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Abstract: Tungsten fiber-reinforced tungsten (W¢/W) composites are being developed to improve
the intrinsic brittleness of tungsten. In these composites, engineered fiber/matrix interfaces are
crucial in order to realize toughening mechanisms. For such a purpose, yttria (Y,Os3), being one of
the suitable interface materials, could be realized through different coating techniques. In this study,
the deposition of thin films of yttria on a 150 um tungsten wire by physical and chemical vapor
deposition (PVD and CVD) techniques is comparatively investigated. Although fabrication of yttria
is feasible through both CVD and PVD routes, certain coating conditions such as temperature, growth
rate, oxidation of Wy, etc., decide the qualitative nature of a coating to a particular extent. In the case
of PVD, the oxidation of Wy is highly reduced compared to the WOj3 formation in high-temperature
CVD coating processes. Yttria-coated tungsten fibers are examined comprehensively to characterize
their microstructure, phase, and chemical composition using SEM, XRD, and Raman spectroscopy
techniques, respectively.
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1. Introduction

Fusion energy is an attractive option when searching for potential sources of energy,
due to its virtually inexhaustible supply of fuel and its guarantee of minimal adverse
environmental impacts [1]. While major research and development studies for fusion
reactor technology have been performed, there is still a long way to go for fusion to
enter the market for commercial energy. In addition to issues related to plasma physics,
one of the unanswered concerns is the power and particle exhaust of a fusion reactor,
and thus the material issues related to the plasma-facing materials (PFM) [2,3]. In terms
of the armor material of a divertor—the component with the highest heat and particle
load—these significant challenges require advanced measures in areas spanning from
mechanical strength to thermal properties [4]. High heat loads and large numbers of
neutrons cause recrystallization, melting, and displacement damage, which impact the
actual microstructure of the material [5]. Plasma ions impacting the surface cause surface
morphology changes and erosion by sputtering [6]. Tungsten is a suitable PFM since it is
resilient against sputtering, has the highest melting point of any metal, and shows rather

Coatings 2021, 11, 1128. https:/ /doi.org/10.3390/ coatings11091128

https://www.mdpi.com/journal/coatings


https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0003-1845-3166
https://orcid.org/0000-0003-2648-7489
https://orcid.org/0000-0002-8579-908X
https://orcid.org/0000-0002-1522-3560
https://doi.org/10.3390/coatings11091128
https://doi.org/10.3390/coatings11091128
https://doi.org/10.3390/coatings11091128
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11091128
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11091128?type=check_update&version=2

Coatings 2021, 11, 1128

2 0f9

benign behavior under neutron irradiation [7]. Nonetheless, tungsten also faces several
problems that have yet to be resolved: room temperature brittleness, overall low fracture
resistance, neutron irradiation embrittlement, and recrystallization [8,9].

To resolve the intrinsic brittleness of tungsten, tungsten fiber-reinforced tungsten (W¢/W)
composites are being intensively developed using the well-known concept of fiber-reinforced
ceramic matrix composites (FCMCs) [10-12]. Commercial tungsten wires with high strength
and decent ductility (fracture strain > 2% @ r.t.) are used to reinforce the brittle tungsten
matrix. When a matrix crack meets an array of fibers perpendicular to the crack plane, the
crack can deflect along the interfaces. The fibers hinder the primary opening crack and
suppress its dynamic propagation [13-15]. Here, a relatively “weak” interphase is the key
factor to achieve the desired pseudo-ductility and allows for energy dissipation mechanisms
during cracking [10,16,17]. “Weak” interface debonding before fiber failure is the precondition
of multiple energy dissipation mechanisms, such as crack deflection, fiber bridging, and fiber
pull-out. Oxides are one option regarding interface materials, as they are brittle in nature and
contain micro-cracks. Therefore, they are porous enough to incorporate the behavior of crack
deflection and allow mechanisms of pseudo-ductility to occur [18].

Yttrium oxide or yttria (Y,03) is chemically and structurally very similar to other
oxides of the rare earth elements, and thus falls into the rare earth sesquioxide group. It is
a ceramic material that is of great industrial and technological utility [19-21]. Yttria is an
ideal candidate for the interface material for W¢/W composites due to its good thermal and
chemical stability [22,23]. Additionally, it shows low activation after neutron irradiation,
which is particularly important for a fusion reactor [24].

For realizing interfacial yttria coatings on Wy, there are several thin-film coating
technologies available, such as atomic layer deposition, reactive magnetron sputtering,
etc. [25,26]. Among these, the coating process that is widely used for producing yttrium
oxide coating on tungsten fibers (i.e., magnetron sputtering) is not very efficient in terms of
production. The production rate of interface coating is relatively low; it is time consuming
and extensive material consuming, making it a bottleneck in the preparation of the W¢/W
composites [12]. To resolve this issue, an alternative coating process is desirable, as it offers
both high production rates and optimal coating quality.

Chemical vapor deposition (CVD) is potentially one of the coating processes that
might create a more economic coating on W fibers, due to its fast deposition rate and mass
production with a considerably reduced amount of material usage. In this study, both
CVD and PVD process routes are used to prepare the yttrium oxide coating of tungsten
fibers. The microstructure, crystalline phase compositions, and chemical compositions of
the coatings were analyzed using SEM, XRD, and Raman spectroscopy, respectively. A
comparative summary of the analyses is provided in the results and discussions section.

2. Materials and Methods
2.1. Fabrication Techniques
2.1.1. Chemical Vapor Deposition

For the fabrication of Y,O3 on single filament tungsten fibers (W¢) with 150 um
in diameter and 260 mm in length (K wire Type B; OSRAM GmbH, Schwabmdiinchen,
Germany), a metal-organic chemical vapor deposition (MOCVD) technique was employed.
The tungsten fibers were pre-treated using acetone/5 wt.% NH4OH at 80 °C for 30 min
to remove the natural oxide layer from the surface of W;. The metal-organic precursor
tris (2,2,6,6-tetramethyl-3,5-heptane-dionato)yttrium; 98% (99.9%-Y) (Y (TMHD)3) from
abcr GmbH (Karlsruhe, Germany), was chosen because of its stability and low volatizing
temperature (175 °C) [27]. The experiments were conducted in an MOCVD chamber (FHR
Anlagenbau GmbH, Ottendorf-Okrilla, Germany) that was composed of a horizontal glass
reactor in which three heaters (H1, H2, and H3) were equipped, as shown in Figure 1. The
metal-organic precursor was placed in a ceramic crucible at one end of the chamber with a
thermocouple (TC) to simultaneously read the volatizing temperature of the precursor. The
carrier gas Argon (Ar, 99.9999% purity), forming gas (H, 99.9999% purity), and reaction
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gas (Oz, 99.9999% purity), all from Air Liquide Deutschland GmbH—D/isseldorf, Germany,
were released into the chamber once the desired coating temperature was reached in heater
H2 and the volatizing temperature was approached, based on the TC. Three different
temperatures were maintained at different regions of the MOCVD chamber (H3 > H2 >
H1), using three separate heaters (H1, H2, and H3), as shown in Figure 1. The lowest
temperature was maintained at H1, so that the temperature around the TC did not exceed
the volatizing temperature of the precursor. The temperature maintained at H2 was the
actual deposition temperature of the yttria coating on tungsten fibers placed in the middle
of the chamber. The higher temperature maintained at H3 assists in the evacuation of the
carrier gas and undesired by-products without becoming condensed onto the walls of
the MOCVD chamber. The amount of precursor, chamber pressure, and coating time are
always kept constant to avoid any influence of these parameters on the thickness of the
fabricated yttrium oxide coatings. Similarly, the temperature at all the three heaters (H1,
H2, and H3) is maintained as constant during the coating time period of 150 min.

. Carrier and
Evacuation of carrier ”'u*l‘““ reaction gases |

gas and by-products

® By-products

» Vaporized Y(TMHD),
> Ar

° H,/0,

% Y/Y,0,

e Precursor
W fibers

Figure 1. General schematic for the discontinuous MOCVD of Y/Y,0O3 on Wy.

The following two strategies were used for the fabrication of Y,03; with reduced
oxidation of W during the high-temperature MOCVD coating process:

1. Indirect method of coating metallic yttrium on W¢ in a hydrogen atmosphere (CVD_Y_H,)
followed by post-annealing (PA) in the same CVD chamber at 560 °C for 30 min in an O,
atmosphere to form Y,O3 on the W (CVD_Y_H, + PA).

2. Direct method of coating yttrium oxide on W¢ in an O, atmosphere (CVD_Yt_O,)
without any post-processing. The detailed coating parameters used for the two
strategies are shown in Table 1.

Table 1. Experimental strategies with used parameters for the MOCVD process.

Mass of Chamber Post
. Ar/ Hz/ 02 .
Strategies Precursor Pressure Flow Temperature Annealing
Y (TMHD)3 H3/H2/H1 (PA)
- g mbar sccm °C -
560 °C/
1. 0.70 1.5 66/33/0 650/525/320 30 min/O,
2. 0.70 1.5 75/0/25 650/550/320 -

2.1.2. Physical Vapor Deposition (RF-Magnetron Sputtering)

For comparison, yttrium oxide coating was also prepared by a reactive magnetron
sputtering process using a Prevac magnetron sputtering system [28]. The magnetron target
material was yttrium metal (Kurt J. Lesker Company, 99.9% purity, 76.2 mm diameter,
6.35 mm thickness). Argon was used for sputtering (~25 sccm). The distance between the
target and the substrate was ~15 cm. Oxygen was injected as reactive gas (~2.5 sccm), so
that yttrium oxide could be formed. The oxygen inlet position was around the same as
the sample stage. An RF power supply with 13.45 MHz frequency was used to avoid the
arcing effect of a DC power supply [29,30]. The transmitter power was 350 W. During the
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deposition process, the sample stage was rotated with a speed of 20° /s to guarantee the
homogeneous distribution of the deposition. The substrate temperature during deposition
reached ~140 °C due to the kinetic energy and heat of condensation of coating atoms and
plasma radiation. The vacuum chamber background pressure was ~5 x 10~8 mbar and
the pressure during deposition was ~6.5 x 1072 mbar. The short tungsten fibers were
coated by a magnetron sputtering process, as described in [12]. In the first step, one layer
of short fibers was spread on a flatbed, which was then put into the magnetron for the first
deposition process. As a result, one side of the fibers was coated. In the second step, the
short fibers were flipped with the help of another flatbed, and a second coating step was
applied in sequence. By doing so, the whole circumferential surface of each of the short
single fiber is coated almost homogeneously.

2.2. Characterization Techniques
2.2.1. Raman Spectroscopy

Raman spectroscopy characterizations of the yttria-coated W¢ were carried out using
aninVia'  Raman spectrometer (Renishaw GmbH, Pliezhausen, Germany). A Green laser
(Nd: YAG) with a wavelength of 532 nm and a laser power of 50 mW was used to illuminate
the coated fiber surface. The Raman spectra were collected by accumulating 25 single
spectral measurements, with each accumulation lasting for 1 s. By using single laser
spot measurements, the samples were analyzed on 5 different positions (along the axis of
the coated fiber) for each of the parameter sets to check the repeatability of the detected
chemical compositional phases.

2.2.2. X-ray Diffractometry

XRD phase analyses on the Y,0O3-coated W¢ were carried out using a diffractometer
(Bruker, D8 Discover, Karlsruhe, Germany) with Co-Ko radiation. The XRD samples were
analyzed by a point focus beam using a 0.5 mm pinhole aperture and a LynxEye XE-T
detector (Bruker, Karlsruhe, Germany) for a measurement time of approximately 24 h.

2.2.3. Scanning Electron Microscopy

For the microstructural characterization of the yttria/yttrium coated Wy, a scanning
electron microscope from Carl Zeiss (NEON 40EsB, Oberkochen, Germany) was used. The
microstructure of the fracture surface of non-coated and coated fibers was analyzed. To
obtain the fracture surface, the coated fibers were cut using a metal cutter that caused the
delamination of the coating to a small extent, as seen in Figure 2. The standard cross-section
preparation using metallographic techniques was not used in order to avoid the extensive
delamination caused by the thermal expansion coefficient mismatch between the substrate
(Wg), coating material (Y,0O3), and the embedding polymer (Epoxy).

Figure 2. Cont.
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(d)
Figure 2. The SEM fracture surfaces of (a) CVD_Y_H,, (b) CVD_Y_H, + PA, (c¢) CVD_Yt_O,, and
(d) PVD samples (delamination seen between the W; and the coating is caused by the cutting

technique used to obtain the fracture surface).

3. Results and Discussions
3.1. Microstructural Analysis

Upon analyzing the microstructure of the CVD-coated fibers, it was observed that
Y,03 was homogeneously coated on the fibers in both of the two experimental strate-
gies with varied gas flow parameters. The only differences are in the thickness and the
way they bonded with the substrate. The WOj3 is also formed during both fabrication
strategies, which is evidenced from the XRD results. Moreover, the multilayer-like CVD
coating (two separate growth structures) the W fibers could be composed of WO3/Y,0s.
A layer of WO3 is formed because of the high-temperature coating system used during the
CVD process.

The fracture surfaces of the coated fibers are shown in Figure 2. The CVD_Yt_O, has
a thicker coating of Y,0O3 compared to the CVD_Y_H, + PA, although the coating time
used is constant in both the strategies. This could be due to the post-annealing process
(560 °C/30 min/O, atmosphere), which led to the formation of a thicker WO; beneath the
Y03 coating. This shows that the CVD_Yt_O; parameters are optimal for reducing the
oxidation of W fibers along with pre-treatment effects. The delamination effect seen on the
fiber fracture surface is attributed to the used fiber cutting technique that delaminates the
coating to a small extent.

In the PVD coatings, the formation of WOj is avoided, as the coating temperature is
maintained below the oxidation temperature of W (399 °C). While a homogeneous coating on
the fiber is evidenced, the coating is not even throughout the axial length of the short fibers,
and it also depends on the distance of the short fibers relative to the center of the sputter target.
Therefore, the coating thickness shows a larger variation, depending on the positions of the
short fibers in the magnetron device. The two-layer structure observed is due to the flipping
of the fiber surface on a flatbed during the fabrication process. The surface morphology
of the fabricated yttria coatings appear completely different when using different coating
technologies like PVD and CVD techniques. The PVD-coated yttria has a less rough Yttria
surface compared to a more rougher Yttria surface on the CVD-coated W¢. A columnar grain
orientation is observed in PVD coating, whereas a random orientation of grains is observed in
CVD yttria coatings. The thickness of the WO3/Y,0O;3 coatings was measured using Image]J
software [31] at 15 different positions on various fracture surface images obtained through
SEM. A comparative graphical representation of the amount of formation of WOj3 in response
to the fabrication of Y,O3 on W; is plotted in Figure 3.
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Figure 3. Graphical representation of the formation of WOj in response to the fabrication of Y,03 on
W using CVD and PVD routes.
3.2. Raman Spectral Analysis

A comparative Raman spectroscopy analysis of the WO3/Y;03-coated W; through
CVD and PVD is presented in Figure 4.

300 400 500 600 700 800 900 1000 1100 1200

——PVD '

—— CVD_Yt 0,

Intensity (arb. units)

300 400 500 600 700 800 e 900 1000 1100 1200
Raman shift (cm™)

Figure 4. Raman spectra of CVD- and PVD-coated WO3/Y,03/Wy.
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In the Raman spectra, the Y,O3 signal can only be detected in the PVD and CVD_Yt_O,
samples. Even though a multilayer structure is identified through microstructural analysis
of the CVD_Y_H; + PA samples, only signals of WO3 are detected in this sample. It could
be due to the fact that, in CVD_Y_H, + PA fibers, theY,O3 layer is comparatively thinner
than the penetration depth of the laser source used in Raman spectroscopy. This causes the
illuminating laser source to penetrate through the thinner Y,0O3 layer, and the molecular
vibrations necessary for obtaining the Raman signal are happening at the intermediate
thicker WOj layer, resulting in the provision of dominant WOj3 signals. This explanation is
supported by the XRD analyses on the CVD_Y_H, + PA fibers, revealing a strong WO3
diffraction peak in contrast to a weak Y,Oj diffraction peak, as shown in Figure 5. The peak
at377.77 cm~! corresponds to the characteristic cubic structure of Y,03 with an F; + Ag
vibration mode [32], and it is predominantly evidenced in PVD-coated fibers. The peaks
present at around 319.07, 470.67 and 592.26 cm~ 1 could be attributed to the Fg + Eg as well
as the Fg + Ag vibration modes [32] of Y,O3, which is predominant in the CVD-coated fiber,
CVD_Yt_0O,. In Figure 4, the obtained spectra of yttria coatings on W; are compared with
the reference spectra of yttrium oxide and tungsten oxide (mentioned as Ref. in Figure 4).
The other intense peak around 967.40 cm~! could also be assigned to yttrium oxide [33],
but, so far, no concrete literature could be found to assign the peak at 1056.12 cm ™! to yttria,
even though this peak is predominant in both CVD- and PVD-coated fibers.
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Figure 5. XRD diffractograms of CVD- and PVD-coated WO3/Y,03/W;¢ (right); the 20 region from
20° to 40° is plotted as a separate zoomed-in plot (left) to elucidate the diffraction peaks originating
from the oxides.

3.3. XRD Phase Analysis

The X-ray diffraction patterns of CVD- and PVD-coated Y,O3/Ws are shown in
Figure 5. As expected, in all the coated fibers, the cubic tungsten phase [34] of the W sub-
strate is clearly detectable, as compared to the diffraction patterns of several 100 nanometer-
thick WO3/Y,05 coatings detecting less intense peaks of cubic Y,03 [35] and monoclinic
WOj3 [36] phases. It has been observed that the diffraction peaks of cubic Y,0O3 phase
at 20 angle 33.5°and 38.97° are evident in PVD and CVD_Yt_O, samples. Although the
peak 33.5° is not prominently evident in CVD_Y_H, + PA samples, the diffraction peak
at 20 angle 38.97° is present, and it is related to the cubic phase of Y,0O3. The monoclinic
WO; diffraction peak at 20 angle 27.3° is present in both PVD- and CVD-coated fibers, but
the intensity of this peak varies (CVD_Y_H; + PA > CVD_Yt_O, > PVD), even though it
is measured under exactly same experimental conditions. This observation is consistent
with the microstructural analysis whereby the WOj is thinner in case of CVD_Yt_O, in
comparison to the CVD_Y_H, + PA samples.
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4. Conclusions

A comparative study on the fabrication and characterization of Y,0O3 coatings on W¢
through PVD and CVD routes is presented in this article. One advantage of the fabrication
of Y03 coatings on W¢ through PVD is that it operates at a lower temperature, and this
helps to avoid the oxidation of W¢ during the coating process. However, there are problems
such as inhomogeneous coating along the axial length of the fiber surface and a slower
coating rate that results in extensive material usage and a longer fabrication time. In such a
case, CVD with possible advantages such as low production cost, less process complexity,
minimal material usage, feasibility for upscaling, and reduced process times could be used
as an alternative to PVD in the fabrication of YoO3 on W¢. Nevertheless, a compensational
formation of WOj3 as an interfacial layer between W¢ and Y,0O3 coatings, due to the high
temperature used during the coating process, is still unavoidable. In this ongoing research
to develop interfacial yttria coatings on Wy for the use in W¢/W composites, further
investigations are already in progress. The research scope is set in upscaling the current
discontinuous CVD to a continuous CVD, in which the latter is expected to offer more
promising outcomes.
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