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Abstract

Combined Magnetron Sputtering and lon Implantation (CMSII) is a deposition technique in-
volving simultaneously magnetron sputtering and high energy ion bombardment of the coating
during its growth. A high voltage pulse discharge (U = 40 kV, t = 20 us, f = 25 Hz) is super-
posed over the magnetron deposition and by this way, positive ions are accelerated to the compo-
nents to be coated, bombarding initially the substrate and then the coating itself. In the framework
of the ITER-like Wall Project this method was applied to produce nanostructured W coatings on

the CFC (Carbon Fibre Composite) substrate. These coatings have been characterized in terms of



adhesion, thickness, structure and resistance to high thermal loads (up to 23.5 MW/m?). Based on
the results of these tests, which are presented in this paper, CMSII technology was selected for

coating about 1,100 tiles with 10 um tungsten layer for the JET first wall and divertor.
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1. Introduction

The material choice for the ITER reactor, in particular for the first wall (Plasma Facing Com-
ponents — PFC) is of great importance and a big responsibility for the specialists working in this
field. The PFC should operate under a very aggressive environment involving intense irradiation
and particle bombardment (X-ray, gamma, neutrons, ions, neutral, electrons) [1]. The surface
temperature can reach 1,073 K, but in particular areas and during transients, this temperature
could exceed 2,273 K. The main requirements, which should be fulfilled by the PFC can be
summarized as follows: good mechanical properties, very good resistance at high heat cyclic
loads, low sputtering yield, lack of sensitivity to chemical sputtering, low tritium retention, low
activation under neutron irradiation and low-Z. Under these conditions, there are not too many
candidates for PFC. Carbon, in particular CFC, fulfils some requirements, but has high tritium
retention. Beryllium is another good candidate, but unfortunately has a low melting temperature
(1,556 K) which limits its thermal resistance. Another candidate is tungsten, which fulfils almost
all the above mentioned requirements except that that as a high-Z element it is able to radiate
even at high central plasma temperatures. The experiments carried out with ASDEX Upgrade to-
kamak, where approx. 36 m? of the first wall, consisting of CFC and fine grain graphite, was
coated with 1 - 3 um W, have shown that this material is a viable candidate for application in a
fusion reactor from the viewpoint of erosion and plasma control [1-3]. At the moment, the first
option for ITER is a compromise meaning full beryllium main wall with CFC at the strike points
and tungsten divertor baffles and dome. In order to test this combination including Be, W and W

coated CFC tiles, the ITER like Wall project has been launched at JET (Joint European Torus).



Tungsten coatings with various thicknesses (0.2 - 0.5 mm and 0.5 - 10 um) applied on CFC

tiles have been considered as a good alternative to bulk W for particular areas of the wall with a
moderate thermal load. Thick coatings are generally produced by vacuum plasma spray (VPS)
and chemical vapor deposition (CVD). A great research effort has been performed to manufac-
ture, investigate and test thick W coatings [4-6]. About 200 graphite tiles coated with 0.5 mm W
have been installed in the divertor zone of the ASDEX Upgrade tokamak and successfully tested
[2,5]. On the other hand, various PVD and CVD techniques have been developed to produce thin
W coatings on graphite and CFC substrates. Coatings of 1 - 4 um have been produced by
PACVD on graphite, stainless steel and Cu substrates using WFs and ReFg as reactive gases [7].
Extensive research carried out by H. Maier and his collaborators [8] demonstrated that the maxi-
mum successful W coating thicknesses produced on fine graphite substrates by magnetron sput-
tering was 3 microns, limited by excessive compressive stress. In 2001 six CFC JET divertor tiles
were coated with W marker stripes for erosion/deposition studies. The W coating with a width of
20 mm and an average thickness of 3.5 um were produced by the DIARC plasma method [9].
In 2005 when the Task Agreement for development of W coating technologies for 2d-CFC tiles
was launched in the framework of the ITER like Wall project, there was a significant experience
and knowledge about this subject. However, in order to minimize the risk for the project, various
PVD, CVD and VPS techniques have been developed and used to coat fourteen sets of identical
CFC samples. Three coating thicknesses have been imposed: 4 um, 10 um and 200 um. All the
coated samples have been analyzed and tested according to an established program.

In this paper, the CMSII method and its application for W coating of CFC substrates is pre-

sented.



2. Specific aspects of the Combined Magnetron Sputtering and lon Implantation technique

The Combined Magnetron Sputtering and lon Implantation is a PVD technique, which can be
included in the category of plasma immersion techniques as it has been defined by A. Anders in
his review paper [10]. The treatment chamber is similar to conventional magnetron sputtering
except that the insulation system of the load can sustain 100 kV. Three electrical discharges
(magnetron discharge, DC bias discharge and high voltage pulse discharge) are superposed dur-
ing the deposition process. Typically, pulses of 30 to 70 kV, with a width of ~ 20 ps and a fre-
quency of 25 to 100 Hz are applied to the load. The plasma ions are accelerated to the load during
the high voltage pulses. They strike initially the substrate and then the layer itself during its
growth with energies of tens of keV. Details about this technique are given elsewhere [11,12].
The main features of CMSII method can be summarized as follows:

(i) A high densification of the layer. Using a titanium magnetron target, nc-Ti,N/nc-TiN nano-
composite coatings with a hardness of 25 - 40 GPa have been obtained. Their structure is feature-
less, extremely dense and pore-free. TEM analyses have shown crystallites with a size of less
than 10 nm [13].

(if) The periodical ion bombardment induces also a stress relief at the interface and within the
layer [13]. Due to this effect, coatings with a thickness of 10 — 50 pum have been produced.

The CMSII technique has been developed during the last 6 years in order to produce relatively
thick (thickness > 10 um) hard nanocomposite coatings for tooling applications. In the frame-
work of the ITER-like Wall Project the application area of this technique has been extended to W

coating of CFC tiles.



3. Experimental results and discussions

3.1. Deposition

Prior to coating the real CFC samples, the CMSII technique was optimized using small sam-
ples of 40 x 30 x 7 mm. All the CFC material has been baked at JET at 673 K. No ultrasonic
cleaning has been applied. The samples have been coated in Ar at a pressure of 7-10* Pa with a
rate of 1.1 nm/s at about 573 K. Direct deposition of W on CFC substrate was not successful be-
cause of the poor adhesion, and an intermediate layer was needed. Due to the fact that it is not a
carbide former and has a high melting temperature, Re has been successfully used as an interlayer
by other authors [7,14]. In addition, it can act as a diffusion barrier between carbon and tungsten,
which impedes the formation of the brittle W-C phase for temperatures below 1,573 K.

In the present research, molybdenum was used as a successfully interlayer, although it is a car-
bide former like W. The use of Mo as a substrate for W coatings was previously reported in the
literature [15,16], but no one has used Mo as an interlayer for W coating on CFC. A beneficial
role of Mo seems to be in connection with the adjustment of the thermal expansion mismatch
between CFC and W (aww = 4-5-10° K™; aicre = 10-12:10° K™ perpendicular to fiber and 0-1-10°°
K parallel to fiber plane; oo = 7.2-10° K™%).

During the research phase the deposition parameters have been optimized in order to get the

best adhesion of the W coating to the CFC substrate and the highest thermal resistance.

3.2. Coating characterization



Five samples were coated: for four samples the surface was perpendicular to the fiber planes, for
the fifth it was parallel to the planes. The W layer was characterized in terms of thickness, adhe-
sion, structure and resistance to high thermal loading by using optical microscopy, SEM, TEM,

XRD and other facilities.

3.2.1. Coating thickness

CMSII technique was applied to produce W coatings in the range of 9 - 12 um. In Fig.1 a mi-
crograph of a W coating of 11 um with a Mo interlayer of ~ 2 um is shown. The micrograph is
taken at a location where the fibers run parallel with the surface and perpendicular to the image
plane. A SEM fracture micrograph revealing W coating and Mo interlayer is shown in Fig.2. As

it can be seen, the W coating is very compact with an excellent adhesion to the Mo interlayer.

3.2.2. Structure

A TEM analysis of a W coating deposited on CFC substrate by the CMSII under optimized
deposition parameters indicates that the grain size is less than 10 nm (Fig.3). The nano-sized
grains possess a preferred orientation of (200) planes parallel to the surface and {110} planes
perpendicular to the surface. These were evidenced by the strong (200) peak in XRD pattern
(Fig.4) and bright diffraction ring of (110) planes in SAED (Selected Area Electron Diffraction)

pattern (Fig.3).

3.2.3. Adhesion
The adhesion of the W coating to the CFC substrate was measured by using the pulling-test

method. A screw with a surface area of 10 m® was stuck to the W coating using strong epoxy



glue. After drying, it was pulled up with a displacement speed of 8.33-10° m/s. The force was
recorded with a 20 kKN gauge and the specific detaching load was calculated using the fracture
area evaluated post-mortem. The average value obtained for 3 experiments was 12.9 MPa. This is

96% of the average value measured for CFC material without coating (13.5 MPa).

3.2.4. Thermal resistance

The thermal resistance of the W coatings was tested in four steps. The first step was carried
out with small samples (40 x 30 x 7 mm) during the optimization process of the CMSII technol-
ogy using a hollow cathode arc discharge, able to produce a power density of approx. 1 MW/m?.
The W coated samples were subjected to this discharge for 60 s and their temperature reached
1,373 K.

The second step was a thermal screening of a sample with approx. dimensions 80 x 70 x 40
mm, in the ion beam GLADIS facility at IPP Garching, Germany. 26 pulses with power densities
from 6.0 MW/m? to 23.5 MW/m? and duration from 10 s to 1 s have been applied. At the highest
power density the surface temperature exceeded 2,273 K.

The third step was a cyclic loading of 200 pulses at a power density of 10.5 MW/m? and dura-
tion of 5s.

The 10 um W coating deposited by CMSII successfully passed the steps two and three without
delamination. Only small cracks with a width of ~ 1 um, oriented perpendicular to the fibers
could be detected by SEM analysis. The coating surface and the cross-section images after cyclic
loading are shown in Fig. 5 and Fig.1 respectively. As it can be seen the coating is well adherent

to the surface even after 200 pulses at GLADIS.



The last thermal test was performed with the electron beam facility JUDITH at FZ Julich, Ger-
many at a power density of 350 MW/m? for 1 ms on a surface area of 8 x 8 mm. The total number
of pulses was 1,000 with a repetition rate of 0.3 Hz. Under these conditions, the coating was par-

tially delaminated.

4. Summary and Conclusions

1) Combined Magnetron Sputtering and lon Implantation, a deposition technique which has been
developed for tooling applications, has been successfully applied for W coating of CFC sub-
strates.

2) Five CFC samples with approximate dimensions 80 x 70 x 40 mm and 80 x 40 x 40 mm were
coated with 10 um tungsten. The coatings were characterized in terms of thickness, structure, ad-
hesion and they were tested at high thermal loads.

3) The 10 um nanostructured W coatings deposited by CMSII technology exhibited a superior
thermal resistance at high heat fluxes in comparison with other coatings of the same thickness
deposited by conventional PVD or CVD techniques. This good performance of the W coatings
deposited by CMSII technique might be attributed to the following factors:

- nanostructure of the coating

- introducing of a Mo interlayer which attenuated the mismatch between the thermal expansion
coefficients of the CFC and W

- high energy ion bombardment which reduces the internal stress within the coating.

Further investigation is necessary in order to understand the correlation between the coating

structure and its performance in terms of thermal resistance to high heat fluxes.
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FIGURE CAPTIONS

Fig.1 Optical micrograph of a W coating deposited by CMSII after 200 pulses at GLADIS

Fig.2 Scanning Electron Microscopy micrograph of the W coating deposited by CMSI|I

Fig.3 Transmission Electron Microscopy image and Selected Area Electron Diffraction pattern of
the W coating deposited by CMSI|I

Fig.4 X-Ray Diffraction pattern of the W coating deposited by CMSI|I

Fig.5 Scanning Electron Microscopy surface image of the coating deposited by CMSII after cy-

clic thermal loading
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Fig.1 Optical micrograph of a W coating deposited
by CMSII after 200 pulses at GLADIS
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Fig.2 Scanning Electron Microscopy microg
the W coating deposited by CMSII
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Fig.3 Transmission Electron Microscopy image and
Selected Area Electron Diffraction pattern of the W

coating deposited by CMSII
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Fig.4 X-Ray Diffraction pattern of the W coating de-

posited by CMSII
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Fig.5 Scanning Elec ron icoscsrface mage
of the coating deposited by CMSII after cyclic ther-
mal loading
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