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Abstract. As the interface material for tungsten fiber reinforced tungsten composites (Wf/W), 

yttrium oxide thin films were prepared via an electrophoretic deposition (EPD) method in this 

study. The yttrium oxide dispersion is optimized based on its Zeta potential. The coating process 

was performed on the tungsten weaves (anode) and stainless steel was used as the counter 

electrodes (cathode). The coating structure obtained from the electrophoretic deposition (EPD) 

process was homogeneously distributed on all the fibers of the weave, but possess a porous 

structure. In addition, to optimize the coating process, the voltage influence on the coating process 

is demonstrated. Using the EPD prepared yttria interface, Wf/W is produced based on a chemical 

vapor deposition process. Initial mechanical test shows a promising property with extrinsic 

toughening mechanisms and high damage resilience. 
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Introduction 

For future fusion reactor, the extreme operational condition pose a great challenge to the plasma 

facing materials [1]. Especially, the plasma facing materials for divertor will have to suffer cycled 

heat load (>10 MW/m2 steady state for ITER, up to 1 GW/m2 for transient heat load) under the 

condition of plasma erosion and neutron irradiation. Tungsten (W) is currently the most promising 

candidate for such application, since it is resilient against erosion, has the highest melting point of 

any metal and shows rather benign behavior under neutron irradiation [2, 3]. Nevertheless, W is 

an intrinsic brittle material which could have the problem of cracking under the high cycled heat 

load [4]. Tungsten fiber reinforced tungsten composites (Wf/W) have been intensively developed 

to overcome the cracking issue of W. It has been reported that Wf/W can improve the damage 

tolerance of W relying on extrinsic toughening mechanisms [5-7]. Here, a dedicated weak interface 

between fiber and matrix plays a crucial role in realizing the designed energy dissipation during 

crack propagation [8, 9]. Yttrium oxide is the currently most common interface material for Wf/W, 

due to its thermal and chemical stability, especially its low activation behavior [10-12], which is 

particularly important for nuclear application. In recent studies, yttrium oxide, as the interface of 

Wf/W, is mainly prepared by physical vapor deposition (PVD) [11, 13] methods, which show 

promising coating quality and feasibility as the interface material for Wf/W. However, the 

production rate of the processes is relatively low, with high time and material consumption, which 

makes the preparation of the interface coating to be the bottleneck of Wf/W production [8].  

Electrophoretic deposition (EPD) is a colloidal method in ceramic production and has advantages 

of brief formation time, needs simple apparatus, a little constraint of the substrate shape, no 

requirement for binder burnout as the green coating contains little or no organic substances [14]. 

The EPD method is very flexible compared to other advanced shaping methods since it can be 
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easily changed for a specific application. For example, deposition can be made on flat, cylindrical, 

or any other shaped substrate with only minor changes in the design and positioning of the 

electrodes [15]. Despite being a wet process, in particular, EPD provides easy control of a 

deposited film's thickness and morphology through simple adjustment of the deposition time and 

the potential applied [16]. In EPD, dispersed or suspended charged powder particles in a liquid 

medium, are attracted and deposited upon application of a DC electric field on a conductive 

substrate of opposite charge. EPD is advantageous due to the reduced environmental impact, 

greater flexibility as well as lower operating costs, which promote the implementation of such 

procedures in larger-scale processes [17].  

The ability of charged particles (such as colloidal particles) to move through a liquid medium in 

response to an electric field is known as electrophoretic mobility (µe) [18]. According to the theory 

of double layer, all surface charges in fluids are present by another layer of diffused ions with the 

same absolute charge but the opposite sign to the surface charges. In the diffuse layer, the electric 

field also exerts a force on the ions, which has an opposite direction to that basically acting on the 

surface charge. This latter force is then applied to the ions in the diffuse layer at some distance 

from the surface of the particle, not actually to the particle itself, but a part of it is transferred 

through viscous stress all the way to the surface of the particle. This part of the force is also referred 

to as electrophoretic retardation. So, when an electrical field is applied, the charged particle which 

is to be studied travels slowly through the diffuse layer. When a charged particle in a liquid is 

accelerated by a uniform electrical field until it reaches a steady drift velocity [19]. 

The Zeta potential of the suspended particles in a dispersion medium is a key factor in the EPD. 

Firstly, it plays a crucial role in stabilizing the dispersions by increasing the electrostatic repulsion 

between the charged particles in a dispersion medium, and secondly, the zeta potential helps in the 



4 
 

determination of the migration direction and electrophoretic mobility [20]. In order to obtain the 

stabilized dispersions for EPD, a high Zeta potential (negative or positive) is required as it confers 

that the dispersion will resist the flocculation [16]. 

In this work, an electrophoretic deposition method was developed for yttrium oxide coatings on 

W fibers (weaves). The coating process was performed using an EPD cell with the tungsten weaves 

as anode and stainless-steel cathode in the yttrium oxide colloidal dispersion. The zeta potential of 

the dispersion and the deposition voltage were optimized. Afterwards, the EPD coated W weave 

was used to produce the Wf/W composites. Based on the preliminary mechanical test (one 3-point 

bending test), the Wf/W using EPD coated gives promising energy dissipation effects. 

Methods and Experiments  

Dispersion preparation and Zeta potential measurement 

To proceed with Electrophoretic deposition, the first step is to obtain stable dispersion of the 

nanoparticles. Yttrium Oxide nano dispersion (American Elements, APS<100 nm, concentration 

20wt %) in distilled water is used in this study. As Zeta potential can be varied by adjusting the 

pH of the dispersion [21], Nitric Acid (65 %, Sigma Aldrich) and Sodium Hydroxide (Fisher 

Scientific) was used to adjust the pH of the dispersion. The obtained dispersion then was subjected 

to an ultrasonic bath for 30 min to achieve consistent dispersion in the dispersion. 

The Zeta potential of the particles can be determined by measuring the movement speed of the 

particles under certain electric field, using the laser doppler electrophoresis [22]. In this study, to 

measure the Zeta potential of the nano-dispersions of Yttria, Zetasizer Nano ZS from Malvern 

Panalyticals was used with the Gold coated electrodes Zeta potential cell at Institute of Chemistry, 

TU Chemnitz Germany. Series of yttrium oxide dispersions with different pH value are measured. 
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EPD process 

After optimizing the yttrium oxide dispersion based on the adjustment of pH value and Zeta 

potential, the EPD process was performed. Two stainless steel electrodes were used as the counter 

electrodes and the deposition was done on tungsten weave substrates. Delta Elektronika SM300-5 

as a DC power source (0-300 V) was used in the EPD experiments. The experiments were 

conducted in a voltage range of 10 V-30 V for 15 min, followed by a drying process. The prepared 

sample list is shown in Table 1. Figure 1 shows (a) the setup, (b) the EPD cell for the experiments, 

and (c) an illustration of the EPD process, performed in this work. To investigate the high 

temperature stability of the EPD coated yttrium oxide layer, one of the weaves was annealed at 

1000 °C for 1 h. 

 

Figure 1 the Experimental setup showing the EPD cell  

The surface morphology and cross-sectional analysis of the Y2O3 deposit on the Tungsten 

substrates were performed using Scanning electron microscopy (SEM, Carl Zeiss LEO 982), and 



6 
 

Focused ion beam (FIB, Carl Zeiss Crossbeam 540 SEM), respectively. The chemical analysis of 

the deposited films was performed using energy-dispersive x-ray spectroscopy (EDX).  

Table 1. EPD parameters for yttrium oxide coating 

Exp. 

 

 

Slurry 

Conc. 

(w%) 

 

pH  Applied 

Voltage 

(V) 

Time 

(min) 

Drying 

Temp. (°C) 

Drying Time 

(hours) 

1 0.1% 10 10 15 100 24 

2 0.1% 10 15 15 100 24 

3 0.1% 10 20 15 100 24 

4 0.1% 10 25 15 100 24 

5 0.1% 10 30 15 100 24 

 

Production of Wf/W 

To test the feasibility of the EPD prepared yttrium oxide coating as the interface between fiber and 

matrix, a single layer Wf/W composite was produced using a chemical vapor deposition (CVD) 

process using WF6 as precursor in Forschungszentrum Jülich GmbH, Germany. The CVD process 

is reported in detail in [23]. Afterwards, the fracture behavior of the single layer Wf/W was tested 

using a 3-point bending test. The sample for the 3-point bending test is cut by wire cutting with a 

dimension of 20 x 3 x 2 mm (L x W x H). The fiber orientation is parallel to the sample length. 

After the 3-point bending test, the fracture section is observed by SEM. 

Results and discussion 

Zeta potential measurements 

Zeta potential is one of the key parameters in the Electrophoretic deposition (EPD) [16]. The Zeta 

potential measurements were done by preparing the dispersions with different pH values, ranging 

from pH -1 to 14. The measured electrophoretic mobility, zeta potential and the stability of the 
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Y2O3 dispersion are shown in Figure 2. For the electrophoretic mobility, the value is negative 

through the whole pH range, meaning that during the EPD process, the particles will move to the 

anode side. The absolute value reach the maximum at pH 10, giving that mobility/response of the 

particles in the electric field is high, which is beneficial to the EPD process. The colored zones in 

Figure 2 (b) indicates the state of stabilization of the dispersions, red and green zones signify the 

unstable and stable degree of dispersions at different pH values for the measured Zeta potential. In 

Figure 2 (c), obvious differences can be observed between the almost clear solutions (pH 0-7) and 

the very milky/cloudy solutions (pH 10-14). The particles have sedimented to the bottom of the 

beakers for the solutions pH 1-7, whereas the particles are still in the dispersion for the beakers at 

pH 10-14. 

 

Figure 2 Dispersion stabilization and the Zeta potential measurements of the 0.1 w% Y2O3 

dispersion. (a) Electrophoretic mobility, (b) Zeta potential, (c) stabilization of the Y2O3 

nanoparticles in the prepared dispersion with varied pH values. 

-1 1 4 7 10 12 14 0 

pH 

b a 

c 
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From the above-presented results of the Zeta potential measurement of the Y2O3 dispersions, it 

was observed that the dispersions are stabilized at two pH values, 10 and 12 with Zeta potential -

51 mV and -48 mV, respectively. In the following studies, the dispersions are all with a pH value 

of 10. Given that the Zeta potential is in a negative range, the deposition of Y2O3 films were 

conducted on the anode.  

EPD coating on W-weaves 

After coating process, the surface morphology of the coated weaves was analyzed by SEM. Figure 

3 gives the typical weave surface after EPD process (15 V, 15 min).  The tungsten fibers in the 

weave have been coated entirely covering evenly the surface. The coating gives a porous 

morphology.  

 

Figure 3 Y2O3 EPD coating microstructure (surface) on the tungsten weaves deposited at 15 V 

for 15 min 

To further analyze the structural of the Y2O3 coatings on the tungsten weaves, a coating cross 

section was prepared by Focused Ion Beam (FIB). Figure 4 shows a SEM image of a FIB prepared 

cross-section on a tungsten fiber coated with Y2O3 at 15 V DC for 15 min. 

a b c 
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Figure 4 SEM image of the FIB prepared coating cross section for the Y2O3 coated tungsten 

fiber, deposited at 15 V DC for 15 min 

The Y2O3 coating on the tungsten fiber has a porous structure. At the interface of each particle and 

the W substrate, there seems to be a tight connection. The thickness of the coating deposited at 

15 V DC for 15 min was about 2.5 µm. For this sample, apart from the surface morphological 

characterization, XRD analysis was performed on the specimens to identify the crystal structure 

of the deposited material. Figure 5 presents the X-Ray Diffraction pattern with the Y2O3 and W 

a b 

c 
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peaks. During the XRD analysis, clear peaks of Yttrium Oxide (c-Y2O3) at 2θ = 28.89 and 48.08, 

and monoclinic phase (m-Y2O3) at 2θ = 51.2 were detected on the tungsten substrate. 

 

Figure 5 X-Ray diffraction pattern on the Y2O3 coated tungsten weave by EPD process 

After the EPD coating process, an annealing procedure was performed on the same specimen to 

stabilize the yttrium oxide structure. The annealing was carried out in a vacuum atmosphere at 

1000 °C for 1 h. After the annealing process, the SEM analysis of FIB prepared cross-section of 

the abovementioned specimen is presented in Figure 6. No signs of shrinkage, densification, 

cracking in the porous coating were found. A very similar microstructure of the deposited coating 

was observed after annealing, as that of the specimen without annealing. It is assumed that the 

high porosity allows for a compensation of thermally induced stresses during the annealing process, 

avoiding the coating delamination. The porous structure of the coating could be due to several 

possible reasons. Firstly, it could be that the nanoparticles in the dispersion are not separated and 

indeed are agglomerated; secondly, the porosity can also be explained from the successive 

deposition of individual particles during the EPD process; thirdly, the high porosity is linked to 

the not irregular shape of the particles. On the other hand the oxygen evolution from the water 

electrolysis on the anode could also be the reason the porous structure of the coating [24]. 

Nevertheless, the first requirement to achieve a homogeneous yttria coating on the tungsten fibers 



11 
 

was met. With the repetition of the process at the same parameters the coating thickness of ~1 - 

2.2 µm was achieved by EPD of the tungsten weave at 15 V DC. The reproducibility of the process 

has been proven by repeating the procedure.  

 

Figure 6 Structural analysis of the Y2O3 coated tungsten fiber, annealed at 1000 °C. 

For the films that coated at various voltage, no significant difference can be observed in terms of 

film structure. The coating thickness slightly increased with the increase in the applied electric 

field if the voltage is below 25 V. The coating deposited at 30 V showed a significant decrease in 

the thickness as compared to the specimens deposited at lower applied fields. An intermediate 

layer could be seen in the magnified SEM image of the tungsten specimen coated at 30 V, between 

the Y2O3 layer and the Tungsten surface (Figure 7). This layer between the substrate surface and 

yttria coating could be an oxidization layer of the tungsten. This oxidation layer could be due to 

the electrolysis of water also the heat generation at the electrodes. For the process with a voltage 

higher than 25 V, a slow gas evolution on the anode side could be observed In this case, the 100-

200 nm thick tungsten oxide layer is the typical barrier layer of the anodic oxidation–derived layer. 

This in turn might explain why the yttria deposit is significantly thinner than for 15 V deposition, 

c 

b a 
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as a part of the 30 V is used for the anodic oxidation reaction of tungsten and the rest of the voltage 

for the EPC process. 

 

Figure 7 SEM analysis of an additional layer at the interface of Y2O3 and Tungsten coated at 

30V 

Wf/W production and mechanical testing 

To test the feasibility of the EPD prepared yttrium oxide coating as the interface material for Wf/W, 

one W weave was coated by EPD process with 15 V for 15 min. Afterwards, a single layer Wf/W 

composite was produced using a CVD process. The microstructure of the prepared Wf/W and the 

interface are shown in Figure 8 and Figure 9. 

 

Figure 8 Typical microstructure overview of the single layer Wf/W prepared by CVD process 

with EPD coated Yttrium oxide interface 

a b 

a 
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Figure 9 the interface microstructure of the single layer Wf/W prepared by CVD process with 

EPD coated Yttrium oxide interface 

It can be seen that, for all the fibers in Figure 8, the interface are still visible after W coating by 

CVD process. Thermodynamically, Y2O3 can be reacted with WF6 during the deposition process, 

and this can dissolve some interlayer materials [25], especially we have a porous coating here. We 

can see from Figure 8 and 9 that, there are some transition region at the outer shell of the coating. 

However, a dedicated Y2O3 interface still remain although the reaction time is quite long. It could 

be attributed the fact that, once certain amount W coating has been deposited, the Y2O3 will be 

covered with pure W and the reaction between Y2O3 and WF6 can be retarded, leading to a self-

limited effect. An EDS analysis on the interface region is shown in Figure 10. It can be seen that, 

at the transition area on the outer shell of the interface, there is a clear W signal. But the yttrium 

signal can still be detected in this region. That means the infiltration of W into the porous coating. 

But as discussed above, a certain amount of Y2O3 dissolve is totally possible here. Nevertheless, 

the fibers and the matrix are effectively separated by the yttrium oxide coating. 

a b 
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Figure 10 EDS analysis on the interface region 

The fracture behavior of the single layer Wf/W was tested using a 3-point bending test. The force-

displacement curve is shown in Figure 11. After the mechanical testing, the fracture section was 

observed by SEM, as shown in Figure 12 (The tension side is the bottom in the figure). 

The fracture behavior represents a typical pseudo ductility. After matrix failure, the W fibers take 

over the load, together with the interaction with the matrix, a catastrophic failure is avoid. Relying 

on various extra energy consumption mechanisms (can be seen in Figure 12), e.g. interface 

debonding, fiber ductile deformation, fracture deflection, the sample give a high damage resilience. 

The key factor to realize these extrinsic toughening mechanisms is the dedicated fiber/matrix 

interface [26]. As can be seen from Figure 12, 7 out of 9 fibers are effectively debonded from the 

tungsten matrix and failed with necking effect. This promising fracture behavior prove that the 

EPD coated yttrium oxide layer can be used as the interface material for Wf/W. For the two fibers 

showing cleavage fracture (Figure 12c), the interface is visible and certain amount of interface 
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debonding can be observed, but the fibers still broke without necking effect. However, it doesn’t 

mean these two fibers failed totally in a brittle manner without any ductile deforemation. Two 

possible explanation for the missing of the necking effect: 1, the interface for these two fibers are 

too strong due to the damage of the interlayer during CVD, which limiting the necking behavior 

of the fibers; 2, there is a local difference in terms of strain rate, these two fibers faced too quick 

strain rate before they can fully perform their ductility. 

 

Figure 11 Typical force displacement curves for 3-point bending test for the single layer Wf/W 

composites 



16 
 

 

Figure 12 the fracture section after 3-point bending test on the single layer Wf/W, a) the 

overview, b) the fiber/interface region with a ductile fiber fracture, c) the fiber/interface region 

with a brittle fiber fracture 

Conclusion 

This process is administered with various parameters like Zeta potential of the nanoparticles, 

dispersion stability, applied electric field, deposition time, deposition conditions, etc., which are 

needed to be altered to successfully implement EPD. In this work, the colloidal dispersion was 

obtained from the yttria nanoparticle slurry. As per the Zeta potential analysis, the deposition was 
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Anodic. During the deposition (anodic) process at higher deposition voltage, it was seen that the 

tungsten was oxidized. The structural analysis of the coating by FIB-SEM demonstrates the 

porosity of the coating structure. The porosity of the achieved yttria coatings is because the 

nanoparticles are just simple stacked on another without any densification (melting/sintering etc.). 

The effect of annealing step on the EPD coated specimens indicated no change in the 

microstructure of the yttria coating. However, the high porosity could lead to a stress redistribution 

during the annealing process, avoiding the coating delamination. The deposition on the tungsten 

wire substrates at lower voltages ranging from 10 V-30 V showed stable coating on the substrate 

surface. However, the FIB-SEM analysis of the specimens deposited at 30 V DC showed a sub-

micron layer that was not present in the rest of the specimens. The EPD coated W weaves are used 

to prepare a single layer Wf/W composites by CVD process. The EPD coating can efficiently 

separate the W fibers and W matrix, which allows for a pseudo-ductile behavior.  
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