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Abstract— ITER is a large scale fusion experimental device
under construction in Cadarache (France) intended to prove the
viability of fusion as an energy source. Ion Cyclotron Resonance
Heating (ICRH) system is one of the three heating systems which
will supply total heating power of 20 MW (40-55 MHz) up to one
hour of operation. Radio-Frequency (RF) contacts are integrated
within the antennas for assembly and operation considerations,
which will face extremely harsh service conditions, including
neutron irradiation, heavy electrical loads (RF current reaches
up to 2 kA with a linear current density of 4.8 kA/m) and high
thermal loads. Based on the thermal analysis, the contact
resistance is expected to be lower than 7 mQ to keep the
maximum temperature on the louvers lower than 250°C. Few
weeks of vacuum (~107° Pa) baking at 250°C for outgassing is
expected before each plasma experimental campaign, under
which the RF contact materials’ mechanical properties change
and diffusion phenomena between different materials are
inevitable. CuCrZr and 316L are proper base materials for ITER
RF contact louvers and conductors respectively. In order to
improve the RF contact’s wear and corrosion resistivity as well as
to reduce the contact resistance, Au-Ni and Rh functional layers
could be electroplated on CuCrZr and 316L accordingly. The
application of the Au-Ni/Rh coating pairs is assessed through the
thermal ageing and diffusion tests. Wear and electrical contact
performances of the Au-Ni/Rh pairs are deeply studied on a
dedicated tribometer operated at ITER relevant conditions.

Keywords— ITER, sliding RF contact, modeling, thermal
ageing effect, tribology

L INTRODUCTION

Compared with nuclear fission, nuclear fusion offers a safe,
long term source of energy with abundant resources and major
environmental advantages. In order to study the physics and
technological issues for the development of fusion reactors, the
world largest tokamak-ITER is currently under construction in
Cadarache, France[1]. The investigation and demonstration of
burning plasmas especially steady-state plasmas is one of the
most important objectives for ITER [2], and 400 MW of fusion
energy for long durations (300-500 s) is aimed to be achieved.
External heating systems are necessary to heat up plasma to a
point where the fusion reactions initiated, and for ITER 73MW
of external heating power will be achieved[1]. The Ion
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Cyclotron Resonance Heating (ICRH) system is a major part of
the heating and current drive system for ITER which will be
used to provide 20 MW (40-55 MHz) RF power for plasma
heating during D-T operation, using the second-harmonic
tritium resonance near the center of the plasma to heat the ions
[3]. As Fig. 1 shows, each of the ITER ICRH antennas was
designed as port plug (PP) structure with total weight of 45
tons[4]. The antenna can be described by three kinds of
components: the front module (FM) which faces plasma
directly, the transmission lines (TL) which are connected the
RF sources and eight removable vacuum transmission lines
(RVTL) [5]. For plasma coupling consideration, the FM must
be capable of radial displacement for few centimeters relative
to the RVTL to realize the shimming of the FM as well as to
compensate the thermal expansion of the components so as to
decrease the thermal stresses [4, 6]. In addition, as a nuclear
related facility, the ITER ICRH antenna components are
expected to be assembled and maintained by using remote
handlings, which requires flexible connections between each
components. Based on the above design requirements, at least
three flexible RF contact plugs were designed and installed on
each RVTL.

ITER ICRH Antenna Port Plug (PP)
T
— RF Contact

Conductor part B
Louver

Conductor part A

Fig. 1 Overview of the ITER ICRH antenna port plug design

The ITER ICRH RF contacts will be working under heavy
load of RF current which can reach up to 2 kA representing a
current density of 4.8 kA/m. Such a heavy current load will
induce large thermal load especially at the contact area, where
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the contact resistance is generated. In practice, applying
functional coatings on the surface of RF contact surfaces is a
useful technique to minimize the contact resistance. However,
as the ITER RF contact will be working under high
temperature and high vacuum conditions [6, 7], repetitive
sliding between the RF contact louvers and its counterpart
shortens the lifetime of the function coatings. In CEA, RF tests
under ITER relevant conditions were performed on two ITER
ICRH RF sliding contact prototypes, and melting or burn
occurred as a result of high thermal load deposition. An
electrical-thermal analysis model of the ITER ICRH REF sliding
contact was created taking into account the active water
cooling, structural materials and contact resistances to the
temperature distribution on the RF contact louvers. Aiming to
improve the contact resistance as well as to enhance the wear
resistivity, Au-Ni and Rh coatings will be applied on the ITER
RF sliding contact louvers and conductors respectively. The
materials diffusion phenomenon under ITER high temperature
baking conditions and the electrical/tribological performance of
this coating pairs has been assessed and is detail introduced in
the next section.

II.  FAILURE MECHANISM INVESTIGATION AND ELECTRICAL-
THERMAL ANALYSES

Due to the large uncertainties on contact resistance and heat
transfer coefficient of the RF sliding contact, its performance
forecast under the above working conditions is difficult [8].
Therefore, qualification tests in relevant conditions and
representative geometry are necessary to validate these critical
components. In order to test and validate the anticipated RF
contacts in operational conditions, CEA has prepared a
dedicated test bed consisting of a steady-state vacuum pumped
RF resonator which has been installed within the TITAN
(Testbed for ITer icth ANtenna) facility. This setup is capable
of testing the RF sliding contact prototypes under vacuum
(<10™*Pa) with RF current up to 2.25 kA at 62 MHz and during
20°-30° using an hot pressurized water loop (250°C/44bar) [9-
11].

A. RF test results of the prototypes

Two types of ITER ICRH RF sliding contacts (with outer
diameter of 130mm) were tested on TITAN. Titanium is the
currently selected as the structure material for the ITER ICRH
antenna RVTL. As Fig.2(a) shows, a real scale sliding RF
contacts was manufactured under the collaboration with
CYCLE (CYclotron Cluster for Europe) by CCFE (Culham
Centre for Fusion Energy), on which a copper strap with
louvers was brazed. A layer of pure copper was plated on the
component to minimize the RF losses and then a thin layer of
gold-nickel was applied on the whole surface for lubrication
and oxidation prevention [10]. In order to realize the good
contact between the louvers to the opposite conductor, a coil
spring made of stainless steel was installed under the louvers.
During this test, a 1700 A/1200 s and 2480A/50ms operations
were achieved. After that, the RF current couldn’t be injected
into TITAN anymore, and when disassembled serious melting
on the coil spring and burn traces on the louvers were observed

[9].

Fig.2. Results of the RF tests performed on the two prototypes: (a). CCFE RF
contact prototype after RF tests; (b). Detail view of the burned louvers and
melted coil spring; (c). LA-CUT® RF contact after RF tests; (d). Detail view of
the burned louvers.
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Fig. 3 EDS results of LA-CUT® tested louver: (a). EDS mapping of the cross
section along A-A (Fig.2); (b). EDS analysis at point B.

Recently, a new campaign of RF test was carried out based
on the commercial LA-CUT® contact by cooperating with
Multi-Contact®. The new tested RF contact prototype is
composed by a set of triangle contact louvers and a thin
stainless steel plate that supplies the normal contact force
between the RF contact louvers to the opposite conductor.
CuCrZr has excellent thermal and electrical conductivities as
well as acceptable mechanical properties under high
temperature and had already been selected as base material to
manufacture many ITER key components that aimed for high
heat fluxes handling [12-16]. CuCrZr alloy has been selected
instead of pure Cu for RF contact louvers manufacturing in
order to sustain 250°C long time baking without serious
creeping. On the CuCrZr contact louvers, a 32um thick Ag
coating had been applied to improve the contact’s electrical
performance. During this operation, 1200s RF operation under
1.5 kA and 300s RF operation under 1.9kA were achieved.
After the 1.9KA test, the RF power couldn’t be injected into the
RF resonator anymore. After disassembly, serious burn traces
was observed on the RF contact prototype (Fig.2 (d)) and some
of them were melted. As shown in Fig.3(a) and Fig.3 (b), by
cutting the burned louver and analyzed by using EDS, the
diffusion phenomenon of copper into the Ag coating layer was
observed. Because of high RF power deposition, the
temperature on the RF contact louvers increased and the
diffusion of Cu atoms into Ag layer was accelerated, as a result
the thickness of Ag layer increased from its initial value to



more than 106pum. In the Ag layer, there were copper phase
precipitated which is due to the solid solubility decrease of the
Cu into the Ag base. The material change in the Ag coating can
impair its corrosion resistance, mechanical and -electrical
properties. Besides, on the tips of the RF contact louvers, the
initial Ag coating was worn out.

Based on the RF tests, it showed that the self-heating and
high temperature diffusion phenomena of the RF contact under
ITER relevant operation condition should be carefully studied
during the ITER ICRH RF contact development. Coatings with
better wear performance are expected to be developed.

B.  Modeling and analysis
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Fig. 4 Sketch of the ITER RF contact analysis model: (a). thermal-hydraulic
model. (b). thermal contact resistance of RF contact louver

In order to model the heating phenomenon and temperate
response of the RF contact louver during operation, an analysis
model was created as shown in Fig.4. During operation, there
are two heat generation sources: RF losses due to the bulk
resistance (Rp) and RF loss due to contact resistances (R.).
Under the contact force, the RF contact louvers are closely
contacted with the holder and the opposite conductors, so
thermal conductance is the driving heat transfer phenomenon
for heat removal since the setup is under vacuum. In order to
insure steady-state operation, an active cooling with inlet
temperature of 90°C was used, which corresponds to the
highest water temperature in ITER during RF operation.

1)  Analysis model and boundary conditions

An electrical-thermal multi-physics model was created in
ANSYS as shown in Fig.5, four RF contact louvers and pieces
of conductors were considered. For cooling point of view, the
thicknesses of the conductor should be as thin as possible.
However, the cooling channel on the conductors must have
enough mechanical strength to sustain the ITER ICRH cooling
water pressure which reaches up to 60 bars. In the analysis
model both the thicknesses of the inner and outer conductor
cooling channel covers were determined to be 3.5 mm. In this
model, the current densities in each of the RF contact louvers
were assumed as uniform, and a total current of 78.4 A DC was
applied on the model with an average of 19.6 A/louver. The
latter value is comparable to the current density of ITER design
specifications. At the top and base contact areas, thermal
contact conductance and electrical contact conductance were
applied. For the thermal conductance, the values were obtained
from a measurement on a special designed test bed in CEA.
The thermal contact conductance on the tip contact and base
contact areas are 4075 W/m>€ and 10570 W/m>-€
respectively. The electrical contact conductance is one of the
parameters that are expected to be studied from the analysis,
which can indicate the effects of contact resistance to the

temperature on the RF contact. Heat transfer coefficients (HTC)
and water temperature were applied on the surfaces of the inner
and outer conductors directly to simulate the cooling water
effects, and its efficiency for heat removal was analyzed. At
last, the relation between the base material choices of the
conductors to the operation temperature on the RF contact was
researched.
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Fig. 5 Analysis model and boundary conditions

2) Results of current density and RF losses

In this analysis, the base materials of the inner and outer
conductors were set to stainless steel 316L. The material of the
RF contact louvers is CuCrZr. The distributions of current
density and Joule heat due to Ohmic losses are shown in Fig.6.
On the RF contact louvers, the current density in the side near
to the current inlet is about six times higher than the side far
from the current inlet. It can also be observed that, the
maximum Joule heat generated at the contact area which is
caused by the contact resistance R.. In addition, the heat losses
on the surface of the stainless-steel conductor are higher than
that on the RF contact louvers. Active cooling to remove heat
deposition on the conductors is very necessary not only for the
RF contact louvers but also for the RF conductors. The
analyses under the R.=1mQ, 2mQ, 4mQ, 7mQ were carried
out and the results of Joule heat were coupled to the thermal
analysis model to obtain the steady-state temperature
distribution.

Thermal-Electric
Total current density (A/m2)

Thermal-Electric
Joule heat (W/m?3)
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Fig. 6 Results of current density and Joule heat (Re=1mQ)

3)  Results of temperature distribution

The operation temperature of the RF contact is very
important for its operation safety as it can deteriorate the
mechanical strength of the base materials. Under higher
temperature, materials can lose their elastic properties, and
with contact force applied the structure inclines to be plastic
deformed or creeped. The force relaxation could increase the
contact resistance and a vicious circle generated. In addition,
with the plastic deformation and creeping happens, gaps may
be generated at the electrical contact areas which could induce
severe arcing and destroy the RF contact rapidly. The



temperature distribution, especially the maximum temperature
on the RF contact is worth to be carefully researched and the
engineering solutions to control the temperature are necessary
to be investigated.
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Fig. 7 Variation of max/min. temperature on the RF contact with the contact
resistance (HTC=6300W/m?-°C)

For the active cooling of the conductors, its cooling
performance is restricted by the flowing velocity or mass flow
rate. 0.5m/s is a reasonable value for the real component
cooling, and under such velocity the HTC is 6300 W/m*>-€ .
The relationship between the contact resistance and the
max./min. temperature on the RF contact is shown in Fig.7.
With the increasing of the contact resistance, the max./min.
temperature is linearly increased accordingly. And under the
contact resistance of 7m(, the maximum temperature on the
RF contact reaches to 264€ which is higher than the CuCrZr’s
temperature limit (250€ ) for steady state operation. The
following solutions could be used to decrease the louver
temperature: minimizing the contact resistance to decrease the
heat deposition and improving the cooling efficiency of the
cooling system.

Increasing the cooling water velocity can raise the HTC on
the cooling surfaces accordingly. For the case that contact
resistance of 7mQ, the study to find the efficiency by
increasing the cooling water velocity to decrease the maximum
temperature on the RF contact was carried out.

Temperature v=1m/s
(°C) (HTC=12100W/m?-°C) (°C)

Temperature v=2ms
(HTC=19000W/m?-°C)
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0.005 0.005

Fig. 8 Temperature distribution on the RF contact under the cooling water
velocities of 1m/s and 2m/s

As Fig.8 shows, when the velocity of the cooling water
increased to 1 m/s and 2 m/s, the maximum temperature of the
RF contact decreased only by 2€ . The low sensitivity of the
louver maximum temperature to the cooling water velocity is
due to the low thermal contact conductance at the contact areas
and the low thermal conductivity of the base material (316L) of
the RF conductors. It’s worth mentioning that, increasing the

cooling water velocity can induce a larger pressure drop in the
cooling system and can lead to more serious erosion to the
cooling channel surfaces. From the above analyses it seems
that 0.5m/s is enough for the RF contact’s cooling.

Based on the above analysis, minimizing the contact
resistance is the key point to control the operation temperature
on the RF contact. For the contact resistance controlling point
of view, applying functional coating can improve the contact
performance so as to decrease the contact resistance. For the
CuCrZr louvers, Au-Ni coating which has higher wear
resistivity could also be applied. For the 316L made conductors,
a thin layer of Rh will be electroplated on current flowing
surface to decrease the contact resistance as well as to protect
the conductors from wear.

III.  PERFORMANCE STUDY OF AU-NI/RH COATINGS UNDER
ITER RELEVANT OPERATION CONDITIONS

Aiming to realize the safely operation of the RF sliding
contacts under ITER relevant work conditions, the coating
materials that applied should have good thermal standing
without serious degradation of coating properties such as
hardness, electrical resistivity and attachment force. Thermal
ageing test and characterizations were performed towards the
samples and the thermal ageing effects to the coatings’ wear
performance were investigated through tribological and
electrical tests.

A. Thermal ageing test

1) Materials and methods

CuCrZr and 316L plate samples with the dimensions of
10mm X 8mm X 2mm were manufactured. Au-Ni and Rh
coatings were electroplated on them respectively. It is reported
that significant grain coarsening of the pure gold under high
temperature can be easily happened [17]. As ITER RF contact
will be backed under 250 °C for outgassing, the thermal
stability of the coating is a key factor which will influence the
contact materials’ lifetime. In order to investigate the thermal
ageing effect to the samples’ coating surface state as well as the
diffusion between different material layers, all these samples
were baked under ITER relevant baking conditions
(vacuum:107°Pa, temperature: 250€ , baking duration:500h).

The crystal structure information includes crystal phase,
crystallite size, and lattice constants of different coatings was
characterized by wusing an X-ray diffractometer (XRD,
BRUKER D4 ENDEAVOR, Germany) with Ni filter Cu K,
radiation (A=1.54184A, 40 kV, 40 mA). The X-ray diffraction
data was collected from 10° to 100° in 28 with a 0.0157° step
scan. And the morphology of the samples as well as diffusion
phenomena was observed by a JSM-6510LV SEM with EDS.

2) SEM and EDS results

Gold and copper are two materials that can easily diffuse
into each other even at room temperature. For 3um gold
coating, within one month under 300°C using temperature, the
copper oxides can be observed on the top of the gold film[18].
It has been shown that when thin electroplated gold on copper
substrates is exposed to temperatures below 250°C, mass
diffusion of copper can occur resulting in a substantial
degradation of an electrical connection[19]. Ni is commonly
used on electrical contact industry as diffusion barrier between
Au coating and copper substrate.
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Fig. 9 SEM image and EDS mapping of the Au-Ni coating on CuCrZr: a).
Cross-section SEM image of the original sample; b). Cross-section EDS
mapping of the original sample; c). Cross-section SEM image of the thermal
aged sample; b). Cross-section EDS mapping of the original thermal aged
sample

For ITER RF contacts, the coating should have good
stability under long period of high temperature baking, so a
relative thick Ni layer (about 4.3um) was applied. On the Ni
layer, a 3.5um thick Au-Ni layer was plated. By performing
EDS point analysis in the Au-Ni layer, before thermal ageing,
the compositions are: Ni-2.09 wt.%, Cu-1.59 wt.%, Au-96.32
wt.%. Before thermal ageing the interfaces of materials were
clear (Fig. 9). However, after thermal ageing, coatings’
thickness has been changed, and decreasing of Au-Ni and Ni
layers has been observed. Moreover, the serious diffusion of Ni
into Au-Ni was clearly observed. Under high temperature the
solid solution of Ni into Au increased, and saturated Ni
precipitated from the Au-Ni solid solution. The precipitated Ni
phase accelerated the diffusion of Ni into Au-Ni and at last, the
serious invasion of Ni into Au-Ni layer occurred. After thermal
ageing, the compositions of Au-Ni coating are: Ni-3.24 wt.%,
Cu-1.59 wt.%, Au-95.17 wt.%. The increasing of Ni into the
Au-Ni layer can increase both the hardness of the Au-Ni layer
and the electrical resistivity. And the increase of electrical
resistivity could induce larger RF losses as RF current prone to
flow in the skin surface of the louvers due to skin effect. Based
on the above experience, the thickness of Ni and Au-Ni should
be increased to minimize the diffusion effects.

As Fig.10 shows, an interlayer of Ni was plated on the
316L surface and then a gold flash was applied between the Ni
and Rh layer. The function of gold flash is to protect the Rh
plating bath from pollution caused by the substrate materials.
After electroplating, cracks were observed and the average
crack width is about 100nm. After thermal ageing test, the
main change of the Rh coating was the enlarging of crack
spacing and the quantity of the cracks was also increased.
However, no obvious diffusion happened between the different
coating layers and coating to the 316L substrate. What’s more,
the cracks growth had no distinct effects to the attachment
performance of Rh coating, and no peeling phenomenon has
been observed.

Fig. 10 SEM image and EDS mapping of the Rh coating on 316L: a). Cross-
section SEM image of the original sample; b). Cross-section EDS mapping of
the original sample; c). Cross-section SEM image of the thermal aged sample;
b). Cross-section EDS mapping of the original thermal aged sample

3)  XRD results
Crystallite sizes of the coatings are closely related with the
coatings’ mechanical properties like hardness which would
affect their wear performance. This information can be studied
from the XRD patterns by observing the peak’s full-width at
half-maximum (FWHM) [20].

As shown in Fig.11, before thermal ageing, the peaks of Au,
Cu and Ni phase were found from the XRD pattern. The Ni
peaks comes from the interlayer of the Au-Ni coating and the
Cu peaks are from the substrate. From peak (111) and by using
Scherrer formula, the crystallite size is about 21nm. After
thermal ageing, the preferred orientation of the Ni and Cu
phases changed from (111) to (200). The Au (111) peak shifted
about 0.03 degree to the low 0 direction which was caused by
the diffusion of copper atoms (with larger atom radius than Ni)
into the Au layer. Compared with the initial samples pattern,
after thermal ageing, the FWHM of the Au peaks didn’t
decrease obviously which means that the Au-Ni coating has
good thermal resistance without serious grain coarsening. By
using peak (111), the calculated crystallite size is about 25.5
nm.
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Fig. 11 XRD patterns of Au-Ni coating on CuCrZr before and after thermal
ageing test

The crystallite size of the Rh coating before thermal aging
is about 7nm, with lattice constant of 0.3795nm. In Fig.12,
austenite peaks were found in the pattern due to the cracks on
the Rh coating surface as well as the X-ray penetration. For the
same reason, small amount of Au has been found as it acts as
the interlayer between Rh and 316L. The crystallite size grows
to 15nm during thermal aging with lattice constant about
0.3795 nm. The peak intensity increased after thermal ageing is
due to the reduction of the microstructural defects and the
consequent improvement of the film crystallinity [21].
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Fig. 12 XRD patterns of Rh coating on 316L before and after thermal ageing
test

Based on the XRD analyses, both the Au-Ni coating on
CuCrZr and Rh coating on 316L had good thermal stability
without serious grain coarsening. This good performance will
benefit for keeping their wear resistivity after high temperature
baking as well as during normal operation under high
temperature.

B.  Electrical and tribological tests

During the antenna operation, repetitive sliding will occur
and wear is inevitable. Beside the abrasion loss, the coefficient
of friction (CoF) is also an interesting parameter that is
expected to be measured, which can impact the design of the
remote handling and motor drive systems. In order to
investigate the wear and friction phenomena of the RF contact
under ITER relevant conditions, a dedicated tribometer named
Heatable Vacuum Material Triboligical & Electrical Study
Testbed (HV-MTEST) was developed in CEA.

Control and Data Analysis Syste/m PC
NI LABVIEW ;

Strain Gauge

Contact Force
(6-30N, 6N/step)

Vacuum gauge

NI Compact-RIO

High vacuum
pumping unit

Thermometer Heater Rail (£30mm stroke)

Fig. 13 Schematic of the HV-MTEST facility

As shown in Fig.13, in order to mimic the sliding of the RF
contacts against their opposite conductors, a pin-on-plate
sample configuration with reciprocating linear movement was
used on HV-MTEST. The pin sample mimics the tip of the
louver and the plate mimics the facing conductor. The
tribometer is equipped with heaters and high vacuum pumping
set. The samples can be tested steadily under high temperature
up to 250€ and to vacuum pressure below 10°Pa. The normal
contact force can be adjusted from 6N to 30N. The electrical
and tribological performance and the original and thermal aged
samples were studied and compared on HV-MTEST.

1) Materials and methods

Plates used in the HV-MTEST tribometer were made of
316L with the dimensions of 40mm X 30mm X 2mm. The same
Rh electroplating process as the small plates was applied and a
Sa=1.95um Rh coating was obtained. The thickness of the Rh
coating is (4.18+0.33) um. The CuCrZr pin is a cylinder with
length of 25mm and diameter of Smm. On the tip of the pin, a
spherical surface with a radius of 8mm was designed to act as
the contact surface against the plate sample. The same
electroplating procedure as the Au-Ni on small CuCrZr plates
was used. And the only difference is that, on the pin, the
thickness of the Au-Ni was plated thicker which reaches to
(14.2241.20) um. The surface roughness of the Au-Ni on the
pinis 2.14um (Sa).

Sliding tests were performed on original samples and
thermal aged samples under the same test parameters: normal
contact force of 18 N, sliding speed of 1 mm/s, vacuum 10™* Pa
and temperature of 200 € . For each sample, 2000 cycles of
reciprocating sliding (16 mm stroke) were performed under the
above test conditions which mimicked the ITER RF contacts’
expected environment.

2) Test results

CoF and R, were recorded during the sliding cycles. By
analyzing the sudden changes of the signals, the lifetime of the
coatings can be obtained and the electrical contact performance
can be evaluated.

ZZWWWWWWWWWW

8o2

efficient of Friction

800 1000 1200 1400 1600 1800 2000
Sliding cycles

50 200 400 600

Fig. 14 Evolution of CoF and R, during 2000 cycles sliding tests (original
samples)



0.4

Coefficient of Friction

=
o

=

=
o

<
i

Contact Resistance (mQ)
[=]
[=7]

=
o

1 Il 1 Il 1 1 1 1 Il
0 200 400 600 80O 1000 1200 1400 1600 1800 2000
Sliding cycles

Fig. 15 Evolution of CoF and R, during 2000 cycles sliding tests (thermal aged
samples)

As Fig.14 and Fig.15 show, CoF and R, of the original and
thermal aged samples were similar for the first 50 cycles. For
the original samples, during the first 100 cycles, the values of
CoF and R, were relative stable without obvious change. This
means that during the first 100 cycles, the wear of the Au-Ni
was not serious or the wear was only occurred in the Au-Ni
layer. After around 100 cycles, the R, increased suddenly. The
sudden change of R, was caused by the Au-Ni layer’s serious
wear and removal. Between 100 to 500 cycles, the CoF
increased gradually from about 0.2 to 0.32. During all the 2000
cycles sliding test, the signals of R, and CoF were quite noisy.

Unlike the original samples, for the thermal aged samples,
R. gradually increased from 0.4mQ to 0.7mQ and CoF
increased from 0.2 to 0.28 during the first 150 cycles. This
phenomenon may be caused by the hardness change of the Au-
Ni coating after baking and also the coating
interfaces/thicknesses changing as described in the last section.
From cycle 1200 to cycle 2000, the signals of R, and CoF are
quite smooth, which indicates that during that time the wear of
samples was mild. At the end, the R, of the thermal aged
samples was only half than that of the original samples.

21040

Fig. 16 SEM and confocal topography of the worn pins: a). SEM image of the
original pin; b). Confocal image of zone A; ¢). SEM image of the thermal aged
pin; b). Confocal image of zone B.

The surface state of the worn pin samples is shown in
Fig.16. Serious abrasion wear occurred on the two pins.
However, the abrasion loss of the thermal aged sample is much
higher than the original sample. Based on the 3D profile image
of the worn surface, the roughness of the original pin sample
(S,=12.8 um) is much higher than the thermal aged pin sample

(S;=1.4 um). This can explain why the R, between the thermal
aged sample is smaller than that between the original samples.

The wear on the plate samples are also of interest as it
mimics a fixed ITER conductor. The possibility of replacing
the worn conductor is low and costly. For this reason, applying
a Rh coating which has very high hardness to protect the 316L
conductor from wear is necessary. In Fig.17, the surface state
of the plate samples before and after sliding tests was checked
under SEM. After sliding test, small areas of Rh peeling from
the 316L substrates and the CuCrZr cladding on the Rh
surfaces were observed both on the original sample and
thermal aged sample. Due to the high wear resistance of the
original pin sample, the abrasion wear on the original plate is
more serious than on the thermal aged plate sample (with larger
areas of Rh peeling). However, due to the small size of the Rh
peeling areas, during sliding, there was no direct contact
between the pin tip and the 316L substrates. In other words, the
Rh coatings had the functions like wear protection and
electrical contact resistance reduction during the whole sliding
cycles. The good attachment performance of Rh on the 316L
substrate was thus validated.

Fig. 17 SEM images of the Rh on 316L plates: a). Original sample before
sliding test; b). Original sample after sliding test; c¢). Thermal aged sample
before sliding test; d). Thermal aged sample after sliding test.

IV. CONCLUSION

Through the failure analysis of the previous tested RF
contact prototypes, burning and melting were found to be their
main failure phenomena. The RF losses due to contact
resistance and material bulk resistivity are the main heat
sources that caused the above failures. 316L and CuCrZr were
evaluated in this paper as possible base materials for
manufacturing the conductors and contact louvers. Although
active cooling is essential for the RF contact’s thermal removal,
based on the electrical-thermal analyses, the temperature on the
contact louvers is little sensitive to the cooling performance but
sensitive to the contact resistances. The application of Rh and
Au-Ni coatings on 316L and CuCrZr surfaces respectively was
assessed through thermal aging and tribological tests. The
decrease of the Au-Ni and Ni layer thicknesses due to diffusion
was observed after 500h, 250°C baking without interface
defects generation. According to the ITER expected baking
durations, the coating thickness of Au-Ni and Ni should be
reassessed. For Rh coating, although cracking increased after
baking, no obvious effect of cracking to its wear resistance has
been observed. Due to the Au-Ni material and its coating
interface modification during baking, the thermal aged



Au-Ni coating is prone to be worn out compared with the
original coating. In order to reduce the wear on the RF
contact louvers, lower contact force can be used, but its
effect to the contact resistance should be investigated. The
replacing of the conductors’ base material to CuCrZr is an
interesting future work as CuCrZr has much higher thermal
conductivity compared with 316L. However, the Rh coating
performances on CuCrZr should be investigated.
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