of W fibers, 
which make the W fiber brittle [8–10]. However, the fracture of the 
Y2O3 coating on the W fiber usually occurs during the sintering process. 
Besides, the Y2O3 coating drops off from the W fiber and is scattered into 
W matrix. The fractured Y2O3 interface was dispersed as large particles 
in the W matrix, which may act as the fracture source in the Wf/W 
composites [4]. Thus, it is virtual to keep the integrity of Y2O3 interface 
during the sintering of the Wf/W composites. Therefore, the fracture 
behavior of the Y2O3 interface during sintering was studied by FEM, as 
shown in Fig. 10. The properties of W matrix, W fibers and FCC-Y2O3 
were selected based on previous studies and summarized in Table 1 [12, 
11,13,14]. The median value is utilized for modeling in the absence of 
previous research. The grey color in these figures means that the fracture 
of Y2O3 interface occurs. It can be seen that the failure of Y2O3 interface 
is closely related with the process parameters of the Wf/W composites, 
such as the sintering temperature, the pressure, the particle size of W 
powder and the thickness of Y2O3 interface. Higher sintering tempera
ture and pressure are beneficial for the densification of W matrix, but 

Fig. 6. (a) Microstructure of the Wf/W composites investigated by EBSD image quality map. (b) Image quality map, the corresponding (c) phase map and (d) 
orientation map showing the microstructure at the interface. In the phase map of Fig. c, the red color shows the W phase, and the yellow color shows the Y2O3 phase 
with FCC crystal structure. The step size is 50 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 7. (a) TEM image showing the microcracks in the Y2O3 interface between W fiber and W matrix. (b) TEM image showing the fractured Y2O3 particle in the W 
matrix. The inserted SADPs are obtained from the fractured Y2O3 particle. (c) HRTEM and (d) corresponding FFT images investigated the Y2O3 particle along [11 2] 
crystal zone axis. 
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easily inducing the fracture of the Y2O3 interface. Meanwhile, larger 
particle size of W powder and thinner Y2O3 interface are beneficial for 
the fracture of Y2O3 interface. It has been found that the Y2O3 interface 
with a thickness of 2.5 μm is more complete than that of the Y2O3 
interface with a thickness of 1.0 μm in the Wf/W composites after sin
tering [9]. For the Wf/W composites with a sintering temperature of 
1600 ◦C, particle size of 5 μm, pressure of 40 MPa, the thickness of the 
Y2O3 coating should be thicker than 1.6 μm to prevent the fracture of 
Y2O3 interface, as shown in Fig. 10a, b and c. In Fig. 10d, e and f, for the 
Wf/W composites with a sintering temperature of 1600 ◦C, particle size 
of 5 μm, Y2O3 interface with a thickness of 1 μm, the added pressure 
should be lower than 20 MPa. For the Wf/W composites with a sintering 
temperature of 1600 ◦C, pressure of 40 MPa, Y2O3 interface with a 
thickness of 1 μm, the particle size of W powder should be smaller than 2 
μm, as shown in Fig. 10g, h and i. 

It can be concluded from the simulation results, in order to obtain 
high relative density for the Wf/W composites, the higher sintering 

temperature and pressure are usually needed. In that condition, the 
particle size of W powder should be smaller and the thickness of Y2O3 
interface should be thicker. Based on the results of FEM, in order to 
restrict the fracture of Y2O3 interface, if the pressure is 40 MPa, the 
particle size of W powder is 5 μm and the thickness of Y2O3 interface is 
1.6 μm, the sintering temperature should be selected to be lower than 
1600 ◦C. Under this condition, the experimental result of the Wf/W 
composites prepared at 1600 ◦C is shown in Fig. 11. Although micro
cracks can be seen in the Y2O3 interface, the Y2O3 interface can be 
maintained on the W fiber in the Wf/W composites. According to the 
previous study, when the sintering temperature reached 1800 ◦C under 
similar conditions, the Y2O3 interface was broken and dispersed into the 
W matrix during sintering, resulting in the limitation of debonding be
tween W fiber and matrix [8]. Therefore, the selection of appropriate 
processing parameters is very important for the preparation of Wf/W 
composites with complete Y2O3 interface structure. 

5. Conclusions 

In this study, the interfacial microstructure in the discontinuous 
short Wf/W composites with Y2O3 coating on the W fiber was investi
gated. Meanwhile, the fracture behavior of the Y2O3 interface was 
investigated by both the experiments and FEA. The main conclusions are 
drawn as follow.  

(1) The crystal structure of Y2O3 coating is cubic, and it changes to be 
face centered cubic after sintering. The lattice parameter of cubic- 
Y2O3 is about 1.07 nm, while the lattice parameter of the FCC- 
Y2O3 is about 0.536 nm.  

(2) After sintering, microcracks are usually observed in the Y2O3 
interface. Meanwhile, the fractured Y2O3 interface falls off from 
the W fiber and is scattered into W matrix as large Y2O3 particles 
with a size of several micrometers. 

(3) The reasons for the fracture of the Y2O3 interface can be attrib
uted to the large lattice misfit at the interface, and the large 
difference in the elastic modulus and thermal expansion coeffi
cient between W and FCC-Y2O3.  

(4) The failure behavior of the Y2O3 interface was investigated 
through FEM considering the processing parameters of the sin
tering temperature, the pressure, the particle size of W powders 
and the thickness of Y2O3 coating. If the pressure is 40 MPa, the 
particle size of W powder is 5 μm and the thickness of Y2O3 
interface is 1.6 μm, the sintering temperature should be selected 
to be lower than 1600 ◦C. The FEM results are consistent with the 
experimental results. 

Fig. 8. The interface microstructure between FCC-Y2O3 and W in the Wf/ 
W composites. 

Fig. 9. (a) Distribution of von Mises stress in the Wf/W composites without the Y2O3 interface prepared by W powder with particle size of 5 μm. (b) The pores on the 
surface of W fiber compressed by W powder in the Wf/W composites. 
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