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A B S T R A C T   

Field assisted sintering technology (FAST) is one of the potential methods to fabricate tungsten fiber reinforced 
tungsten (Wf/W) composites. The microstructure and mechanical properties of Wf/W composites are closely 
related to the sintering parameters. In the present work, the Wf/W composites with a Y2O3 coating on the fiber 
(Wf/Y2O3/W) were fabricated via a FAST process and the microstructure was characterized. The influence of the 
heating rate and Y2O3 coating on the microstructure of Wf/Y2O3/W composites was discussed in detail. It is 
observed that the Y2O3 coating can get damaged and move into the adjacent matrix. A higher heating rate (100 
℃/min) causes more serious damage on the Y2O3 coating which could be attributed to the higher electric current 
intensity. The samples produced with a lower heating rate (50 ℃/min) or with a thicker Y2O3 coating (3 µm) 
show an interface with better continuity. In addition, the integrity of the Y2O3 coating could by protected by an 
additional W-coating produced by chemical vapor deposition (CVD).   

1. Introduction 

Tungsten fiber reinforced tungsten (Wf/W) composites are one of the 
promising solutions to overcome the poor toughness of tungsten below 
ductile to brittle transition temperature (DBTT) [1–4]. Wf/W composites 
are developed based on the extrinsic toughening mechanisms similar to 
the fiber reinforced ceramic composites [5–7] and show a pseudo- 
ductile behavior during the fracture process [8–10]. 

The potassium-doped tungsten fibers (Wf) have a great ductility due 
to the high aspect ratio of the grains, while the strength and ductility of 
the fiber may decrease after annealing because of recrystallization and 
grain growth [11–14]. The Wf/W composites are commonly consoli
dated under a high temperature sintering by using powder metallurgy 
methods [15–17], such as hot pressing (HP), hot isostatic pressing (HIP) 
and field assisted sintering technology (FAST, also known as spark 
plasma sintering (SPS)), leading to the similar effect of annealing. In 
particular, FAST has the effect of a pulsed electric current in addition to 
the high temperature and high pressure [18,19]. The previous research 
about the effect of sintering parameters on Wf/W composites are mainly 

focused on the temperature and pressure. Nevertheless, the heating rate 
is also one of the important sintering parameters and can affect the 
microstructure of the samples [20,21]. 

In addition, many studies have proven that the extrinsic toughening 
mechanisms in fiber reinforced composites rely on the weak fiber
–matrix interface [22–24]. In order to achieve a suitable fiber–matrix 
interface, various interface materials have been investigated [25–27], 
such as Cu, Er2O3 and Y2O3, as well as a porous tungsten matrix have 
been considered to get a weak boundary [28,29]. Y2O3 shows positive 
effects on improving the ductility of W-based materials due to its good 
thermal and chemical stability, high mechanical strength and hardness 
[30,31]. The Y2O3 film produced by reactive sputtering shows high 
compactness and stability that makes it suitable as a fiber–matrix 
interface layer [32,33]. Apart from being the weak interface, Y2O3 
coatings also play a role to protect the microstructure of the fibers 
during the FAST process [34]. However, there is only few literature 
regarding the effect of the Y2O3 coating on the microstructure of the 
composites. Moreover, based on previous studies [5,16,34], FAST pro
cess damages the integrity of the Y2O3 interface, potentially due to the 
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high temperature, pressure and current. Therefore, it is hard to achieve 
an intact interface utilizing the powder metallurgical preparation. 

In the present work, Wf/Y2O3/W composites were fabricated via 
magnetron sputtering and FAST under different Y2O3 coating states and 
heating rates during sintering. The microstructure of the prepared Wf/ 
Y2O3/W composites were characterized and the differences between 
each sample were discussed in detail. The goal is to find out a process 
route that enhances the integrity of the fiber–matrix interface beyond 
the current state after the FAST process. 

2. Experimental 

2.1. Y2O3 coating preparation 

The as-fabricated K-doped tungsten fibers [13,35] (Wf, with a 
diameter of 150 µm) were used as the raw material. The grains along the 
drawing direction are extremely elongated. Perpendicular to the draw
ing axis, the grains have significantly smaller dimensions and are twisted 
forming a characteristic curled structure [35]. These fibers were further 
fabricated into Wf weaves (Fig. 1a), utilizing a Mageba shuttle loom 
(type SL 1/80) textile machine, with a warp fiber distance of 0.2 mm, 
and weft fibers with a smaller diameter (50 µm) and a distance of 2 mm. 
These weft fibers were mainly used to fix the warp fibers position [36]. 
The Wf weaves were cut into a round shape of 40 mm diameter to fit the 
sintering mold and coated with a layer of Y2O3 by a Prevac magnetron 
sputtering system (Fig. 1b). The magnetron target material was yttrium 
metal (Kurt J. Lesker Company, 99.9% purity, 76.2 mm diameter, 6.35 
mm thickness). During the magnetron sputtering process, a constant 
argon (Ar) gas flow of 25 standard cubic centimeter per minute (sccm) is 
injected at the target position to generate the plasma and the oxygen 
with a flow between 2 sccm and 10 sccm is injected as the reactive gas. 
Due to the limitations of the magnetron sputtering device, the coating 
process was carried out side by side. After the deposition of the first side, 
the fabrics were manually flipped to deposit the second side. More 
coating details are similar to the process described in [33]. Two different 
coating times of 70 min and 90 min were used to deposit the Y2O3 
coating of different thicknesses (1.6 µm and 3 µm). After that, half of the 

Wf weaves with 3 µm Y2O3 coating were coated with a layer of pure W 
for protection by chemical vapor deposition (CVD, the process was as 
described in [8,37]). The temperature for the process was at 420 ℃ at a 
pressure of 100 mbar and a coating time of 8 min with a preheating 
temperatures at 600 ◦C and a preheating retention time of approx. 1.5 s. 
The gas flow rate was 8750 sccm for H2 and 700 sccm for WF6, 
respectively. 

2.2. Wf/Y2O3/W composites fabrication 

The samples were assembled into the graphite mold (with a diameter 
of 40 mm) by placing one layer of W powder (with the average particle 
size of 5 µm) and one layer of Wf weave alternately (totaling with 19 
layers of W powders and 18 layers of Wf weaves) [38]. Each layer of W 
powder was 4.5 g and all the Wf weaves are oriented unidirectionally. 
Two layers of tungsten sheet were used to separate the sample and 
graphite sheets (aiming to reduce the damage of the mold surface and to 
ease the sample removal process) in order to reduce the carbon 
contamination [34]. The samples were consolidated via 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). Table 1 
shows the fabrication parameters of the Wf/Y2O3/W composites. All 
samples have the same sintering temperature of 1800 ℃ and a 5 min 
holding time under 50 MPa. The heating rate of the sample WY1.6W_100 
is 100 ℃/min and the other samples have the heating rate of 50 ℃/min. 
Fig. 2a illustrates the FAST process and Fig. 2b shows the evolution of 
temperature and pressure with time at different heating rates. The 
evolution of the pressure is related to the heating rate and all samples 
have the same cooling rate of ≈375 ℃/min. 

2.3. Characterization 

The density of the sintered samples were measured via a Sartorius 
Cubis MSA225S precision balance (Sartorius AG, Göttingen) with the 
fluid medium of pure Ethanol (99.5%) according to the Archimedes 
principle. The microstructure of the coated fibers and the sintered 
composites was analyzed via a Carl Zeiss LEO DSM 982 scanning 

Fig. 1. (a) The Wf weave [34]; (b) Schematic diagram of the Y2O3 coating process by magnetron sputtering.  

Table 1 
Fabrication parameters of the Wf/Y2O3/W composites.  

Samples Thickness of Y2O3 coating (µm) Heating rate (℃/min) Temperature (℃) Pressure (MPa) Holding time (min) 

WY1.6W_100 1.6 100 1800 50 5 
WY1.6W_50 1.6 50 
WY3W_50 3 50 
WY3W_W_50 3 + CVD-W layer 50  
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electron microscope (SEM, Jena, Germany) with an energy dispersive X- 
ray spectroscopy (EDX, Oxford Instruments, operated at 10 kV) system 
after mechanical polishing and polishing with oxide polishing suspen
sion (OPS). The grain size of the fibers was statistically analyzed by 
measuring the diameter of the grains and the distribution of each 
element at the interface was characterized by EDX. 

3. Results and discussion 

Fig. 3 reveals the morphology of the fibers after Y2O3 coating. The 
cross-sections were obtained by cutting the fibers with a scissor, so a 
slight separation between the fiber and Y2O3 layer could be observed. 
The original boundary between the fiber and Y2O3 coating is in tight 
contact without gap, which is similar to the report in [33]. The micro
structure of the Y2O3 layers under for both coating times are dense and 
uniform. The thickness of the Y2O3 layer obtained by 70 min coating is 
≈1.6 µm (Fig. 3a) and a ≈3 µm Y2O3 layer is obtained after 90 min 

coating. For the WY3W_W_50 sample, a protection layer of CVD-W (with 
the thickness of 2–5 µm) is tightly covered on the Y2O3 coating (as 
shown in Fig. 3b and c). 

Fig. 4 shows the microstructure of the sintered Wf/Y2O3/W com
posites. The samples have the same volume fraction of the fiber (≈20%) 
and the fibers are uniformly distributed in the matrix, while there are 
some differences in the distribution of fibers in various samples due to 
the samples being manually assembled. There is no observable inter
layer existing between the fibers and the matrix of WY1.6W_100 (as 
shown in Fig. 4a), which means the Y2O3 coating has been completely 
lost during the FAST process. In contrast, a clear interlayer can be 
observed in the other three samples (Fig. 4b and c), although the 
integrity of the interlayer in each sample is different (by observing and 
measuring the proportion of the interlayer phase in the fiber–matrix 
interface zone). The microstructure of the interlayer in WY1.6W_W_50 
shows the highest integrity. 

In addition, the fibers have the uniform equiaxed grains in the cross- 

Fig. 2. (a) Schematic diagram of the FAST process [34]; (b) Temperature-time and pressure–time curves of the FAST process during the production.  

Fig. 3. SEM images of the fibers with Y2O3 coating: (a) 1.6 µm thick coating; (b, c) 3 µm thick coating with a layer of CVD-W.  
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Fig. 4. Microstructure of the Wf/Y2O3/W composites (in the cross-section of fibers): (a) WY1.6W_100; (b) WY1.6W_50; (c) WY3W _50; (d) WY3W_W_50.  

Fig. 5. The grains in the cross-section of the fiber in Wf/Y2O3/W composites: (a) WY1.6W_100; (b) WY1.6W_50; (c) WY3W_50; (d) WY3W_W_50.  
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section, and the fiber grain size is measured and shown in Fig. 5. It is 
different from the curled structure grains (in the cross-section) of the as- 
fabricate fibers [35]. This indicates that the fibers have recovery and 
recrystallization during FAST [14]. After measuring all grains shown in 
Fig. 5, the statistics of the fiber grain size shows that the sample 
WY1.6W_100 has a larger grain size (in range of 0.8–4 µm) than the other 
samples (in the range of 0.3–3 µm). And the size of the matrix grains has 
the similar relationship. It indicates that the higher heating rate could 
accelerate recrystallization and grain growth of the fibers. The Y2O3 
layer has a protection on the microstructure of the fibers during the 
FAST process [34], but it shows little effect on it in the present work by 

comparing WY1.6W_50, WY3W_50 and WY3W_W_50. 
The measured relative densities of all prepared samples are shown in 

Fig. 6. The relative densities are slightly varying. The WY1.6W_100 
shows the highest relative density of 92.87%, and the values decrease 
with the increase of the integrity of the Y2O3 interface. The porosity of 
the samples is mainly contributed by the matrix due to the dense 
structure of the W-fibers. The porosity of the matrix in each sample is 
calculated according to [39]: 

p = Vf pf +Vmpm (4.1)  

where, p, pf and pm are the porosity of the composite, fiber and matrix, 
respectively. Vf and Vm are the volume fraction of fibers and matrix (20% 
and 80% respectively in this work). The similar porosity of the prepared 
samples proves that the Y2O3 coating and heating rate have little effect 
on the composite density in this work. 

The microstructure of the fibers in the longitudinal section shows 
that the fibers in all samples have a high aspect ratio (as shown in Fig. 7), 
which is different from the fibers without Y2O3 coating reported in [34]. 
Same to the morphology in the cross-section, there is no Y2O3 layer in 
WY1.6W_100 (Fig. 7a), and the integrity of the Y2O3 layer increases in 
the order of WY1.6W_50 (Fig. 7b), WY3W_50 (Fig. 7c) and WY3W_W_50 
(Fig. 7d). Moreover, a layer of CVD-W can be observed in WY3W_W_50. 
The fiber grain of WY1.6W_100 has the larger size than that of the other 
three samples. 

As mentioned above, the WY1.6W_100 has the larger grain size in 
both the fiber and the matrix, and there is no Y2O3 layer at the fiber
–matrix interface (Fig. 8a). It indicates that the higher heating rate could 
accelerate the process of grain growth and the damage of the Y2O3 layer. 
Fig. 8b illustrates the microstructure of the matrix in the vicinity of the 
fiber, and the corresponding distribution of each element is shown in 
Fig. 8c–e. The pores in the matrix are the residue of the gaps between W 
particles during the sintering process, thus they distribute at the 
boundary between different W particles instead of in the particles. In 

Fig. 6. Relative densities and matrix porosities of the sintered Wf/Y2O3/ 
W composites. 

Fig. 7. Microstructure of the longitudinal section of the W fiber: (a) WY1.6W_100; (b) WY1.6W_50; (c) WY3W_50; (d) WY3W_W_50.  
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addition, the Y2O3 particles in various shapes and sizes are embedded in 
some of the pores. 

Different from the WY1.6W_100, the Y2O3 layer still exists at the 
fiber–matrix interface in WY1.6W_50 although the structure is 

discontinuous (details are shown in Fig. 9). The thickness of Y2O3 layer 
at different location shows some difference and there are some areas 
without any interlayer. The measured thickness of the Y2O3 layer is 2.4 
± 0.6 µm (by measuring 10 randomly selected positions) which is 

Fig. 8. (a) Microstructure of the fiber–matrix interface in WY1.6W_100; (b) Microstructure of the matrix in the vicinity of the fiber in WY1.6W_100 and (c-e) the 
corresponding distributions of the elements W, Y and O by EDX mapping analysis. 

Fig. 9. (a) Microstructure of the interface region in WY1.6W_50 and (b-d) the corresponding distributions of the elements W, Y and O by EDX mapping analysis.  
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thicker than the original coated thickness (≈1.6 µm). The boundary 
between the fiber and the Y2O3 layer is flat, while a jagged boundary 
exists between the matrix and the Y2O3 layer. Except for the Y2O3 layer 
between the fiber and the matrix, there are also some Y2O3 particles 
embedded in the adjacent matrix. The fabrication parameters are the 
same between WY1.6W_100 and WY1.6W_50, except for the heating rate. 

The Y2O3 interface in WY3W_50 (with the thickness of 3.3 ± 0.3 µm, 
as shown in Fig. 10a) has the same shape with WY1.6W_50 (2.4 ± 0.6 µm, 
as shown in Fig. 9a), although it is a little thicker due to the thicker 
original Y2O3 coating of the former. As shown in Fig. 10b, the integrity 
of the Y2O3 layer in WY3W_W_50 (with the thickness of 3.5 ± 0.1 µm) is 
much better than the other samples due to the protection of the CVD-W 
layer. The boundary between the Y2O3 layer and the matrix is contin
uous and flat, which is different from the other layers without CVD-W, as 
shown in Fig. 9a within the zigzag-shape structures. The increase of the 
thickness of Y2O3 layer zone also occurs in this sample, which indicates 
that the Y2O3 layer also faced some damage during the FAST process 
despite the protection of the CVD-W layer. This indicates that the 

thickness of the protection CVD-W layer needs to be adjusted. 
The heating rate is mainly controlled by the current during the FAST 

process and the different coating states may have some effects on the 
conductivity of the samples [19,40]. Therefore, it is speculated that the 
current intensity is the main sintering parameter affecting the micro
structure of the composites in the present work. Fig. 11 shows the 
evolution of the current intensity over process time of each sample 
during the FAST process. After a sharp peak at the beginning, the sam
ples enter the stable heating stage, where the current gradually increases 
from ≈1.5 kA with a decreased slope. The current of WY1.6W_100 is 
higher than the other samples and the slope of it is almost twice higher 
than the other samples. The higher current could cause the more serious 
damage to the Y2O3 layer [34]. At the end of heating, the current has a 
drop and keeps constant to the stage of 5 min holding time. The 
WY1.6W_100 shows the highest value (3.65 kA) at the holding stage, and 
the others decrease in the order of WY1.6W_50 (3.52 kA), WY3W_50 
(3.46 kA) and WY3W_W_50 (3.36 kA). It indicates that the current 
during the FAST process is related to the electrical resistance of the 

Fig. 10. Microstructure of the fiber–matrix interface: (a) WY3W_50; (b) WY3W_W_50.  

Fig. 11. Evolution of the current intensity with time during the FAST process.  
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sample [41]. The currents at the holding stage are well consistent with 
the integrity of the Y2O3 layer of the samples. The better integrity leads 
to the higher electrical resistance due to the Y2O3 is electrically isolating 
[42]. This phenomenon also proves that the current is able to flow 
through the fibers after the Y2O3 layer is damaged [34]. 

In addition, an additional sample (WYW_BN) is sintered, utilizing an 
isolating layer of Biron Nitride (BN) coating on the graphite sheets. Since 
BN is electrically insulating, the current mainly flows through the mold 
but not the sample with the aim to eliminate the effect of the current 
[43,44]. The current of the sintering process of WYW_BN shows the 

Fig. 12. Microstructure of the WYW_BN composite: (a) a representative fiber; (b) the fiber–matrix interface.  

Fig. 13. Diagrams of the evolution of the interface region in Wf/Y2O3/W composites during the FAST process: (a) without CVD-W coating [34]; (b) with CVD- 
W coating. 
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lowest value (as shown in Fig. 11), and the current flowing through the 
sample is significantly decreased. As shown in Fig. 12, the thickness of 
the fiber–matrix interface in the WYW_BN sample after sintering is 4 ±
0.3 µm (the original Y2O3 coating is ≈3 µm), which indicates that the 
Y2O3 interface is still damaged. However, its interface shows better 
continuity than that in WY3W_50 (Fig. 10a). This proves the previous 
hypothesis that the current will accelerate the damage of the fiber
–matrix interface. 

Fig. 13 illustrates the diagrams of the evolution of the interface re
gion in Wf/Y2O3/W composites during the FAST process. The Y2O3 
coating produced by the magnetron sputtering is a stable cubic phase 
[33]. Therefore, the disappearance of Y2O3 coating could be considered 
as a physical process (The continuous Y2O3 coating damaged into small 
particles, which moves and disperses into the adjacent matrix.). The 
damage of the Y2O3 coating is caused by the high pressure and tem
perature, as well as the plasma and the local Joule heating formed at the 
contact surface based on the pulsed current [45–47]. The process has 
been discussed in [34]. As shown in Fig. 13a, if the coating is completely 
damaged before the end of sintering process, the current will flow 
though the fiber and further accelerate the process of grain growth. With 
the protection of CVD-W layer, the damage of Y2O3 coating is reduced 
(Fig. 13b). 

The elevated heating rate, in tandem with an accelerated pressuri
zation rate, results in an increased densification rate. This sequence of 
events contributes to more pronounced impairment of the Y2O3 layer. 
Concurrently, the Y2O3 particles, compromised by this process, are 
susceptible to simultaneous movement with the tungsten particles. The 
higher heating rate is accompanied by a higher pressurization rate, 
leading to the higher densification rate, which causes the more serious 
damage to the Y2O3 layer. However, the inclusion of a protective layer 
atop the Y2O3 layer within the WY3W_W_50 composition may mitigate 
the extent of damage incurred during these operations. 

4. Conclusion and outlook 

The continuous fiber reinforced Wf/Y2O3/W composites were fabri
cated via field assisted sintering technology. The influence of the heating 
rate and Y2O3 coating on the microstructure of the composites were 
analyzed by comparing the microstructure of the samples prepared 
under different heating rate and Y2O3 coating. The WY1.6W_100 sample 
shows the largest grain size and there is no Y2O3 layer existing at the 
fiber–matrix interface. It indicates that a high heating rate may accel
erate the destruction to the Y2O3 coating which then leads to current 
flow through the W fibers. The current causes the heating of the fibers 
and thus causes recrystallization and grain growth of the fibers. The 
longer coating time is conducive to the retention of the Y2O3 coating 
after sintering. The CVD-W layer has the potential to shield the Y2O3 
coating from damage effectively. Nonetheless, further research is 
required to ascertain the optimal thickness of the CVD-W layer for 
maximum protection. Detailed analysis of the Y2O3 coating properties, 
alongside the refinement of sintering parameters, will be pursued in 
future work. 
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