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Abstract

Reduced activation ferritic steel alloys (RAFSs) such as F82H (Fe-8Cr-2W) are the
candidate materials for the first wall of DEMO reactors. In this PhD thesis work, one of
the technical issues related to hydrogen isotopes permeation through the first wall has been
studied.

For the blankets employing self-cooled breeder, the first wall is supposed to be
subjected to bi-directional hydrogen isotopes permeation: in one direction by edge plasma-
driven permeation (PDP) of deuterium as well as tritium into blankets, and in the other
direction by bred tritium gas-driven permeation (GDP) into the edge plasma. It is important
to note that deuterium PDP will hinder the recovery efficiency of tritium from the breeder
and will probably necessitate isotopes separation as well. On the other hand, tritium GDP,
essentially the same effect as gas-puff for fueling except that it is uncontrollable, will lead
to an unwanted increase of the particle recycling in the first wall region, which could even

affect core confinement performance as well as isotopes mixture imbalance.

Tungsten has been proposed as a candidate plasma-facing material for the divertor of
the International Thermonuclear Experimental Reactor (ITER). For a DEMO reactor,
surface coatings made of tungsten are necessary to protect the plasma-facing wall made of
RAFSs such as F82H. The characterization of hydrogen isotopes PDP and GDP through
tungsten coated F82H is of crucial importance to evaluate major reactors design issues
including tritium retention, breeding feasibility and first wall particle recycling. There is a
number of experimental data of hydrogen isotopes transport and retention behavior in bulk
polycrystalline tungsten. However, only limited experimental investigations aimed at
understanding that for tungsten coatings. In particular, there have been no experimental
studies reported on hydrogen isotopes PDP through tungsten coated RAFSs, which is
important to the plasma-wall interaction studies for a DEMO reactor. In this PhD thesis
research, hydrogen isotopes PDP and GDP through F82H coated with two different types

of tungsten coatings, i.e., vacuum plasma-sprayed tungsten (VPS-W) and sputter-deposited



tungsten (SP-W) have been studied. The purposes of this PhD thesis research are: (1) to
demonstrate experimentally the hydrogen isotopes (H/D) bi-directional permeation
predicted for the first wall of a fusion power reactor, (2) to investigate tungsten coatings
effects on GDP and PDP behavior, (3) to investigate the isotopic effects on hydrogen
transport, and (4) to establish a fundamental database on hydrogen and deuterium transport
parameters for designing the first wall of fusion power reactors.

Hydrogen isotopes (H/D) PDP and GDP through F82H has been investigated in a
steady-state laboratory-scale plasma device: VEHICLE-1 under some of the reactor-
relevant conditions. For PDP experiments, the plasma density is of the order of 10%° cm?
and the electron temperature is ~5.5 eV measured by a Langmuir probe in front of the
sample. The particle bombarding energy is set at -100 V by a negative DC bias applied on
the membrane. Taking into account the ion species mix and surface particle reflection, the
net implantation flux is estimated to be ~1 x 10® atoms cm™ s, relevant to the first wall
environment of DEMO reactors. For GDP experiments, the upstream gas pressure is in the
range of 10%-10° Pa measured by an absolute pressure gauge. The samples made of F82H
and a-Fe are prepared in the same dimensions as those commercially available conflat
flanges with an outer diameter of 70 mm, except that a circular area of 35 mm in diameter
inside the knife-edge is machined down to thicknesses of 0.5-2 mm. A resistive heater is

set beneath the membrane and the sample temperature varies from 150 °C to 550 °C.

The hydrogen transport parameters data taken for a-Fe have been found to be in good
agreement with the literature data, which validates the experimental setup in VEHICLE-1
for the evaluation of other first wall candidate materials. Both the GDP and PDP data taken
for F82H show thickness dependence, suggesting that hydrogen permeation through F82H
is diffusion-limited. The hydrogen and deuterium transport parameters such as
permeability, diffusivity, solubility and surface recombination coefficient have been
successfully measured for F82H. In particular, the surface recombination coefficient of
deuterium on F82H, which is essential to correctly predict the hydrogen isotopes
permeation flux through the first wall, has been experimentally measured for the first time.

Isotopic effects on hydrogen transport parameters have been discussed. It has been found



that the permeability and diffusivity show isotopic mass effect which is predicted by the
classical rate theory relating hydrogen diffusion to the atomic jumping frequency. The
solubility, however, is governed by the heat of solution, exhibits no isotopic mass effect.

Simultaneous bi-directional hydrogen isotopes (H/D) permeation has been
demonstrated experimentally for the first time under controlled experimental conditions.
For bi-directional permeation experiments, the thickness of F82H membrane is 0.5 mm
and the membrane temperature is set at ~500 °C. The electron temperature is raised up to
~10 eV for the improved sensitivity of H, spectroscopy. Experiments indicate that gas-
driven hydrogen permeation takes place in the counter direction of plasma-driven
deuterium permeation, which then results in an unwanted increase in edge plasma density.
Plasma-driven deuterium flows into hydrogen gas has been detected as well. Both the D>
and HD partial pressures increase after an extended accumulation period of ~2 h for PDP

deuterium pressure build-up, meaning that PDP deuterium flows into the hydrogen gas side.

Hydrogen isotopes GDP and PDP experiments have been performed for VPS-W and
SP-W coated F82H. This is the first report of experimental studies on hydrogen PDP
through tungsten coated RAFSs. The VPS-W coatings are deposited at the temperature of
~600 °C. The average size of tungsten powder particles is ~25 um. The thickness of VPS-
W coatings used in this work varies from 40 um to 200 um. VPS-W coatings have an
inhomogeneous microstructure, i.e., a mixture of disorganized areas composed of large
unmelted tungsten particles, fine randomly melted tungsten and pores. The average density
is evaluated to be ~90% of bulk polycrystalline tungsten. The coatings have been found to
be porous and have an open system of connected pores. The observed hydrogen GDP flux
through VPS-W coated F82H is reduced compared to that through bare F82H. The main
effect of VPS-W coatings on hydrogen permeation is to reduce the incoming flux at the
W/F82H interface owing to pore diffusion in the coatings and to reduce the effective
surface area for hydrogen dissolution in the substrate. PDP experiments indicate that VPS-
W coatings reduce PDP fluxes by more than one order of magnitude relative to that for
bare F82H from 300 °C to 550 °C. Reduced PDP fluxes are attributed to the complex

microstructure and a substantial surface-connected porosity of the coatings.



SP-W coatings are prepared by argon ion sputtering at the temperature of ~300 °C and
gas pressure of ~0.19 Pa. The density of SP-W coatings is evaluated to be ~99.5% of bulk
polycrystalline tungsten. The thickness of SP-W coatings used in this work varies from 0.5
um to 4 um. The surface of SP-W coatings is well organized with an average crystal size
of ~100 nm. Columnar tungsten grains are observed from the cross-section view and the
WI/F82H interface is sharp without voids, cracks or other visible defects. Hydrogen
isotopes GDP fluxes are reduced significantly by SP-W coatings. The hydrogen and
deuterium transport parameters for SP-W coatings have been evaluated by the gas
permeation technique in the temperature range from 200 °C to 550 °C employing a
diffusion-limited permeation model. The permeability is comparable to the literature data
of bulk polycrystalline tungsten. However, the effective solubility and diffusivity are
different from that of bulk polycrystalline tungsten by several orders of magnitude, which
is attributed to the presence of trapping sites resulting from the characteristic
microstructure of SP-W coatings. The trapping effects on hydrogen migration have been
discussed. For PDP experiments, it has been found that SP-W coatings tend to enhance
PDP compared to that through bare F82H which is attributed to the surface recombination
characteristics of SP-W. Static deuterium retention has been measured by the thermal
desorption spectroscopy (TDS) after steady-state plasma exposure. Increased deuterium
retention in SP-W coated F82H has been observed. The deuterium depth concentration
profile by the secondary ion mass spectrometry (SIMS) shows a good agreement with the
retention data and exhibits a sign of “uphill diffusion” of deuterium in the W/F82H bi-layer

structure.

As a proof-of-principle experiment, first wall particle flux measurements in the
QUEST spherical tokamak at Kyushu University have been conducted using a SP-W
coated F82H permeation probe. The thicknesses of tungsten coatings and F82H substrate
are 0.5 um and 0.25 mm, respectively. The permeation area is 35 mm in diameter. The
permeation probe is installed inside the closed port at the mid-plane and the membrane is
~15 cm recessed from the radiation shield. A resistive heater is set behind the membrane

to keep the sample temperature in the range of 300-350 °C. The hydrogen PDP data have



been taken for the probe exposed to a steady-state wall conditioning discharge. The plasma
is produced by the 2.45 GHz ECR system with an input power of 7.5 kW. The steady-state
hydrogen permeation flux for the SP-W coated F82H membrane has been evaluated by
taking into account the effects of the radiation shield and the present data have been
compared with our previous results for bare F82H. A much longer PDP breakthrough time
and higher steady-state permeation flux have been observed for SP-W coated F82H. It is
concluded, therefore, SP-W coatings enhance hydrogen PDP not only in the VEHICLE-1

linear plasma device but also in the QUEST spherical tokamak.
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Chapter 1

Introduction



1.1 Nuclear fusion research

1.1.1 Fundamentals of nuclear fusion

Nuclear fusion has the potential of providing an essentially inexhaustible source of
energy for the future. The primary energy source for stars is hydrogen fusion, which is also
considered to be one of the most promising candidate sources to provide safe, environment
friendly and economical energy for human beings [1-3]. Of all the possible fusion reactions
the deuterium-tritium (D-T) reaction is the most attractive one. If a nucleus of deuterium
fuses with a nucleus of tritium, an a-particle (He) is produced and a neutron (n) is released
(shown as Eqg. (1.1)). The nuclear rearrangement results in a reduction in total mass and a
consequent release of energy in the form of the kinetic energy of the reaction products
(E=(Am)c?). The energy released is 17.6 MeV per reaction. In macroscopic terms, just 1
kg of this fuel would release 108 kWh of energy and would provide the requirements of a

1 GW (electrical) power station for a day [1].

2D + 3T - 3He (3.5 MeV) + {n (14.1 MeV) (1.1)

The reaction is induced in collisions between the particles, and the cross-section for
the reaction is therefore of fundamental importance. The nuclear cross-section [4-5] of a
nucleus is used to characterize the probability that a nuclear reaction will occur. The cross-
section at low impact energies is small because of the Coulomb barrier which prevents the
nuclei from approaching to within nuclear dimensions as is required for fusion to take place.
Because of quantum mechanical tunneling, D-T fusion occurs at energies somewhat less
than that required to overcome the Coulomb barrier. Shown in figure 1.1 is the fusion cross-
sections for various fusion reactions as a function of kinetic energy of an incident D [1]. It
is shown that the maximum cross-section for D-T fusion reaction occurs at just over 100

keV, which is the most efficient fusion reaction to carry out in present magnetic fusion



devices such as tokamaks. The reason the D-T reaction is preferred to other reactions is
clear from figure 1.1 where the cross-sections for

“D + 2D - 3He (0.82 MeV) + $n (2.45 MeV) (1.2)
“D + 2D - 3T (1.01 MeV) + ip (3.02 MeV) (1.3)
2D + 3He — 3He (3.6 MeV) + 1p (14.7 MeV) (1.4)

are also shown [6]. The D-T fusion reactivity is much greater than that for other potential
fusion reactants, which is the reason why achieving the necessary conditions for D-T fusion

is the principal goal of the present phase of fusion research.
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Figure 1.1 Fusion cross-sections for the reactions D-T, D-D and D-
He3 as a function of kinetic energy of an incident D. The
curve for D-D represents a sum over the cross-sections

of the reaction branches [1].



The D-T reaction (Eq. (1.1)) gives the total energy output of 17.6 MeV, in which the
kinetic energy of a-particle, 3.5 MeV, is basically used for the maintenance of steady-state
discharge of the fusion plasma and the neutron energy, 14.1 MeV, can be used for output
electric energy. In order to realize the fusion reactor, the fusion plasma has to be
sufficiently hot and dense and the plasma energy in the toroidal device has to be confined
as long as possible [7]. These critical conditions on the plasma performance necessary for
the fusion reactor can be quantified by the fusion triple product, nTtg. The fusion triple
product has to satisfy the following condition well known as Lawson criterion [8] to obtain
self-sustaining (ignition):

n-T-1p >~5x102 m3keVs, (1.5)

where n (m?) is the plasma density, T (keV) is the plasma temperature and 7 () is the

energy confinement time.
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Figure 1.2 Evolution of the triple product nTtz with year. The
points are labeled with the names of the fusion devices.

The units for triple product are 102° m=3 keV s [7].



To achieve ignition, the high-temperature, high-density plasma must be confined in a
relatively long time. Over the past half century, the value of nTt; has been significantly
improved. Some of these are plotted in figure 1.2 as a function of year [7]. It is clearly
shown that the fusion triple product has increased over 10,000 times during past four

decades.

1.1.2 Magnetic confinement fusion and inertial confinement fusion

In the star, the plasma is confined by the force of gravity due to the huge amount of
matter. On the earth, two leading ideas are proposed to obtain usable energy from fusion

reactions: magnetic confinement fusion (MCF) and inertial confinement fusion (ICF).

i) Magnetic confinement fusion (MCF)

In MCF systems, the plasma is confined by magnetic field in desired configurations.
The core plasma density is kept at ~10?° m™ for several seconds of confinement time to
meet Eq. (1.5). From 1950s, various ideas of MCF have been proposed, among which
tokamak and stellarator are considered to be the most promising concepts to yield

commercial fusion reactors.

(a)

4

Toroidal field Plasma currents Helical coil
coil

Figure 1.3 Two concepts of magnetic confinement fusion:
(a) tokamak and (b) stellarator [9].



Figure 1.3 shows two concepts of magnetic confinement fusion [9]. For tokamak-type
MCEF, the plasmas with currents are confined by the toroidal field coils, and then heated to
high temperature to meet the self-sustaining ignition condition for fusion reaction. For
stellarator -type MCF, it utilizes helical coils to generate magnetic field to confine plasmas.
The stellarator-type MCF system has advantages of steady-state and stable operation
compared with tokamak-type MCF system, because it does not need currents in plasmas to
generate helical magnetic field for confinement. Over the past decades, many large and
medium size MCF devices have been built, e.g., JET [10], JT-60 [11], DIlI-D [12],
ASDEX-U [13], EAST [14], KSTAR [15], QUEST [16] of tokamak-type MCF devices
and LHD [17], W7-X [18] of stellarator-type MCF devices. Shown in figure 1.4 is the
design of International Thermonuclear Experimental Reactor (ITER) [19], which is under
construction in Cadarache, France, by the joint cooperation of seven leading parties, i.e.,
China, EU, Japan, India, Korea, Russia, and the USA. The goal of ITER is to demonstrate
extended burning D-T plasmas at a few hundred MWs of fusion power and engineering

feasibility essential to a reactor in an integrated system [20-21], and to test nuclear

components required to utilize fusion energy for practical purposes [22]. The ITER first D-
T operation is estimated at 2027 [23].

= 4

Figure 1.4 The design of ITER tokamak [19].



The MCF device beyond ITER will aim to demonstrate electricity production, i.e.,
DEMO reactor and then eventually to build fusion power plants. A schematic diagram of
a fusion reactor is shown in figure 1.5 [9]. The energy source of a fusion reactor is the
burning plasma in the core. SIimCS [24], PPCS-A to PPCS-D [25] and ARIES-AT [26]
are several examples for tokamak-type DEMO concepts. Stellarator-type reactor concepts
have also been proposed, for example the Force-Free Helical Reactor (FFHR) series
concepts being developed by National Institute for Fusion Science (NIFS) in Japan [27].
Recently, some researchers suggested that a test reactor between ITER and DEMO may be
necessary in the roadmap to the realization of fusion energy. These concepts include the
Chinese Fusion Engineering Test Reactor (CFETR) [28-29] and the Fusion Nuclear
Science Facility (FNSF) [30], which aim to provide an integrated, continuous nuclear
fusion environment that can be used to investigate plasma material interactions, tritium fuel

management, and power extraction, etc.
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Figure 1.5 Conceptual schematic view of a fusion power plant [9].
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ii) Inertial confinement fusion (ICF)

In contrast to MCF, ICF goes a different way to fill the Lawson criterion [8]. Fuel
targets containing a mixture of deuterium and tritium are heated and compressed by high-
energy laser lights or laser-produced X-rays to generate high-temperature, high-density
plasmas [31]. For the ICF plasmas, the density is usually larger than ~10%! m? while the
confinement time is shorter than 102° s [32]. At present, the largest and most energetic ICF
device built is the National Ignition Facility (NIF) located at the Lawrence Livermore
National Laboratory in Livermore, USA [33]. Recently a fuel capsule gave off more energy
than was applied to it in NIF, which is an important milestone towards commercialization
of ICF [34]. Besides, the Fast Ignition Realization EXperiment (FIREX) project [35-36]
in Japan is another important undergoing ICF research program. In order for the program
to be flexible, it is divided into two phases. The goal of the first phase is to demonstrate the
ignition temperature of 5-10 keV by a high-energy peta-watt (10 kJ/10 ps) laser [37]. This

is followed by the second phase to demonstrate ignition and burning.

1.2 Blanket and the first wall

The blanket surrounds the plasma chamber. It consists of a lithium-containing tritium
breeding material, a coolant to remove the neutron-deposited heat, a structural material,

and possibly other materials, such as neutron multipliers to enhance the tritium production.

The blanket has two principal functions: (1) to convert the fusion energy into heat, and
(2) to produce tritium [38]. Of the energy produced by D-T fusion 80% leaves the plasma
immediately in the form of kinetic energy of the 14.1 MeV neutrons. These neutrons
transfer their energy to the blanket materials, constituting as such a volumetric heat source
in the blanket. The remaining 20% of the energy produced in fusion and all energy
externally supplied to heat the plasma ultimately leave the plasma as energetic charged
particles or atoms or as radiative energy, in any case constituting a surface heat source

incident on the first wall facing the plasma. This first wall is also subjected to substantial



particle fluxes, leading to erosion. Special components are required to handle these
concentrated heat and particle fluxes.

1.2.1 Blanket and tritium breeding

Deuterium exists at 0.0153 at.% in sea water and is readily extractable, thus
constituting an essentially infinite fuel source [38]. However, tritium, one of the fuels for
D-T reaction, is a quite limited resource due to its short half-life (12.5 yr) [39]. Thus, tritium
must be produced artificially in reactors, for example, by neutron capture in lithium. The

tritium production reactions are [38]:

sn+§Li > 3T + 3He + 4.8 MeV (1.6)

en+73Li - 3T + 3He + {n' — 2.5 MeV (1.7)

The first reaction has a large cross-section for thermal (slow) neutrons, while the
second reaction is more probable with fast neutrons. Natural lithium consists of 7.5% °Li
and 92.5% ’Li and it is possible to enrich the lithium to increase the °Li content [38]. When
the lithium is placed around the fusion chamber, the fusion neutrons can be used to produce

tritium, thereby introducing the possibility of a fusion reactor “breeding” its own fuel.

The tritium breeding material can be solid or liquid. For example, there are Li.O,
Li>SiOs and Li4SiO4 etc. for solid tritium breeders and Li, Li-Pb, Li-Sn and FLiBe (2LiF +
BeF> mixed molten salt) etc. for liquid tritium breeders. The liquid breeders have the
advantage that they can be circulated through the blanket, which allows the bred tritium to
be extracted by processing the breeder external to the blanket. Tritium can be readily
extracted from the liquid breeders. Shown in figure 1.6 is the 3D view of the FFHR-2
reactor concept [27]. It can be seen that all the internal surface areas are covered by blanket

structures for the highest achievable tritium breeding ratio (TBR) (i.e., number of tritium



atoms produced per fusion neutron). From the viewpoint of commercial operation, the
breeding materials for a fusion reactor have to achieve a TBR in excess of unity [39], which
provides for the possibility of a self-sustained D-T fuel cycle.

Super-conducting
poloidal coils

Support
structure

Super-conducting
helical coils

Figure 1.6 The FFHR-2 reactor concept [27].

1.2.2 The first wall of a magnetic fusion power reactor

The definition of the “first wall” will be different for magnetic fusion devices up to
ITER and for those to be built thereafter for power generation. It is widely recognized that
ITER will generate fusion power which, however, is not intended to be converted into
electrical power. This is because no complete blanket concept will be implemented except
for test blanket modules (TBM) to cover only a fraction of the surface area exposed to
burning plasmas. In this case, the definition of the first wall is nothing but a vacuum
chamber wall to separate D-T plasmas from the environment. As opposed to that, for fusion
power reactors, essentially all the internal surface areas must be covered by blanket
structures for the highest achievable tritium breeding ratio. The first wall is thus redefined



as the plasma-facing walls of breeding blanket units. Figure 1.7 shows a schematic diagram
of FFHR-2 blanket [40].
Shielding

Breeding blanket
blanket / Magnet

a— Coolant

Core
plasma

- 1 ; Self-cooled Radiation shield Vacuilm vessel
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\45 0°C 550°C Thermal shield T bo}mdary
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Figure 1.7 A schematic diagram of FFHR-2 blanket [40].

Reduced activation ferritic/martensitic (RAFM) steels such as F82H (Fe-8Cr-2W-
0.2V-0.04Ta-0.1C) are the candidate materials for the first wall of DEMO reactors
including FFHR-2 [41] due to the following advantages:

(1) Reduced activation. Figure 1.8 compares the radioactivity for four reference alloys
after use in the first wall of a commercial fusion reactor [42]. The full-remote and full-
hands-on recycle limits are shown to indicate the guideline for recycling and reuse [43].
SS316LN-IG (the reference ITER structural material) [44] will not reach the remote-
recycling limit after cooling and thus the recycling is not feasible. F82H and NIFS-HEAT-

11



2 (V-4Cr-4Ti alloy) behave similarly. The activity of F82H and NIFS-HEAT-2 reached the
level almost one order higher than the hands-on recycle limit by cooling for 100 and 50
years, respectively. SiC/SiC composite behaves very differently, with much lower activity
at <1 year cooling but slightly higher activity at >100 year cooling relative to F82H and
NIFS-HEAT-2.

1055 T T LELELAALL | T T T AELBLLAAL | T T T T ‘E
49 FFHR-Li Blanket  J
1074 First wall :
= 10%k 1.5MW/m ]
S E 30 years operation 3
% 10°% 3
(] L ]
g 10'F
of E
0 10°F Yy
8 I | Full-remote
gm ] ¥ recycling
107k | —=— SS316LN-IG 1 —
S of| % FsH 3
G 107°F |7 NIFS-HEAT-2
_4f [ Y SIC (no impurity) i Full-hands-on
10°F ! recycling
10—57 NP FTTY B R PP PRI 4:

107 10 100 10' 10° 10° 10
Decay time after shutdown (year)

Figure 1.8 Radioactivity after shutdown in first wall of a commercial fusion
reactor for four reference alloys [42]. SS316LN-IG: the
reference ITER structural material, F82H: reference reduced
activation ferritic/martensitic steel, NIFS-HEAT-2: reference

V-4Cr-4Ti alloy, SiC/SiC: assumed to be impurity-free.

(2) Swelling resistance. RAFM steels are expected to exhibit a good resistance to
swelling (1 vol.% per 100 dpa as compared with 1 vol.% per 10 dpa in stainless steels) [45].
Shown in figure 1.9 is the void swelling behavior of austenitic steels and ferritic/martensitic
steels after neutron irradiation [46]. The RAFM steels have much smaller void swelling
after neutron irradiation, since high density dislocations, large areas of packets and lath
boundaries in the structure of RAFM steels provide sinks for neutron irradiation defects
[47].
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Figure 1.9 Void swelling behavior of austenitic steels and

ferritic/martensitic steels after neutron irradiation [46].

(3) High thermal conductivity. Reduced activation ferritic steels have advantage in
thermal conductivity, compared with those of the austenitic stainless steels. The thermal
stress factor for reduced activation ferritic steels is approximately three times larger than
that of austenitic stainless steels at temperatures less than 600 K [41], which allows a
relatively thick first wall design for fusion reactor [48]. Thermal characters of some low

activation materials are briefly summarized in table 1.1 [49].

Table 1.1 Thermal properties of low activation materials [49].

RAF (F82H) V-Alloy (V4ACr4Ti)  SiC:/SiC W-Alloy
Thermal conductivity k
(W/mK) 32 (550 °C) 34 (700 °C) 12.5(1000°C) 85 (1100 C)
(temperature)
Young’s modulus E (GPa) o o N o
(temperature) 184 (550 °C) 121 (700 °C) 400 (1000 °C)
Linear thermal expansion . . .
o (10 K1) (temperature) 12.3 (550 °C) 11.4 (700 °C) ~2.5 (1000 °C)
Operating temperature (°C)  ~550
Upper limit ~700 (ODS) ~700 ~1100 ~1200
Lower limit ~300 ~400 ~600 ~900
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From the viewpoint of efficient heat exchange, the blanket operational temperature
should be close to the maximum temperature at which the structural material can maintain
its strength. For RAFM steels, the operational temperature would be around 500 °C [50].
Figure 1.10 shows the relation between the wall thickness and the resulting thermal stress
[51]. The major engineering constraints determining first wall thickness are stress (primary
and secondary (thermal)) and temperature limit of the materials. As the first wall thickness
increases, thermal stress increases in proportion to thickness. The sum of thermal stress
and stress arising from internal pressure has a minimum value at the wall thickness of ~5

mm, which is considered to be the optimum thickness in this design configuration.

60_...................
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30 [ wall thickness 7
[ - ]
40 f / y _'
~ [ B / . -
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Figure 1.10 Stress vs. the first wall thickness [51].
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Table 1.2 shows some of the parameters for the breeding blanket concepts [49]. It can

be found that in most of the recent reactor studies, including FFHR, the first wall is

designed to be 5 mm or even less, although these concepts employ various first wall

materials such as vanadium alloy (V-alloy) and silicon-carbide-fiber-reinforced silicon

carbide composites (SiC#SiC).

Table 1.2 Examples of the breeding blanket concepts [49].

He cooled Xgﬁ:‘;; Water Self- Self- He Self-cooled  He cooled
pebble ebble cooled cooled cooled cooled Pb-17Li pebble bed
bed Ee q Pb-17Li FLiBe Li Li (TAURO) (advanced)
. Tokamak
. Tokamak  Tokamak  Tokamak  Helical Tokamak
Device  pEMO ~ DEMO ~ DEMO  FFHR2  |oKamak 'agf;n SEAFP Tokamak
V-Alloy
Structure ODS steel  F82H, EURO- . . . .
material RAE ODS RAF  FER RAF V-Alloy  V-Alloy (W _ SiCt/SiC SiCt/SiC
coating)

Fusion

power 3.6 2.3 3.6 1.0 5.3 3.0 4.5

(GW)

Neutron

load 44 (max) 5.0(max) 6.6(max) 1.7(ave) 10(max) 11(max) 2 3.5 (max)

(MW/m?)

Surface 273

heat load 0.8(max) 10(max) 12(max) 0.1(ave) 2 (max) (rln ax) 0.5 0.6 (max)

(MW/m?)

FW

thickness 5 3 4 5 4 1.5+1 3 3

(mm)

FW

temperatu 630 ~600 590 750 754 697 <1300 913

re (°C)

Coolant He H20 H20 FLiBe Lig. Li He Pb-17Li He

Pressure

(MPa) 8 25 15.5 0.6 0.5 15 15 8

Tritium Li - . . . . . s

breeder Ceramics Li2TiO3 Pb-17Li FLiBe Li Li Pb-17Li LisSiO4

Neutron Be

multiplier Be (BexTi) None Be Be None None Be

Ref. [52] [53] [52] [51] [54] [55] [56] [57]
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1.2.3 Tungsten as plasma-facing material

During the last decades of fusion research, most of the fusion devices with moderate
magnetic field and plasma density have implemented low-Z carbon-based materials as
plasma-facing materials. This was done after early tokamak experiences with high-Z walls
led to poor plasma performance characterized by high central radiation losses, e.g., in PLT
[58], JT-60 [59] and TFR [60] which caused severe restrictions in plasma operation. In
parallel fusion devices operating with high field (Bt = 6-10 T) at high plasma density such
as Alcator C-Mod [61] and FT & FTU [62] operate from the seventies till now with high-
Z Mo and partly with W walls. This clearly indicates the favorable conditions for high-Z

walls in fusion devices.

The main concerns of graphite and other possible low-Z plasma-facing materials are
related to their strong erosion even under low edge plasma temperatures which limits the
lifetime and demands frequent exchange of plasma-facing material. Figure 1.11 shows the
calculated sputtering yields for beryllium, graphite, iron and tungsten when bombarded
with deuterium ions [63]. Beryllium has the lowest atomic number of any structural
material, graphite is a low-Z material of much interest, iron is representative of stainless
steel, and tungsten, a high-Z material, has one of the lowest sputtering yields of candidate
first wall materials. Apart from the lifetime restrictions, strong erosion leads to the built-
up of deposits which can contain large amount of tritium by co-deposition. Co-deposition
of tritium with carbon is the main mechanism of tritium retention in graphite wall devices
and consumed a major fraction of the total tritium fuel supplied to D-T experiments in
TFTR and JET [64]. However, tritium retention by co-deposition with eroded tungsten is
very small, reduced by factors >10* over that of carbon since the net tungsten erosion is

small and the retention in co-deposited W layers is low as shown in figure 1.12 [65].
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Tungsten is the most promising candidate for the plasma-facing material of fusion
reactors and it has been chosen as divertor plasma-facing material in the activated phase of
ITER. For a DEMO reactor, tungsten coatings on reduced activation ferritic/martensitic
steels such as F82H are essential to protect the first wall from energetic ions sputtering
[66]. Summarized in table 1.3 are the physical and mechanical properties of tungsten and
tungsten alloys [67].

Table 1.3 Physical and mechanical properties of tungsten and tungsten alloys [67].

W W-1%La,0s W-5%Re
Density (g/cm?) 19.3 18.9 19.4
Thermal expans. coeff. (10%/K) 4.5 4.7 4.5
Thermal cond. at RT (W/mK) 145 120 70
Elastic modulus (GPa) 410 400 400
Ultimate strength (MPa) 1000 900 1100
Specific heat (J/gK) 0.14 0.14 0.14
DBTT (°C) 100 ~ 400 100 ~ 400 50 ~ 200
Recrystallization temp. (°C) 1150 ~ 1350 1250 ~ 1700 >1500
Melting point (°C) 3410 ~3410 ~3300
Atomic number 74 (74) (74)
Atomic weight 183.8 (183.) (184)
ﬁergtsrsoiicg;;n for thermal 185 (18) 21.8)
Joining possible:
Brazing Yes Yes Yes
Welding No (?) No No (?)
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1.3 Hydrogen isotopes permeation issues

1.3.1 The plasma sheath

When plasma is in contact with a solid object, such as a limiter, divertor plate or
diagnostic probe, a voltage difference spontaneously develops between the plasma and the
object called the floating potential. Taken in aggregate, the solid surfaces will float
negatively relative to the plasma, or alternatively, one may say that the plasma will adjust

to assume a positive potential relative to the solid surfaces.

The potential drop occurs in a thin sheath which is established between the plasma and
the solid. The sheath thickness is of order the Debye length Ap [68]:

Ap = (e, (1.8)

ne?

where k is the Boltzmann’s constant, Te is the electron temperature, n is the plasma density

and e is the electronic charge.

In the plasma, ne = n;, i.e., the plasma is quasi-neutral. The plasma sheath, by contrast,
has a net positive charge per unit volume since the electrons are repelled by the negative
potential on the solid. The areal negative charge density on the solid surface approximately
equals the areal positive charge density in the sheath. The sheath thus acts to shield the
plasma from the potential on the solid surface. This shielding effect also occurs if the object
is biased more negatively than the floating potential, the sheath thickness increases in this
case, but is still usually very small compared with plasma dimensions. If the object is biased
positively relative to the plasma, then the sheath disappears and the random, Maxwellian-

distributed flux of electrons strikes the surface.

The shielding effect of the sheath is imperfect and a small residual field, the pre-sheath,
penetrates deep into the plasma. In the simplest case this pre-sheath field extends to the
symmetry point between two opposite-facing solid surfaces. The potential drop in the pre-

sheath is small and acts to draw ions from the plasma into the sheath. This accelerating

19



field is just such as to cause the ion drift velocity, at the sheath/plasma interface, to equal
the ion acoustic speed Cs [68]:

k(Te+T)\2

Cs=( )? (1.9)

m;
where k is the Boltzmann’s constant, Te and T; are the electron and ion temperatures,
respectively. This is the so-called Bohm criterion [69].
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Figure 1.13 Interactions of plasma with a solid surface: a schematic

diagram of the variation of electric potential, ion drift speed and
ion/electron densities in the plasma between two semi-infinite
planes [68].

The potential variations in sheath and pre-sheath, ion drift speed and ion/electron
densities variations are shown in figure 1.13 [68]. The Poisson's equation [70] is employed

which relates potential variation to space charge density:
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d?o
dx2 = :;0 (ne - ni) ) (110)

where ne and n; are the electron and ion density, respectively. The existence of the floating
potential has a number of consequences: (1) lons are accelerated through the sheath and
thus impact the solid surface with an energy which is greater than that associated with Ti.
This generally increases sputtering. It also influences backscattering/retention/release and
thus the ability of the solid and plasma to come into equilibrium with regard to the recycle
of particles (hydrogen in the case of fusion devices). (2) The sheath controls the rates at
which particles and energy are removed from the plasma by the solid surface. One wishes
then to know the sheath transmission factors as a boundary conditions for modeling of the
edge plasma. (3) For probe analysis one also requires knowledge of these transmission
factors for all potentials, in addition to the floating potential.

1.3.2 The scrape-off layer and particle flux to the first wall

In magnetic confinement devices the plasma is confined within closed magnetic flux
surfaces, normally generated by a combination of fields due to external conductors and by
currents flowing in the plasma. Such fields can only be generated within a restricted volume,
and there is therefore a boundary determined by the last closed flux surface (LCFS). The
shape of the LCFS is determined by the magnetic fields. However, closed magnetic
surfaces may be interrupted by a solid surface which then determines the position of the
LCFS. Such a solid surface is called a limiter. Alternatively the closed surface may be
determined entirely by the magnetic fields so that outside the LCFS, the plasma flows
towards and eventually interacts with a solid surface. This is the basic geometry of a
divertor. The essential difference between these two is that with a limiter the LCFS is in
contact with a solid surface which is close to the plasma, while with a divertor the solid
surface is removed some distance from the LCFS. The region radially outboard of the
LCFS (separatrix) is called the scrape-off layer (SOL). Shown in figure 1.14 is a schematic

diagram of the SOL in a magnetic fusion device [71].
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Figure 1.14 A Schematic diagram of the scrape-off layer (SOL)

in a magnetic fusion device (replotted from [71]).

The particle flux density I' to the surface of first wall is given by [71]:

1

_1 _ 1 k(Te+T)\2
I’—ZnCS—Zn(

T % (1.11)
where k is the Boltzmann’s constant, n is the plasma density, Te and T; are the electron and
ion temperatures, respectively. Generally, the edge plasma density in the SOL is of the
order of 10! cm?, the electron temperature is ~10-20 eV and the cross-field diffusion
coefficient is typically of the order of 10° cm?s™. Assuming that the thickness of SOL is a
few cm, the cross-field particle flux to the first wall may be estimated to be of the order of
10'® atoms cm™? s, Behrisch et al. [72] calculated the profiles of various incident ions
fluxes to the first wall (figure 1.15). It can be seen that the incident deuterium flux to the
first wall has been calculated to be ~10% D cm?s®. A similar order estimate can be
obtained from the cross-field transport scaling law observed in Alcator C-Mod [73]. The
calculated particle bombarding energy to the first wall is shown in figure 1.16. One finds

that the average particle bombarding energy is ~100-300 eV.
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Figure 1.15 Calculated profiles of various ions fluxes to the

first wall of a fusion reactor [72].
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Figure 1.16 Calculated bombarding energy profile of incident

particles to the first wall of a fusion reactor [72].
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1.3.3 Bi-directional permeation

As shown in figure 1.17, the first wall will be exposed to edge plasma at elevated
temperatures on the one side, and also it will be in contact with a liquid breeder or coolant,
either one of which contains bred tritium on the other side. One then predicts that the first
wall will be subjected to hydrogen isotopes penetration in the two opposite directions.
From the edge plasma side, deuterium and tritium flow into the blanket by the mechanism
referred to as plasma-driven permeation (PDP), and from the blanket bred tritium flows
into the plasma side by gas-driven permeation (GDP).

Plasma Firstwall Breeder
Dr T |
D, T-PDP
T p+ :
D* T+ _T-GDP
bz i

Figure 1.17 Hydrogen isotopes PDP and GDP through the first wall.

It is important to note that PDP necessitates an isotope separation capability in the
tritium recovery loop of a reactor, which then complicates the entire fuel recycle system,
and GDP, essentially the same effect as gas-puff for fueling except that it is uncontrollable,
will lead to an unwanted increase in edge plasma density, which could even affect core

confinement performance as well as isotope mixture imbalance [74].
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Figure 1.18 shows a schematic diagram of the tritium flow in a FLiBe loop, taking into
account the tritium leakage from the first wall. The overall tritium balance can be expressed

as:

OMT

W=J1 +]2_Z]3 —Ja—Js, (1-12)

in which M is the tritium inventory in the loop, J: is the tritium production rate, Jz is the
tritium PDP flow into blanket, Js is the tritium GDP flow from blanket and GDP leak from
pipes, J4 is the recovered tritium, and Js is the tritium GDP leak from heat exchanger. It is
indicated in Eq. (1.12) that the bi-directional hydrogen isotopes PDP and GDP would effect
on the overall fuel balance of a fusion reactor, which warrants detailed investigations on

this subject.

Blanket J4

il

Tritium
recovery system

ﬂ — JS-pipe

Heat exchanger |

J3-pip<e:

Figure 1.18 Schematic of the tritium flow in a FLiBe loop.
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From 1980s, researchers started to investigate plasma-driven permeation issues using
low energy, high flux plasmas, which are relevant to the reactor plasma-wall interaction
conditions. Those data are summarized in table 1.4.

Table 1.4 A summary of the PDP experimental data in literature.

] ) Permeation
] Temp. Incident flux Eion Thickness
Material flux Ref.
(K) (cm?s™) (eV) (mm)
(cm?s?h
F82H 773 1.0 x 10% <10 1.0 9.0x 108  [75]
SUS304 683 8.8 x 10%° 20 1.5x10%  [76]
20-40 3.2 x 10"
SUS304 673 6.8 x 10'° 0.25 [77]
150 ~2x 108
6.3 x 101
SUS304 400-673  Ne<~5 x 10 cm™® <10 0.01 [78]
(at 480 K)
0.02 ~9 x 10"
Ni 523 Ne<~5 x 10 cm™ <10 0.05 ~6 x 10 [79]
0.2 ~2x 108
Ni 473-773 3 x10% 100 0.3 <5 x 10% [80]
Nb 983 5~10 x 10% few-200 0.3 <3.5x 10" [81]
Kovar 773 ~5.7 x 10'® 20 0.25 6.1 x 103 [82]
TiB, coated
773 ~5.7 x 10'® 20 0.015/0.25 1.5x 10% [82]
Kovar
Nb &Nb/Pd 775-975  2.5x 10% 10-100 0.1 <6.3x 10  [83]
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As described at the beginning of this section, for those blankets employing liquid
breeder to serve as a coolant as well (self-cooled breeder), the first wall is to be exposed to
tritium bred in blankets, depending on its dissociation pressure, which may result in GDP.
Shown in figure 1.19 are the equilibrium tritium partial pressures in lithium and lithium
compounds at temperature of 800 K [84]. For FLiBe, which is the candidate breeder for
the FFHR reactor [51], the tritium dissociation pressure is ~10* Pa at a T/M atomic
concentration of ~0.1 ppm.

lO]D

10%
10°

10t

Tritium partial pressure [Pa]
Frrrrrrrrynery e

10710 | I | |
107 10° 107 10 107 10
Tritium concentration in liquid [T/M]

Figure 1.19 Equilibrium tritium partial pressures dissolved in

lithium and lithium compounds [84].

Shown in table 1.5 are some experimental data on gas-driven permeation for various
metals. Compared with the database of PDP, the data on hydrogen isotopes GDP through
metals are much more comprehensive and updated. Hydrogen isotopes transport
parameters in tungsten and several kinds of RAFSs are available. Those GDP experiments
were performed with a driving pressure <10° Pa at a temperature range of 322-2073 K.
Some specific aspects such as trapping [59] and ceramic coatings [63] were also
investigated. However, due to the limitations of GDP setups, the surface recombination

process is difficult to be addressed in these studies.
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Table 1.5 A summary of the GDP experimental data in literature.

Thickness Pressure Temp. = Ep Es

Material Gas Ref.
(mm) (Pa) (K) ev) (V) (V)
F82H 1 H,  1.33x10%10° 423-793 0.39 014  0.25 [85]
F82H 0.5-0.8 D,  5x10%10° 373-743 042 014 0.28 [86]
F82H 0.4 Hy  10%-10° 373-723 0.41 0.15 027 [87]
F82H 050* 0.12  0.38
F82H 1 D, 10%10° 573-873 [88]
o 0.42* 0.08 0.34
(oxidized)
T2 490- 042 008 034
F82H 0.85 8 x10%-5.3x 10° [89]
D, 1000 043  0.083 035
D, 046  0.081 0.37
F82H 1 102103 573-873 [90]
H> 043  0.083 0.34
Batman 0.5-0.8 D, 5x 10%-10° 373-743 043 016  0.26 [86]
MANETII 05 D,  10%10° 633-743 044 014  0.28 [91]
SUS304 500- 068 052 0.6
0.1-0.3 H,  10%10° [92]
SUS316 1200 064 050 014
Fe 0.5 H,  2.8x10%10° 342-619 0.35  0.07  0.28* [93]
Ho 4.3 x 10253 x 037 007  0.30*
Fe 1.33 322-779 [94]
D, 10 038 0.08  0.30*
1173-
W 0.175 H, 0~27x10 143 039  1.04 [95]
2073
673-
W 0.5-2.5 H,  ~10%10 1.10 1.07  0.03 [96]
1473
W 0.114 D,  10%10° 850-950 1.21 096  0.25 [97]

* Estimated value from diffusion and solution coefficients.
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During the last decade, experimental studies on the joint optimization of vacuum
plasma-sprayed tungsten (VPS-W) coatings and F82H substrate were investigated by
Tokunaga et al. [98], Kim et al. [99] and Tanigawa et al. [100]. The microstructure and
thermophysical properties of VPS-W coatings were reported by Yahiro et al. [101] and
Nagasaki et al. [102] to evaluate the possibility of VPS-W coatings as plasma-facing armor.
Besides, surface damage of VPS-W coatings on F82H due to repetitive ELM-like pulsed
deuterium plasma irradiation was investigated by Kikuchi et al. [103] using a magnetized
coaxial plasma gun. There was no indication of exfoliation of the tungsten coatings from
F82H substrate after pulsed plasma exposures. Otsuka et al. [66, 104] reported studies on
the retention and release mechanisms of tritium loaded in VVPS-W coated F82H by plasma
exposure. Tritium depth profile were examined using the tritium imaging plate technique
[105] and the changes of tritium depth profile during storage and after annealing were
monitored. The results supported that retention of tritium is mainly caused by pore
diffusion of gaseous tritium followed by dissolution and trapping in tungsten grains, and

dissolution of tritium into the F82H substrate.

In summary, although tungsten is a candidate coating material for the first wall ( made
of RAFSs such as F82H) of a DEMO reactor, no hydrogen isotopes permeation
experiments, especially PDP experiments, for tungsten coated RAFSs have been reported
in the existing database. Literature data on hydrogen transport parameters for tungsten and
RAFSs are limited because all these data are taken only from GDP experiments and the
surface recombination process under plasma exposure is not sufficiently investigated.
From the viewpoint of fusion engineering study, more efforts are needed to establish the

database of hydrogen isotopes GDP and PDP through tungsten coated RAFSs.
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1.4 Objectives of this work

Evaluation of hydrogen isotopes permeation through the first wall and coatings effects
on hydrogen permeation are of crucial importance to the fusion reactors design work. This
PhD thesis research aims (1) to demonstrate experimentally hydrogen isotopes (H/D)
simultaneous bi-directional permeation predicted for the first wall of a fusion power reactor,
(2) to investigate tungsten coatings effects on hydrogen isotopes GDP and PDP behavior,
(3) to investigate the isotopic effects on hydrogen transport, and (4) to establish a
fundamental database on hydrogen and deuterium transport parameters for designing the

first wall of fusion power reactors.

1.5 Outline of the thesis

This PhD thesis is structured as follows: after this introduction chapter, some theories
and models on hydrogen isotopes transport in solids will be briefly reviewed in Chapter 2.
The laboratory-scale steady-state plasma device: VEHICLE-1 and the permeation setup
will be introduced in Chapter 3. In Chapter 4, studies on hydrogen isotopes gas- and
plasma-driven permeation through a reduced activation steel alloy F82H will be presented,
experimental demonstration of simultaneous bi-directional permeation through F82H will
be shown as well. Hydrogen isotopes GDP and PDP through F82H coated with two
different types of tungsten coatings, i.e., vacuum plasma-sprayed tungsten and sputter-
deposited tungsten will be presented in Chapter 5 and Chapter 6, respectively. Chapter 7
includes the experimental results of hydrogen PDP through a sputter-deposited tungsten
coated F82H permeation probe in the medium size spherical tokamak QUEST, followed

by a summary and implications to reactors design in Chapter 8.
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Chapter 2

Theories on hydrogen isotopes transport in

solids
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In Chapter 1 the phenomena of hydrogen isotopes gas- and plasma-driven permeation
through the first wall of a magnetic fusion reactor have been introduced. The databases of
gas- and plasma-driven permeation experiments have been briefly reviewed as well. This
chapter reviews some of the physical mechanisms involved in the interaction of hydrogen
particles with solids, their diffusion and trapping in the solids, and the surface
recombination allowing them to be released. In the latter part of this chapter, the steady-
state permeation models and hydrogen isotopic effects are shown.

2.1 Entering and release of hydrogen isotopes in solids

2.1.1 Reflection and implantation

When energetic hydrogen atoms or ions impinge on the first wall, a fraction of them
are reflected in a time of < 1072 s [68]. The particle reflection coefficient Ry is defined as
the number of all backscattered particles N divided by the number of incident particles No.
As shown in figure 2.1, the particles backscattered have distributions in energy E, exit polar
angle g, exit azimuthal angle ¢ and charge state g;, depending on the incident energy Eo

and angle «, which may be described by [68, 106]:

f (E0| a, E! ﬂl @, ql) (21)

Then Ry can be obtained by integrating the distributions:

Ry(Eo @) = 3 [T dE [T dB [2" dof (Eo, @ E, B, @, q) sin B. (2.2)
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Figure 2.1 Backscattering of an ion with incident energy
Eo from the surface of a solid [68].

The particles which are not backscattered are implanted into the wall. These particles
will be slowed down by transferring energy to the target electrons (electronic stopping), or
by interaction with the target atom core (nuclear stopping). The mean range of implantation

ions may be calculated by [107]:

7 =1 (Eo dE
d = n-0 s(E)’ (2.3)
where Eo is the incident energy, n is the particle number and S(E) is the total stopping cross-

section from electronic and nuclear stopping.

Based on the binary collision approximation (BCA) [108], several Monte Carlo
simulation codes have been developed for plasma-wall interaction applications, for
example, TRIM [109], ACAT [110] and EDDY [111]. Shown in figure 2.2 are the
calculation results for reflection coefficient of hydrogen on pure iron surface by these codes
[74]. The calculated reflection coefficient decreases as an increase of implantation energy
when Ep is larger than 10 eV. Figure 2.3 shows a calculation on hydrogen implantation
profile in iron by the EDDY code. In general, the implantation range increases with

increasing incident energy.
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Figure 2.2 Particle reflection coefficient of hydrogen on iron

estimated by the Monte Carlo codes [74].
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Figure 2.3 Calculated hydrogen implantation profiles in iron

at different incident energies by the EDDY code.
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2.1.2 Solution

In this section, we review the relationship for solubility assuming thermodynamic

equilibrium between the diatomic hydrogen molecule and hydrogen atoms in a metal:
“H, o H. (2.4)

The hydrogen solubility in metal is proportional to the square root of the partial

pressure of the gas (Sieverts’ law [112]) and the bulk concentration C which can be given

by:
C =SVP, (2.5)

where S is the hydrogen solubility of the membrane material or the Sieverts’ constant which

can be expressed as [107]:
U
S = Soexp(= ), (26)

where Us is the enthalpy of solution, which is positive for endothermal hydrogen-solid
system and negative for exothermal case. k is the Boltzmann’s constant and T is the

temperature (K).

2.1.3 Diffusion and trapping

The dissolved hydrogen atoms may transport in the lattice by random-jumping
migration between interstitial lattice positions, or be trapped by defects and impurities in
the lattice. Figure 2.4 shows a schematic energy diagram for hydrogen in metals [107]. It
can be seen that the trapping sites expose a higher binding energy than regular solution
sites. The behavior of one-dimensional hydrogen transport in a solid with trapping sites

can be described by the following equations [113]:
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aC(xt) 9%C(x,t) _0Ce(xt)

== =DM — =+ 6 t) (2.7)
0C(x, C(x,t)CE(x,t U

28D = p(r) “EZEED — ¢, (x, ) veexp(— 12 (28)
Ce(x,t) = C2(x) — Ce(x, 1), (2.9)

where C(x,t) and C(x,t) are the concentrations of mobile and trapped atoms as a function
of position x and time t; D is the diffusion coefficient; T is the temperature; G(xt) is the
hydrogen implantation profile; C2(x) and C¢(x) are the concentrations of intrinsic and
empty trapping sites, respectively; A is the mean distance between trapping sites; ¢ is the
jumping frequency; Kk is the Boltzman’s constant and Uy is the de-trapping energy. Equation
(2.7) indicates that trapping sites introduced by neutron or energetic particle bombardment

will only affect the initial transient permeation behavior.
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Figure 2.4 Schematic energy diagram for hydrogen in metals (replotted from
[107]). Us, Uc, Ut and Up are the enthalpies of solution,
chemisorption, trapping and precipitation. Um is dissociation

energy and Up is the activation energy for diffusion.
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Hydrogen diffusion through metals is thermally activated process, thus it features an
Arrhenius-type dependence on temperature and can be expressed as [114]:

D = Dyexp(—=2), (2.10)

where Do is the pre-exponential containing the jumping frequency and lattice structure

information, and Up is the activation energy for diffusion.

2.1.4 Surface recombination

With the exception of extremely high temperatures, hydrogen is released from the
surface of a solid via the recombination of dissolved atoms to hydrogen molecules [115].
The recombination flux (i.e., re-emission flux) J- is proportional to the square of the

hydrogen concentration at the surface C [107]:
J- =K,.C?, (2.11)

where K; is the recombination coefficient.

Based on the idealized energy diagram shown in figure 2.4, several models for
estimating K, have been proposed (see Ref. [116-118]). Baskes [116] gave a simplified

method to calculate the recombination coefficient and the K; is given as:

K, U
K, = \/—%exp(— k—?), (2.12)

where Uk is the activation energy of recombination and Uk = Up+Us when Up+Us > 0;
and Uk = 2Us when UptUs < 0. Ko is a pre-factor which is related to the solubility,

diffusivity and surface sticking coefficient.
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2.2 Steady-state GDP models

2.2.1 Diffusion limited GDP

According to the Fick's first law, the one-dimensional steady-state hydrogen
permeation flux J. controlled by diffusion is generally given by [119]:

— _poc
Jo=-D2, (2.13)

where D is the hydrogen diffusivity, 6C/0Ox is the hydrogen concentration gradient.

The upstream and downstream pressures are denoted by P and P2. The downstream
side is normally kept in high vacuum (P> =0), hence the hydrogen concentration at the

downstream surface is almost zero. The solution of Fick’s first law is [120]:

J2(©) = 221+ 25, (- D" exp(E0) 214

LZ
where L is the membrane thickness.

The total amount of hydrogen which has permeated through the membrane per unit

area can be written as:

Q) = [Jdt = = [~ L 22w v, Sl exp ()] (219)

L
6D m2D 2 L2

The diffusivity D can be measured from the transient permeation behavior by fitting
the transient permeation flux data as shown in figure 2.5(a) [85]. Diffusivity can also be
estimated either by the so-called time-lag method t=L%/6D [120], at which a line fitted to
the asymptotic region of the time-integrated flux Q(t) curve intersects the time axis (figure
2.5(b)), or by measuring the breakthrough time t,=L%/15.3D [121]. All of the above-
mentioned three methods can be used to obtain D, depending on the experimental data
conditions. For example, if the transient curve is not available, D can be measured from
the steady-state data by time-lag method. On the other hand, breakthrough time

measurement would be useful when the permeation flux cannot reach steady-state.
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Figure 2.5 An example of diffusivity measurement: (a) fitting
the transient GDP flux curve, and (b) time-lag from
time-integrated GDP flux [85].

Steady-state permeation rate J, is driven by the difference of the hydrogen
concentration at the upstream and downstream surface. Hence, the Eq. (2.14) becomes:

Joo = 2L, (2.16)

L

where @ is the permeability of hydrogen through a solid and @=DS. D and S are assumed
to be independent of hydrogen concentration and time, being only a material property. The
right term in Eq. (2.16) is valid also for multi-layer membrane if @ represents the effective

permeability coefficient Pess.
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Experimental evidence of diffusion limited permeation is /., o +/P in contrast to /.,
P which is characteristic for surface limited permeation regime. In general, the diffusion
limited permeation regime is valid at high driving pressures P. More detailed conditions
on validity of each permeation regime can be found in Ref. [122-123] for single-layer
membrane and in Ref. [124] for multi-layer membranes.

2.2.2 GDP through a two-layer membrane

Coating the membrane with an additional layer (barrier) always results in the reduced
permeation if diffusion remains the rate limiting process. The experimental proof of the
barrier efficiency is a relative reduction of the steady-state permeation flux measured at the
identical conditions (P, T). Its definition is the ratio of the steady-state permeation rate
through the uncoated membrane versus one through the coated membrane, termed as the

permeation reduction factor (PRF):

PRF = luncoated (2.17)

Jcoated

The larger the PRF, the greater the efficiency of the coating material. Such membrane
can be modeled as a membrane composed of two homogeneous layers. Its effective
permeability @esr is based on the sum of permeation resistances for each layer. For a two-
layer membrane, the @ can be expressed as [125]:

L Ly, L
Derfr P11 P2

, (2.18)

where indices denote layer 1 and 2, while the membrane thickness L=L1+L,.

Shown in figure 2.6 is a schematic illustration of hydrogen diffusion through a two-
layer membrane showing concentration profile [126]. In contrast to the heat conduction
where the temperature profile is continuous through the multi-layer membrane, the
hydrogen concentration profile is not continuous through multi-layer membrane. Instead,

the hydrogen chemical potential is continuous. Usually one suppose that the hydrogen
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concentration ratio at the interface is equal to the ratio of hydrogen solubilities in these
materials [127]:

iR (2.19)

Ci  S2

where index i denotes the position at the interface.

C s
C, Membrane
:ng;'
CI)I' I Cj,
0 ! "X
LI : Lz

Figure 2.6 Hydrogen diffusion through a two-layer membrane

showing concentration profile (replotted from [126]).

By measuring the steady-state permeation fluxes of coated and uncoated membranes
one can obtain the permeability for the coating material using Eqgs. (2.16) and (2.18).
Further determination of solubility and diffusivity requires measurements of transient
permeation fluxes. The time-lag method can be used to evaluate the diffusivity. For a two-
layer membrane permeation, the time-lag t; can be described as [128]:

L2
=2

(2= +22) 4L Loy alayy il alayog (2.20)

6D; 2D, D, “2D; 6D, “D; = D,

where a=S1/S>. The effective diffusivity Des can be obtained by measuring the time-lag t>

of the two-layer membrane as Dess =(L1+L2)?/6t;. Then Eq. (2.20) can be reformed as [129]:
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2= (14 3BV + O + D% 22 = 22(3 + V], (2.21)

D,

where f= &1/®, and A1=Lo/L:. Egs. (2.20) and (2.21) are invariant to relative position of
layers (1 < 2), hence the transient permeation as well as the steady-state permeation are

not influenced by the order of the layers.
The solubility is usually obtained from the measured & and D using ®@=DS.

In summary, the measurements of steady-state permeation flux and time-lag of bare
and coated membranes enable the evaluation of permeability, diffusivity and solubility of

the coating material.

2.3 Steady-state PDP models

For plasma-driven permeation, three regimes are considered [130-131]: (1) diffusion-
limited hydrogen release from both the upstream and downstream surfaces (to be referred
to as the DD regime), (2) recombination-limited hydrogen release from the upstream
surface and diffusion-limited hydrogen release from the downstream surface (to be referred
to as RD regime), and (3) recombination-limited hydrogen release for both surfaces (to be

referred to as RR regime).
The rate controlling process can be characterized by the dimensionless parameter W
[130]:

W =S (k)2 (2.22)

where d is the implantation range, Jo is the net implantation flux and K is the recombination
coefficient on the upstream surface. Shown in figure 2.7 (a) is the normalized hydrogen
concentrations as a function of W, assuming the ratio of the implantation range and the

membrane thickness a = d/L =10, and the surface conditions for the front surface and
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back surface are the same (f = K+/Ki =1). Co, Cp and C: are the hydrogen concentrations at

the upstream surface, implantation range, and downstream surface, respectively.
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Figure 2.7 (a) Normalized hydrogen concentrations as a function of W (reedit from
[130]) and (b) sketches of the steady-state hydrogen concentration profiles
for the three regimes. Co is the hydrogen concentration at the plasma-side
surface. C; is the hydrogen concentration at back-side surface while C, is

the hydrogen concentration at the implantation depth d.
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The overall hydrogen transport is controlled by the slowest process and the parameter
W may be regarded as a competition between the diffusion and recombination processes.
For W > 1, which is possible when hydrogen is deeply implanted and diffusion is slow
compared with surface recombination, the concentration is peaked at the implantation
range d (Co = 0, C1~0, as shown in figure 2.7(b)). This regime is the DD-regime. For of
<W<1, C, = Coand C; = 0, indicating recombination-limited hydrogen release at the
upstream surface and diffusion-limited hydrogen release at the downstream surface. If W
< af, the hydrogen concentration is uniform throughout the membrane (Cp ~ Co = C1) and

PDP is in the RR regime.

The steady-state hydrogen plasma-driven permeation flux J« is given by the following

formulae:
Ji = %]0 (DD regime) (2.23)
_D ) :
I = A (RD regime) (2.24)
Iy = K:i’Kl (RR regime) (2.25)

It should be pointed out that:
1) In the DD regime, J+ is not related to the surface recombination coefficients.

2) In the RD regime, J+ is only affected by the upstream surface recombination
coefficient, but not the downstream surface condition. Meanwhile, only in this regime J+

is proportional to the square root of the net implantation flux Jo.

3) Inboth DD and RD regimes, J- is inversely proportional to the membrane thickness

L. In contrast, J+ is not affected by membrane thickness in RR regime.
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2.4 Isotopic effects

Isotopic effects on hydrogen transport can be divided into two classes [132], i.e.,
intrinsic effects and synergistic effects. The former class is related to the differences in the
transport properties of each of the individual isotopes, for example, the isotope dependence
of the diffusivity, the heat of transport and trap strength. The latter class is due to the
competition of the various isotopes for traps and the coupling of isotopes through the

process of surface recombination.

It is commonly assumed that the ratio of diffusivity of hydrogen isotopes is equivalent
to the inverse ratio of the square root of the masses of the isotopes:

Du _ |mp

oo = | mn (2.26)
where D and m are the diffusivity and mass of the respective isotope, and the subscripts H
and D refer to hydrogen and deuterium, respectively. Similar expressions can be written

for tritium and simplified as:

Dy = V2Dp = /3Dy, (2.27)

where the subscript T refers to tritium. These relationships between isotopes stem come
from the classical rate theory, which relates diffusivity to atomic vibrational frequency and
the frequency is inversely proportional to isotopic mass. The activation energy for diffusion
is also assumed to be independent of the mass of the isotope. It is assumed that Egs. (2.26)
and (2.27) show a good approximation for both permeability and diffusivity. The solubility
(S = @/D), however, is governed by the heat of solution, which is independent of the mass

of the isotope.
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Taking into account the isotopic effects, the one-dimensional hydrogen transport
process described in Egs. (2.7)-(2.9) can be modified as [133]:

aci(xt) _ 82¢J (x,t) ac (x,t)

ot = D](T) 32x - Zi tat + G](x, t) (228)
acy (x,t) COOCE(x.t) i Ul

CE = Di(T) T — ¢ (x, ) veexp(— ) (2.29)
Cel(x,t) = Co(x) — X, ¢/ (%, 1), (2.30)

where €/ (x,t) and C,fj (x,t) are the concentrations of mobile j™ species and trapped j"
species in the i trapping site; Dj is the diffusion coefficient of the j™ species; T is the
temperature; Gj(x,t) is the hydrogen implantation profile of the j™ species; U} is the de-
trapping energy of the i trapping site; C2*(x) and C(x) are the concentrations of

intrinsic and empty i trapping sites, respectively.

2.5 Summary

In this chapter, the physical mechanisms involved in the hydrogen permeation
processes are introduced. When hydrogen particles impinge on solids, a fraction of them
will be immediately reflected. For those hydrogen atoms implanted into the solid, they will
either transport in the lattice of solids, or be trapped by defects and impurities. Finally, the

mobile atoms will be released as molecules by surface recombination.

The theories on hydrogen isotopes transport in solids have been well developed and
some hydrogen transport cases can be analytically or numerically solved. This PhD thesis
work tries to utilize these theories to explain the observations in various permeation
experiments. Using the equations describing the transient and steady-state hydrogen
transport behavior, the permeation properties of various materials can be evaluated and the
transport parameters such as diffusivity, permeability, solubility and surface recombination

coefficient can be measured.
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The steady-state PDP models show the relation between the net implantation flux Jo
and the permeation flux J+ in different regimes, which indicate the potential methods to
suppress J+. Taking the RD regime as an example, one would consider either increasing
the front surface recombination coefficient or increasing the membrane thickness to reduce
J+ for the first wall made by a certain material. However, as pointed out in Chapter 1,
thermo-mechanical stresses would not allow us to consider thick first wall designs. This
leads us to the use of coatings on the plasma-facing surfaces, which are presented in detail
in Chapter 5 and Chapter 6.

47



48



Chapter 3

Experimental
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3.1 Linear plasma facility: VEHICLE-1

3.1.1 The VEHICLE-1 facility

Hydrogen isotopes gas- and plasma-driven permeation experiments are carried out in
a steady-state liner plasma facility: VEHICLE-1 [134]. Figure 3.1 shows (a) a picture and
(b) a schematic diagram of VEHICLE-1 (the Vertical and Horizontal positions
Interchangeable test stand for Components and Liquids for fusion Experiments). The
VEHICLE-1 facility employs a 1 kW 2.45 GHz electrical cyclotron resonance (ECR)
plasma source which can generate steady-state plasmas. These plasmas are guided by
magnetic field, flowing linearly down to interact with the permeation membrane located in
the middle of the test chamber. For well-diagnosed experiments, VEHICLE-1 is installed
with two movable Langmuir probes, an optical spectrometer, a total and partial pressure
gauge for plasma characterization, and equipped with an infrared pyrometer,
thermocouples and a resistive heater for temperature measurements and control,

respectively.

ECR Plasma
source

(b) PRI

<+— Wave guide

Magnet
Probe I Plasma column
Pneumatic Optical spectrometer
shutter «—» IR pyrometer
Probe I Test

chamber

| |

Turbo

7777777707777 7777

Figure 3.1 (a) The VEHICLE-1 facility and (b) a schematic
diagram of the device.

50



3.1.2 ECR discharges

For ECR discharges, described in figure 3.2 [135], a circularly polarized microwave
propagates along the DC magnetic field lines to a resonance zone, where the wave energy
is absorbed by a collisionless heating mechanism. One or several magnetic field coils are
used to generate a nonuniform, axial magnetic field within the chamber. When a low-
pressure gas is introduced, the gas breaks down and a discharge forms inside the chamber.
The plasma streams or diffuses along the magnetic field lines into a process chamber
toward a wafer holder. Energetic ions and free radicals generated within the entire
discharge region (source and process chambers) impinge on the wafer. ECR discharges are
generally excited at microwave frequencies (e.g., 2.45 GHz), and the wave absorption
requires application of a strong DC magnetic field (875 Gauss at resonance).
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Figure 3.2 A typical ECR system: (a) geometric configuration and (b) axial

magnetic field variation, showing resonance zone [135].
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3.1.3 The permeation setup in VEHICLE-1

Shown in figure 3.3 is a schematic diagram of the GDP and PDP setup in VEHICLE-
1. For GDP experiments, hydrogen (or deuterium) is introduced from a gas cylinder into
the closed volume, the gas pressure is in the range of 103-10° Pa. An absolute pressure
gauge has been used to measure the gas pressure at the high pressure side, while hydrogen
permeation flux is detected by a quadrupole mass spectrometer (QMS) at the downstream
side. A resistive heater is set beneath the membrane to control the temperature.

For PDP experiments, the plasma density is of the order of 10'° cm™ and the electron
temperature is ~5 eV measured by a Langmuir probe in front of the sample. The ion
bombarding energy is set at -100 V by applying a negative DC bias on the sample. Plasma
exposure is controlled by a pneumatically-operated shutter made of molybdenum, the

opening time of which is ~20 ms.

For simultaneous bi-directional deuterium PDP and hydrogen GDP experiments, the
gate valve is closed and an ultra-high vacuum variable leak valve is used to control the

amount of hydrogen gas flow. It enables the gas flow of remarkably small amount with
controllable leakage less than 6.7 x 10° Pa m®/s. Therefore, the QMSII can be operated
with high pressure hydrogen gas filled in the closed volume. The PDP deuterium flux is
detected by QMS II, while the GDP hydrogen flux is detected by QMS I througha 1 mm

diameter orifice in the opposite direction.
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Figure 3.3 A schematic diagram of the gas-driven and plasma-driven
permeation setup in VEHICLE-1. Two QMSs have been installed

so that bi-directional permeation experiments can be performed.

3.1.4 Mass spectrometry

The mass spectrometer is essentially an instrument which can be used to measure the
mass, or more correctly the mass/charge ratio, of ionized atoms or other electrically
charged particles. The first mass spectrograph was invented by A. Dempster et al. [136],
and have therefore been in continuous development over a long period. The principle of
using electric and magnetic fields to accelerate and establish the trajectories of ions inside

the spectrometer according to their mass/charge ratio is common to all the different designs.
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The following description of Dempster’s original mass spectrograph, as shown in figure

3.4 [137], is a simple illustration of these physical principles.

1) Magnetic sector spectrograph

Blisacy
LD

b,
A

raas
.1
X7

Figure 3.4 Dempster’s mass spectrograph [137]. Atoms/molecules are first ionized by
electrons emitted from the hot filament (F) and then accelerated towards
the entrance slit (S1). The ions then follow a semicircular trajectory
established by the Lorentz force in a uniform magnetic field. The radius of
the trajectory, r, is defined by three slits (S1, Sz, and Ss). lons with this
selected trajectory are then detected by the detector (D).

Equating the Lorentz force with the centripetal force gives:

N

mv

qu = T ) (31)

where ¢ is the charge on the ion, B is the magnetic field, m is the mass of the ion and r is

the radius of the ion trajectory.
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Classically, the speed of the ion, v, is related to its accelerating voltage V, by

Zmv? =gV, (3.2)

2

Eliminating v from Egs. (3.1) and (3.2) gives:

m _ B%r?
m_tr (3.3)

2V

Therefore, for fixed radius of curvature, an ion with a particular mass/charge ratio (m/q)
can be isolated and measured by an appropriate combination of magnetic field B and
accelerating voltage V. In these early designs, it was convenient to fix B (using a permanent
magnet) and scan V in order to measure the mass spectrum of the different species present

in the vacuum chamber of the spectrometer.

i) Quadrupole mass spectrometer

In practice, it is difficult to achieve very stable and spatially uniform magnetic fields,
especially with permanent magnets. These difficulties can lead to degradation of the mass
resolution and drifts in the calibration of the instrument. In addition, the presence of stray
magnetic fields can affect other instruments that may be used in conjunction with a mass
spectrometer. In the early 1950’s it was found that the use of magnetic fields could be
eliminated by a design which uses alternating quadrupole electric fields rather than
magnetic fields, hence the name quadrupole mass spectrometer. This is the design that is
currently in widespread use for residual gas analysis. It is highly stable and has excellent
mass resolution. With high sensitivity electron multipliers, it can measure partial pressures

down to 102 Pa.

A quadrupole mass spectrometer (QMS) consists of an ionizer (bombardment by
electrons from a hot filament), an ion accelerator, and a mass filter consisting of four
parallel metal rods arranged as shown in the figure 3.5 [137]. Two opposite rods have an
applied potential of (U + Vcos(wt)) and the other two rods have a potential of -(U +

Vcos(wt)), where U is a DC voltage and Vcos(wt) is an AC voltage. The applied voltages
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affect the trajectory of ions traveling down the flight path centered between the four rods.
For given DC and AC voltages, only ions of a certain mass/charge ratio pass through the
quadrupole filter and all other ions are thrown out of their original path. A mass spectrum
is obtained by monitoring the ions passing through the quadrupole filter as the voltages on
the rods are varied. There are two methods: varying o and holding U and V constant, or

varying U and V with (U/V) fixed for a constant angular frequency, ®.
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(hot filament) X

Figure 3.5 Schematic of a quadrupole mass filter [137].

The general principle of operation of the mass filter can be visualized qualitatively as
follows: light ions (low mass/charge ratio) are able to follow the alternating component of
the field. For the X-direction, those ions will stay in phase with the RF drive, gain energy
from the field and oscillate with increasingly large amplitude until they encounter one of
the rods and are discharged. Therefore the X-direction is a high-pass mass filter: only high
masses will be transmitted to the other end of the quadrupole without striking the X-
electrodes. On the other hand, in the Y-direction, heavy ions will be unstable because of
the defocusing effect of the DC component, but some lighter ions will be stabilized by the
AC component if its magnitude is such as to correct the trajectory whenever its amplitude
tends to increase. Thus the Y-direction is a low-pass mass filter: only low masses will be
transmitted to the other end of the quadrupole without striking the Y electrodes. By a
suitable choice of RF/DC ratio, the two directions together provide a mass filter which is

capable of resolving individual atomic masses.
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The attractive features of the quadrupole as a mass analyzer are evident from the above
discussion: the quadrupole provides a convenient filter which can be tuned to the desired
mass by varying the amplitude of the RF voltage, V; the mass selectivity (resolution) can
also be varied electronically by simply adjusting the DC/RF ratio. Simultaneously varying
the amplitude of the DC and RF voltages (at fixed ®) allows the entire mass spectrum to

be scanned.

3.1.5 Emission spectroscopy and line radiation

Emission spectroscopy can provide information about the particle densities and
temperatures by a measurement of the atomic line intensities or the line profiles [68, 138].
The emission is determined by electron impact excitation and radiative decay.

Implant Zone

Incident Flux L° f
. Intrinsic and Neutron
4[\\\ a Generated Traps
N }
N !
e .
/
Recycling Permeation
Reflection and Isotopic Exchange
Recombination : or Recombination
(chlz) oo fK._,RC;)
“4—| Enhanced Trapping in
/l : Implant Zone
/ .
<
N\ \I
Plasma T First Wall Coolant

Figure 3.6 Hydrogen recycling process at the surface of

fusion reactor plasma-facing materials [115].
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Figure 3.6 shows the hydrogen recycling process at the surface of plasma-facing
materials [115]. Recycling is defined as the rate of return of the cold hydrogen to the
plasma, controlling the fueling rate and lowering the plasma temperature. Recycling

includes the reflection and re-emission hydrogen fluxes.

In the case of ion beam experiments, assuming that the background level is low, the
partial pressure of hydrogen recycled due to re-emission and reflection from the target
material is generally used as the measure of recycling. In the case of plasma experiments,
however, because hydrogen is the feed gas for plasma generation and its partial pressure is
rather high, partial pressure measurements would not serve for the same purpose. Therefore,
spectroscopic measurements focused on the H, light have been conducted in the present
work. To briefly mention the atomic physics processes related to the H, spectroscopy,
electron impact excitation of hydrogen up to n=3 followed by relaxation down to n=2,
where n is the principal quantum number, induces photon emission with the particular wave
length of 656.3 nm, referred to as H,, light. There are two origins of H, photons: one from
reflected hydrogen atoms; the other from those generated by the dissociation of reemitted
molecules. Therefore, one expects that the intensity of H, light may be used as the measure

of hydrogen recycling and is expressed as [139]:

Iy, = neny < ov > (3.4)

where I, is the H, light intensity, n, is the electron density, ny is the atomic hydrogen

density and < ov > is the excitation rate coefficient.

In addition to H, spectroscopy, visible light measurements have been conducted in the
VEHICLE-1 device. One finds in figure 3.7 that the visible light is essentially composed
of H. and Hp lights under the typical experimental conditions (ECR power: ~400 W,
hydrogen gas pressure: ~0.1 Pa, DC bias: -100 V). Therefore, the visible light intensity

profile to be shown in Chapter 4 may be treated as an indicator of hydrogen recycling.
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Figure 3.7 Major components in the visible light wave length
range (data taken in the VEHICLE-1 device).

3.2 Plasma characterization

3.2.1 Langmuir probe

The electron density (ne) and electron temperature (Te) can be measured by Langmuir
probes. A Langmuir probe consists of a bare wire or metal disk (figure 3.8), which is
inserted into a plasma and electrically biased with respect to a reference electrode (shown
in figure 3.9) to collect current-voltage 1-V characteristic curve as the applied bias voltage

sweep from a negative to a positive potential [140-141].
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Figure 3.8 The Langmuir probe used in VEHICLE-1.

Plasma

Langmuir probe

Figure 3.9 A simple Langmuir probe schematic.
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The plasma parameters including ne and T. can be obtained by analyzing the 1-V
characteristic curve. The I-V characteristic curve, as described in figure 3.10, can be
divided into three regions [141-142]: (a) the electron saturation region, (b) the electron

retardation region, and (c) the ion saturation region.
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Figure 3.10 A characteristic I-V curve of Langmuir probe [141].

(a) In the electron saturation region the probe is biased positively with respect to the

plasma potential. Negative ions and electrons are attracted to the probe and electron
saturation occurs.

(b) When the probe is biased negatively with respect to the plasma potential the probe
attracts electrons which are energetic enough to overcome the potential barrier. If the
electron distribution is in thermal equilibrium the electron current is exponential with

respect to the applied voltage and the slope of the exponential region yields the electron
temperature.

(c) For increasingly negative potentials with respect to the plasma potential the point
is reached where no electrons reach the probe and only positive ions are collected. This
region yields the ion number density in the plasma.
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The way in which the 1-V characteristic is analyzed is vital to the accuracy of the
measured plasma parameters. The zero second derivative method is a simple and efficient
analysis routine to calculate the plasma parameters including plasma potential (Vp), floating

potential (Vs), electron temperature (Te) and electron density (ne).

Plasma potential, Vp: The I-V characteristic goes through an inflection at the plasma
potential. At the plasma potential there is no potential between the probe and the plasma
and the current measured is due to thermal electrons and ions in the plasma. The inflection
point on the I-V characteristic can be accentuated by taking the first and second derivative
of the current with respect to the applied voltage. The first derivative goes through a
maximum at the plasma potential and the second derivative is equal to zero at the plasma

potential.

Floating potential, V. The negative potential which develops on a floating probe is
known as the floating potential. There is no net current flow through the probe and V: will
repel sufficient electrons to equate the ion and electron fluxes. The voltage point on the I-

V curve is the point at which the net current (1) is equal to zero.

Electron temperature, Te: The electron temperature is calculated by taking the current
measured at the plasma potential, 1(Vp) and dividing it by the integral of the I-V curve from
Vito Vyp, [143]:

1(Vp) 1
—_—= 3.5
f“//;’l(v)dv KTe (3.5)

This method of calculating Te is less sensitive to noise than the more common

technique of calculating Te by dividing 1(Vp) by the derivative of the I-V characteristic.

Electron density, ne: The electron density is calculated from the current measured at

the plasma potential using the following equation [143]:

n, = o) 2rmey; (3.6)
p

e2kT,
where A, is the area of the probe, me is the mass of electron and e is the electronic charge.
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3.2.2 Plasma parameters in VEHICLE-1

The data of neand Te in VEHICLE-1 measured by the Langmuir probe are shown in
figure 3.11 as a function of ECR power and in figure 3.12 as a function of hydrogen
pressure, respectively. For the ECR power dependence measurements, the hydrogen
pressure is maintained at ~0.2 Pa and DC bias is set at -100 V. The electron density
increases with increasing ECR power, which, however, is not the case with the electron
temperature. In figure 3.11, the ECR power and DC bias are set at 200 W and -100 V,
respectively. The plasma density increases with increasing hydrogen gas pressure while

the electron temperature shows an opposite trend.
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Figure 3.11 Plasma density and electron temperature as a

function of ECR power.
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Figure 3.12 Plasma density and electron temperature as a

function of hydrogen pressure.

The ion species mix of the hydrogen plasmas has been estimated in our previous work
using a zero-dimensional model (as shown in figure 3.13) [144]. The modeling results
indicate that H} is the dominant ion species at the electron temperature and neutral
hydrogen gas pressure (~0.1 Pa) in our experiments. The concentration of H* increases as
the increase of electron temperature and becomes the dominant species when the electron

temperature is higher than 4 eV.
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Figure 3.13 Estimation of the ion species mix using the

zero-dimensional model [144].

Then the net implantation flux Jo into a membrane at a certain bias voltage can be

expressed in the following manner [145]:

_ v3 (-Rnp)jNg |k(Te+T;)
]O - j=1 2 mH_!- ’ (3.7)
j

where k is the Boltzmann’s constant, Te and Ti (Ti = 0) are the electron and ion temperatures,
respectively, and Rk is the particle reflection coefficient calculated from the Monte Carlo
program, SRIM (see figure 2.2 of Chapter 2). The net implantation flux is estimated to be
of the order of 10%° ~ 10 H cm? s for VEHICLE-1 hydrogen plasmas.

As presented in Section 1.3 of Chapter 1, the cross-field particle flux to the first wall
of a fusion power reactor has been estimated to be of the order of 10® atoms cm? s, It is
thus believed that the plasma bombardment conditions in VEHICLE-1 are relevant to those

to be seen in the first wall environment of fusion reactors.
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3.3 Thermal desorption spectroscopy

Thermal desorption spectroscopy (TDS), also known as temperature programmed
desorption (TPD), is the method of observing desorbed gases from a sample. The gas is
desorbed by heating the sample while the pressure in the system is recorded, the resulting
pressure-time curve will be referred to as a “desorption spectrum”. If the temperature-time
relation for sample heating is suitably controlled, the desorption spectra can be analyzed to
provide information on various adsorption parameters. This information includes [146]: (1)
the number of the various desorbing phases and the population of the individual phases, (2)
the activation energy of desorption of the various phases, and (3) the order of the desorption

reaction.

In this PhD work, the deuterium retention data are taken by the TDS method. Shown
in figure 3.14 is the TDS facility which employ an infrared heater with a maximum output
power of ~1500 W. The samples can be heated to a temperature of ~650 °C at a ramp rate
of 0.3-3 °C/s. The temperature is measured by a thermocouple attached to the sample
surface. The amount of retained deuterium is determined by integrating the partial

pressures of D2 and HD during thermal desorption.
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&l Thermocouple)
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Figure 3.14 (a) The TDS facility and (b) a schematic
diagram of the device.

3.4 Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS), as shown in figure 3.15, is a technique used
to analyze the composition of solid surfaces and thin films by sputtering the surface of the
specimen with a focused primary ion beam and collecting and analyzing ejected secondary
ions [147]. The mass/charge ratios of these secondary ions are measured with a mass
spectrometer to determine the elemental, isotopic, or molecular composition of the surface.
Due to the large variation in ionization probabilities among different materials, SIMS is
generally considered to be a qualitative technique, although quantitation is possible with
the use of standards. SIMS is the most sensitive surface analysis technique, with elemental

detection limits ranging from parts per million to parts per billion. In this work, the
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deuterium depth concentration profile in tungsten coated F82H steel after PDP has been
measured by SIMS. A brief overview of the SIMS technique are introduced as follows.

Figure 3.15 The principle of the secondary ion mass spectrometry.

Generally, a secondary ion mass spectrometer consists of (1) a primary ion
gun generating the primary ion beam, (2) a primary ion column, accelerating and focusing
the beam onto the sample, (3) high vacuum sample chamber holding the sample and the
secondary ion extraction lens, (4) a mass analyzer separating the ions according to their
mass to charge ratio, and (5) a detector. Static SIMS concentrates on the first top monolayer,
providing mostly molecular characterization, while in dynamic SIMS mode, bulk
composition and depth distribution of trace elements are investigated with a depth
resolution ranging from sub-nm to tens of nm. Shown in figure 3.16 is a schematic diagram

of a typical dynamic SIMS instrument [148].
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Figure 3.16 Schematic of a typical dynamic SIMS instrument [148]. High
energy (usually several keV) ions are supplied by an ion gun (1 or 2)
and focused on to the target sample (3), which ionizes and sputters
some atoms off the surface (4). These secondary ions are then
collected by ion lenses (5) and filtered according to atomic mass (6),
then projected onto an electron multiplier (7, top), Faraday cup (7,
bottom), or CCD screen (8).

Three types of ion guns are employed [148]. In one, ions of gaseous elements are
usually generated with duoplasmatrons or by electron ionization, for instance noble
gases (Ar*, Xe*) or oxygen (O~, 0F, 03). This type of ion gun is easy to operate and
generates roughly focused but high current ion beams. A second source type, the surface
ionization source, generates Cs* primary ions [149]. Cesium atoms vaporize through a
porous tungsten plug and are ionized during evaporation. Depending on the gun design,
fine focus or high current can be obtained. A third source type, the liquid metal ion gun,
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e.g. gallium, operates with metals or metallic alloys, which are liquid at room temperature
or slightly above. The liquid metal covers a tungsten tip and emits ions under influence of
an intense electric field. The choice of the ion guns depends on the required current, the
beam dimension and the injected secondary ions to be analyzed. Oxygen primary ions are
often used to investigate electropositive elements due to an increase of the generation
probability of positive secondary ions, while cesium primary ions often are used when
electronegative elements are being investigated. For short pulsed ion beams in static SIMS,

liquid metal ion guns are most often deployed for analysis.

Depending on the SIMS type, there are three basic analyzers available [150]: sector,
quadrupole, and time-of-flight. A sector field mass spectrometer uses a combination of an
electrostatic analyzer and a magnetic analyzer to separate the secondary ions by their mass
to charge ratio. A quadrupole mass analyzer separates the masses by resonant electric fields,
which allow only the selected masses to pass through. The time of flight mass analyzer

separates the ions in a field-free drift path according to their velocity.

3.5 Sample preparation

The F82H permeation samples are cut from the F82H plates used in the JFT-2M
tokamak at JAEA [151]. The samples are prepared in the same dimensions as those
commercially available conflat (CF) flanges with an outer diameter of 70 mm, except that
a circular area of ~35 mm in diameter inside the knife-edge is machined down to
thicknesses of 0.5 mm to 2 mm to use as permeation membranes, as shown in figure 3.17
(a) and (b). Plasma-facing surfaces of the membranes are mechanically polished and then
cleaned in an ultrasonic bath. a-Fe samples are also prepared in the same way used in some

of the experiments as a reference material.

For the PDP experiments, the plasma-facing side of the membrane is covered by a

stainless steel mask which has a 35 mm diameter opening in the middle. Although the
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diameter of the cylindrical plasma column is ~70 mm, only the central membrane area of
the sample is exposed to the plasma, as shown in figure 3.17 (c) and (d).

(b)
Membrane

N

(2) | BT _

CF flange

Figure 3.17 (a) A picture of the permeation membrane sample with
dimensions, (b) a schematic diagram of the permeation membrane,
(c) a sample installed with a mask and (d) a sample exposed to

hydrogen plasma in the VEHICLE test chamber.

The concept of the vacuum plasma spraying process is illustrated in figure 3.18 [98].
The vacuum plasma-sprayed tungsten (VPS-W) coatings used in this work are prepared on
the surface of F82H flanges. Blast treatment has been carried out for the F82H substrate
surface before vacuum plasma spraying process. The thickness of VPS-W coatings varies
from 40 pum to 200 pum. The deposition temperature is ~600 °C, which is below the F82H

phase transformation temperature (~750 °C) so as to keep its good performance. The
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average size of W powder particles is ~25 pum. The average density of VPS-W coatings has
been evaluated to be ~90% of bulk W.
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Figure 3.18 A schematic diagram of the vacuum plasma

spraying process [98].

Figure 3.19 shows the schematic diagram of the physical sputter-deposition process
[152]. The sputter-deposited tungsten (SP-W) coatings are deposited on the F82H flanges
surface as well. The F82H substrate surface is mechanically polished before sputtering.
The thickness of SP-W coatings varies from ~0.5 um to ~5 um. The temperature of F82H
substrate is kept at ~300 °C during argon ions sputter-deposition process. The argon gas
pressure is ~0.19 Pa. Dense and pore-free W coatings can be produced by this technique.
The density of SP-W coatings is evaluated from the weight increase and film volume after
W deposition, which is 19.2 g/cm®, ~99.5% of bulk W.
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Figure 3.19 A schematic diagram of the physical sputter-
deposition process [152].

3.6 Summary

In this chapter, a laboratory-scale steady-state plasma facility VEHICLE-1 has been
introduced. The plasma parameters in VEHICLE-1 have been characterized. Taking into
account the ion species mix and surface particle reflection, the plasma bombardment
conditions in VEHICLE-1 are believed to be relevant to the first wall environment of fusion
reactors. The thermal desorption spectroscopy and secondary ion mass spectrometry are
briefly reviewed. Samples including bare F82H membranes, VPS-W coated F82H and SP-
W coated F82H membranes are prepared. Hydrogen isotopes gas- and plasma-driven
permeation data obtained in the VEHICLE-1 facility will be presented in Chapter 4,
Chapter 5 and Chapter 6.
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Chapter 4

Bi-directional hydrogen isotopes gas- and
plasma-driven permeation through a reduced

activation steel alloy F82H
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In this chapter, hydrogen and deuterium gas- and plasma-driven permeation through a
reduced activation steel alloy F82H have been systematically investigated using the
VEHICLE-1 facility. Hydrogen and deuterium transport parameters for F82H have been
measured from both GDP and PDP experiments. Isotopic effects have been discussed.
Simultaneous bi-directional hydrogen isotopes (H/D) permeation through F82H has been
demonstrated experimentally for the first time under controlled experimental conditions.

4.1 Microstructure characterization of F82H

Figure 4.1 shows the SEM (scanning electron microscope) image of the polished F82H
surface. Some lines with width of a few tens of nanometers are shown on the membrane
surface, which is the result of imperfect polishing. EDS (dispersive X-ray spectroscopy)
analysis yields the surface elemental composition of: C (0.1 wt%), O (0.1 wt%), Cr (8.5
wt%), W (2.6 wt%) and Fe (88.7 wt%).

Figure 4.1 A SEM image of the polished F82H surface.
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4.2 Gas-driven permeation

4.2.1 Characteristics of GDP through F82H

The GDP data have been taken for F82H membranes at temperatures between 150 °C
and 500 °C. Shown in figure 4.2 are the steady-state deuterium GDP fluxes as a function
of upstream gas pressure, from which one can find a linear relation between the GDP flux

and the square-root of upstream pressure at all the temperatures examined in this study.

Shown in figure 4.3 are the steady-state deuterium GDP fluxes through 0.5 mm, 1 mm
and 2 mm thick F82H membranes under upstream gas pressure of ~10* Pa, which is
relevant to the tritium dissociation pressure from FLiBe at ~530 °C and at a (T/M)
concentration of ~0.1 ppm [84]. The membrane temperature is 490 °C. It indicates that the

permeation flux is inversely proportional to the membrane thickness.
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Figure 4.2 Pressure dependence of deuterium GDP flux through a 0.5 mm

thick F82H membrane in the temperature range of 150-500 °C.
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Figure 4.3 Thickness dependence of deuterium GDP flux through F82H

membranes at 490 °C with upstream gas pressure of ~10* Pa.

According to Fick’s law, the steady-state hydrogen diffusion-limited GDP flux J

(atoms cm s?) is given by Eq. (2.16), assuming downstream pressure Pgown = 0:

Jo = ®Pup _ DS/Pup @.1)

L L !

where D (cm? s1) is the diffusivity, S (mol cm™ Pa®?) is the Sieverts’ constant or solubility,
@ (mol cm? st Pa®9) is the permeability and @ =DS. Py, (Pa) is the upstream gas pressure
and L (cm) is the membrane thickness. All the experimental data agree with the theoretical
prediction of Eq. (4.1), indicating that hydrogen isotopes GDP through F82H under the

experimental conditions is diffusion-limited.
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4.2.2 Isotopic effects

The measurements of steady-state GDP fluxes enable the evaluation of permeability.
Shown in figure 4.4 is the evaluated hydrogen permeability for a-Fe from 200 °C to 500 °C.
In this temperature range, the hydrogen permeability @ (mol cm? s Pa®%) can be
expressed as:

(4.2)

Py = 5.3 X 107 exp (~=%),

kT

where K is the Boltzmann’s constant and T is the temperature (K). The experimental data
are close to the literature data for a-Fe given by Forcey et al. [153] and Yamanishi et al.
[154].
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Figure 4.4 Measured hydrogen permeability for a-Fe. Forcey’s
[153] and Yamanishi’s [154] data are shown for

comparison.
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Shown in figure 4.5 are the results of hydrogen and deuterium permeability for F82H
from 150 °C to 500 °C. Literature data [85-86, 88, 90] are also shown for comparison. The

permeability @ (mol cm™ s Pa®%) from present experiments can be expressed as:

Bayy = 1.0 X 10~ exp (%) (4.3)
By = 6.8 X 10710 exp (“’i—ie") (4.4)
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Figure 4.5 Measured permeability of hydrogen isotopes for F82H.
Serra’s [86], Pisarev’s [88], Kulsartov’s [90] and Zhou’s

[85] data are shown for comparison.

The hydrogen and deuterium “apparent” activation energies for permeation are
virtually identical within experimental error, showing independence from isotopic mass,

and agree well with those obtained by Kulsartov et al. [90] in the temperature range of 300-

80



600 °C at upstream hydrogen and deuterium pressures between 100 Pa and 1000 Pa. The
ratio of the pre-exponential factor is calculated to be 1.47, consistent with the theoretical
value of 1.41 predicted by the classical rate theory which relates diffusivity to atomic

vibrational frequency and the frequency is inversely proportional to isotopic mass [155].

The isotopic mass effect has also been reported for stainless steel [156], iron [94] and
Pd-Ag alloy [157]. For example, figure 4.6 shows the hydrogen isotopic mass effect on the
permeability for type 310 austenitic stainless steel [156]. These permeability coefficients
were measured at an upstream gas pressure of 4.4 x 10* Pa. One can find that the activation
energies of hydrogen and deuterium for permeation in type 310 austenitic stainless steel
are statistically independent of isotopic mass over the temperature range of 200 °C to 500 °C.
The average ratio of the pre-exponential factor is calculated to be ~1.44, which is consistent
with classical behavior.

| atom H pg _molH
— s 55,215 x 10’
— [i:rnsmrnl'.E G m‘puu‘z
p =0.044 MPa
L=13x10"%m
o & HYDROGEN
|E o DEUTERIUM
ﬂﬂ
T -
._,E P=543x10 np( R W)
&
b, N\
3510 7 (-55840
35 T eamenen (2390 )
g
[+]
&9
z 1 i 1
mll.o 14 18

2.2
RECIPROCAL TEMPERATURE [lO"’ ‘K"]

Figure 4.6 Hydrogen isotopic mass effect on the permeability for

type 310 austenitic stainless steel [156].
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As has been introduced in Section 2.2 of Chapter 2. There are three methods to
evaluate the diffusivity D: 1) from the transient permeation behavior by fitting the transient
permeation flux data, 2) by the so-called time-lag method t=L%6D [120], or 3) by
measuring the breakthrough time t,=L2/15.3D [121]. Shown in figure 4.7 is the evaluated
hydrogen permeability for a-Fe from 200 °Cto 500 °C. Literature data [154, 158] are shown

for comparison. The diffusivity D (cm?s™) has been measured to be:

— —-0.10 eV
Dapy = 5.7 x 107 exp (==27), (4.5)

which is close to published data given by Yamanishi et al. [154].
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Figure 4.7 Measured hydrogen diffusivity for a-Fe. Yamanishi’s
[154] and Doyle’s [158] data are shown for comparison.
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The hydrogen solubility (or Sieverts’ constant) S (mol cm™ Pa®®) for a-Fe can be

obtained from S= &/D as:

Sy = 93 x 10 %exp (“22). (4.6)

Shown in figure 4.8 is the measured hydrogen solubility for a-Fe from the present
work. The experimental data are in a good agreement with literature data by Penalva et al.

[159].
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Figure 4.8 Measured hydrogen solubility for a-Fe. Penalva’s [159]
and Yamanishi’s [154] data are shown for comparison.
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Figure 4.9 Deuterium GDP breakthrough curves through a 0.5 mm

thick F82H membrane at various temperatures.

Shown in figure 4.9 are the deuterium GDP breakthrough curves through a 0.5 mm
thick F82H membrane at various temperatures. The upstream deuterium pressure is set as
~3.5 x 10° Pa. The steady-state GDP flux increases with increasing temperature. Hydrogen
and deuterium diffusivity for F82H has been evaluated from the GDP data, as shown in
figure 4.10.

84



500 400 300 200 (°C)

—©— This work, D,
- —8- This work, H,
Serra, D, [86]
Shestakov, D, [162]
- - - Kulsartov, D, [90]
10-6 | - - - Kulsartov, H, [90]
X Zhou, H, [85]

12 1.4 1.6 1.8 2.0 22 2.4 26
1000/T (K™Y

Effective diffusivity (cm’s™)
H
o

Figure 4.10 Measured diffusivity of hydrogen isotopes for F82H. Serra’s
[86], Shestakov’s [162], Kulsartov’s [90] and Zhou’s [85] data

are shown for comparison.

It is evident that the measured D for F82H, in the lower part of the present temperature
range (120-250 °C), drop sharply below the broken lines representing the data at higher
temperatures (250-500 °C). A breaking point around ~250 °C has also been reported in
other works when measuring diffusivity for 7-10% Cr martensitic/ferritic steels [86, 160].
A possible explanation for the breaking point is the trapping effect [85]. At high
temperatures, the trapping effect becomes negligible and the effective diffusivity is almost
equal to the lattice diffusivity, but when the temperature decreases, the effective diffusivity

starts to fall below the value of lattice diffusivity.

On the other hand, the values of permeability are described by Arrhenius straight lines
in the present temperature range (figure 4.5). It arises from the fact that the values of
permeability are evaluated from the steady-state permeation fluxes through the sample, i.e.,

when the trapped hydrogen population has reached equilibrium and, thus, does not affect
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any further the flux through the sample. The contrasting behavior of the independently
measured values of permeability and diffusivity provides remarkably convincing proof of

the trapping effect to the present work.

The Arrhenius plots for the effective diffusivity of hydrogen and deuterium as
calculated from time-lag data parallel each other, consistent with the permeability
measurements. In fusion reactors, blankets are required to operate at elevated temperatures

for efficient heat exchange [161]. The diffusivity D (cm? s) at temperatures >250 °C is

given by:
Daary = 9.9 X 107 exp (==2Y) (4.7)
— —-0.14 eV
Dy = 7.2 X 1074 exp( s ) (4.8)

As shown in Eq. (2.26) of Chapter 2 that the ratio of diffusivity of hydrogen isotopes

is equal to the inverse ratio of the square root of the mass [114]:

D m
(H) — (D) . (49)
D(p) my)

The activation energy for diffusion is assumed to be independent of the mass of the
isotope, which is supported by our present experimental results, and the activation energy
agrees well with some of the published values [85-86, 162]. The pre-exponential factor
ratio of 1.38 is essentially identical to that obtained for permeability. This result indicates

that the isotopic mass effect for diffusivity is consistent with classical behavior.

To allow a reference, the isotopic mass effect on hydrogen diffusivity for type 310

austenitic stainless steel is shown in figure 4.11 [156].
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Figure 4.11 Hydrogen isotopic mass effect on the diffusivity for
type 310 austenitic stainless steel [156].

As anticipated, the solubility for hydrogen and deuterium in F82H as calculated from
the expression @=DS are identical within experimental error, exhibiting no isotopic effect.

Shown in figure 4.12 are the solubility S (mol cm™ Pa®) data from this work:

Sy = 1.0 x 10~%exp (22<) (4.10)
Sy = 94 X 10 7exp (‘O'ii <) (4.12)
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Figure 4.12 Measured solubility of hydrogen isotopes for F82H.
Serra’s [86] and Zhou’s [85] data are shown for

comparison.

4.3 Plasma-driven permeation

4.3.1 PDP in the RD-regime

Figure 4.13 shows the deuterium PDP flux through a 0.5 mm thick F82H membrane
with a polished surface at the temperature of ~500 °C. The plasma is produced with a
deuterium gas pressure of ~0.1 Pa. The ECR power and DC bias are set at 350 W and -100
V, respectively. Under such discharge conditions, the electron temperature and density are
measured by the Langmuir probe to be ~5 eV and 1x10%° cm?3, respectively. Using Eq.
(3.7), the net implantation flux Jo has been estimated to be ~1.1 x 10'® D/cm?/s. At ~500 °C,

the steady-state permeation flux has been found to be ~4.7 x 10'? D/cm?/s.
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A permeation spike has been observed for F82H in this experiment appeared in the
time sequence of the plasma-driven permeation flux such that firstly the permeation flux
increases to show a peak and then followed by a significant decrease to reach the steady-
state permeation. The cause is attributed to the reduction of deuterium concentration in the
plasma implanted surface by re-emission enhancement [77, 163].
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Figure 4.13 Deuterium PDP breakthrough curve through a 0.5
mm thick F82H membrane at ~500 °C.

Shown in figure 4.14 are the steady-state deuterium PDP fluxes through 0.5 mm, 1
mm and 2 mm thick F82H membranes at temperatures of 445 °C and 510 °C. The steady-
state PDP fluxes through F82H are inversely proportional to the membrane thickness at all
the examined temperatures. Recombination-limited release may be assumed for the
upstream surface in this study because the implantation depth is only several nm at a bias
of -100 V (see figure 2.3 of Chapter 2) and the possibility of DD-limited regime can be
excluded as well by the measured permeation flux ratios. That means that hydrogen
plasma-driven permeation through F82H in the present study is in the recombination-

diffusion limited regime (RD-regime).
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Figure 4.14 Thickness dependence of steady-state deuterium PDP
fluxes through F82H membranes at temperatures of
445 °C and 510 °C.

4.3.2 Surface recombination coefficient

Deuterium PDP fluxes through F82H membranes have also been measured as a
function of temperature. Shown in figure 4.15 is the temperature dependence of PDP flux
through 0.5 mm and 1 mm thick F82H membranes. It indicates that the PDP flux increases
with increasing the membrane temperature and the PDP fluxes through the 0.5 mm thick
F82H is about a factor of 2~3 higher than that through the 1 mm thick F82H in the
temperature range of 250-550 °C.
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Figure 4.15 Temperature effect on steady-state deuterium
PDP fluxes through F82H membranes.

As introduced in Section 2.3 of Chapter 2, for hydrogen PDP taking place in the RD-
regime, the steady-state permeation flux J+ (atoms cm? s) is inversely proportional to the

square root of the upstream surface recombination coefficient Kr (cm* s):

_ D |]o
=2k @.12)

where D (cm? s?) is the hydrogen diffusivity, L (cm) is the membrane thickness and Jo
(atoms cm? s?) is the net implantation flux. Using the evaluated data on D, K, can be

obtained from the measured data on Jo and J-.

91



To validate the experimental method, evaluation of K for a-Fe has been performed
and compared with some of the literature data. Shown in figure 4.16 are the K, (cm*s™)

data taken for a-Fe, which can be expressed as follows:

K. =12 x107exp (M)

- (4.13)

The experimental error mainly comes from the measurement of the net implantation
flux Jo. The experimental results are in good agreement with the literature data measured
by Nagasaki et al. [164], which means the method used in this work is valid for the

evaluation of other first wall candidate materials.
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Figure 4.16 Measured hydrogen recombination coefficient for a-Fe.
Nagasaki’s [164] and Doyle’s [158] data are shown for

comparison.
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Then the same evaluation method has been applied to F82H. Shown in figure 4.17 is
the evaluated K, (cm* s*) of deuterium for F82H from the present work which is given by:

K, =38 X 10_17exp (0.20 eV)

—): (4.14)

To allow a comparison, literature data [85, 158, 164] are also shown in figure 4.17.
The evaluated K of hydrogen for F82H is consistent with our previous study [85]. The
evaluated K, of deuterium for F82H is in good agreement with the reported data in Ref.
[158] in both magnitude and temperature dependence.
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Figure 4.17 Measured hydrogen and deuterium recombination
coefficients for F82H. Zhou’s [85], Nagasaki’s [164]

and Doyle’s [158] data are shown for comparison.
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4.3.3 Discussion

The recombination coefficient is extremely sensitive to the surface conditions, such as
surface morphology and contamination [165] etc. It has been indicated by some of the
experimental results for stainless steel and nickel [68]. Myers et al. [166] measured the
deuterium recombination coefficient for 304 stainless steel with and without in-situ
sputtering of the surface oxide (as shown in figure 4.18). In this experiment, the rate of
deuterium release at the surface was determined in the temperature range of 425-575 K for
two kinds of surface, one oxidized by electro-polishing and air exposure, the other
sputtered with Fe ions. It was found that the deuterium recombination coefficient for the
ion-sputtered surface was a factor of 100 greater than the oxidized surface. These results
are consistent with the theory that a decrease in permeation rate due to energetic ion
bombardment is caused by the removal from the upstream surface of contamination which,

when present, has an inhibiting effect on molecular recombination [77].

ION SPUTTERED SURFACE: .
KL=(9.6 x 10729 cm%/5) expi-0.34 eV/kT)
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Figure 4.18 Recombination coefficient of deuterium on 304 stainless

steel with and without prior sputtering of surface oxide [166].

94



Ogorodnikova [167] investigated the effects of surface impurities on plasma-driven
tritium permeation through metals. Figure 4.19 shows the tritium permeation probability
as a function of the sticking coefficient on the plasma-facing surface. It has been found the
removal of impurities on the plasma-facing surface, namely the increasing of the sticking
coefficient, significantly decreases tritium permeation through most of endothermic metals.
The increase of impurities on the plasma-facing surface, namely the reduction of the front

sticking coefficient, drastically increases hydrogen isotopes permeation.

T=700 K -
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sticking coefficient s, on the plasma-facing side

<
< >

Dirty surface Clean surface

Figure 4.19 Calculated tritium permeation probability as a
function of the sticking coefficient on the plasma-

facing surface [167].

Physically, the explanation of the increase of the steady-state permeation with the
reduction of the sticking coefficient on the front surface, is quite clear. Impurities on the

plasma-facing surface act as a barrier against the hydrogen isotopes re-emission. The
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reduction of sticking coefficient results in the reduction of the re-emission flux. In the
steady-state the sum of the re-emission (J.) and the permeation (J.+) fluxes is constant:

Jo=J_+1s. (4.15)

If the re-emission flux decreases, the permeation flux increases.

If the energy of the incident particles is below 50 eV, the much sputtering of impurities
from the plasma-facing surface is not expected. If the energy of the incident particles
striking the first wall is high enough to remove surface impurities, it is expected that the
surface will be sputter-cleaned during the plasma operation [168]. Removal of the
impurities on the front surface of the metal increases the front sticking coefficient. The
creation of surface roughness and damages have additional effects on the increase of the
sticking factor [165]. Consequently, the plasma-facing surface will depend upon the whole

set of physical and physicochemical conditions existing in each particular fusion device.

In this study, the membrane is polished and analyzed by energy dispersive X-ray
spectroscopy to make sure no major impurities are left on the surface. Prior to hydrogen
isotopes PDP experiments, argon plasma bombardment is conducted for 10 minutes at -50
V to remove surface contamination from air exposure. Having surface conditioning done,
Kr is assumed to be evaluated from a relatively “clean” surface. Probably resulted from the
different sputtering yield effects of hydrogen isotopes, K of hydrogen and deuterium for
F82H span a range of about two orders of magnitude [77]. Nevertheless, further

investigations are still needed to address this issue.
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4.4 Bi-directional H/D permeation

Hydrogen isotopes gas-driven permeation and plasma-driven permeation experiments
have been presented separately in Section 4.2 and Section 4.3. For the hydrogen isotopes
permeation through the first wall, a fundamental materials science question that needs to
be addressed is: can gas- and plasma-driven permeation of hydrogen isotopes in the two
counter directions actually take place simultaneously under fusion reactor relevant
conditions? Experiments studies have been done to answer the question. In this section, the
data taken from the first-of-a-kind bi-directional deuterium PDP and hydrogen GDP

experiments are presented.

pectrometer
‘ k D plasma Membrane
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Thermocouple
| \ \ / |
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| |
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Figure 4.20 A schematic diagram of the bi-directional H/D

permeation setup in VEHICLE-1.

Shown in figure 4.20 is a schematic diagram of the bi-directional permeation setup in
VEHICLE-1. The F82H membrane is fixed in such a way that the upstream surface is

exposed to deuterium plasma, while the other side is exposed to hydrogen gas. The sample
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membrane is heated up to ~500 °C by a resistive heater. At the plasma-facing side, the
hydrogen GDP flux can be detected by a quadrupole mass spectrometer (QMS) through a
1 mm diameter orifice. The H, signal is monitored by an optical spectrometer. The electron
temperature is raised up to ~10 eV for the improved sensitivity of H, spectroscopy. Under
such experimental conditions, if the recycling condition of the membrane surface changes,
variation in H, intensity and hydrogen partial pressure are expected to be detected. At the
gas side, since it is difficult to measure the real-time deuterium PDP flux due to the high
background pressure that the variable leak valve is closed for ~2 h to accumulate the
permeated deuterium in the closed volume. The evidence of deuterium PDP into hydrogen
gas can be determined by the increase of D, and HD partial pressures.

4.4.1 Hydrogen GDP into deuterium plasma

Shown in figure 4.21 is the evidence of GDP hydrogen flows into the deuterium
plasma. In this case, the thickness of F82H membrane is 0.5 mm and the membrane
temperature is ~500 °C. The deuterium plasma bombarding energy is set at -100 V. Taking
into account the ion species mix in the low temperature deuterium plasma and the particle
reflection at the plasma-facing surface, the net implantation flux is estimated to be ~8.3 x
10% D/cm?/s.
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Figure 4.21 Measured H,, signal and hydrogen partial pressure at the
plasma-facing side. The thickness of F82H membrane is

0.5 mm. The membrane temperature is ~500 °C.

Recognize that the hydrogen partial pressure and H,, spectroscopy nicely keep track of
each other in the duration period from the initial hydrogen gas fill-in to the gas pump-out
at the downstream side. The membrane is first exposed to deuterium plasma, in which case
only deuterium PDP takes place. Then hydrogen gas is introduced from a gas cylinder into
the closed volume to a pressure of ~10* Pa. After the H, signal reaches steady-state, the
hydrogen gas is then pumped out. Langmuir probe measurements are performed before and
after introducing hydrogen gas into the GDP volume. The plasma density is found to
increase from ~4 x 10° cm™ to ~6 x 10° cm™®, while the electron temperature decreases
from 10.7 eV to 8.5 eV. These data indicate that GDP hydrogen flows into deuterium
plasma and results in an increase in the first wall recycling. The GDP hydrogen flow rate

has been evaluated to be about ~6.4 x 10 H/cm?/s.
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4.4.2 Deuterium PDP into hydrogen gas

Notice that, while GDP hydrogen flows into deuterium plasma, PDP deuterium flows
into hydrogen gas as well. The experimental conditions are essentially the same with that
described in the previous section except that the hydrogen gas pressure is reduced to ~1.4
x 10° Pa in this experiment to obtain relatively high D, and HD signals. As shown in figure
4.22, both the D2 and HD partial pressures increase after deuterium PDP pressure build-up
of ~2 h, indicating that PDP deuterium flows into hydrogen gas in the counter direction of
GDP hydrogen. The PDP deuterium flow rate in this case has been evaluated to be ~5.6 x
10*2 D/cm?/s.
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Figure 4.22 D, and HD partial pressures detected at the gas

side. The F82H membrane thickness is 0.5 mm.
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4.5 Summary

Gas- and plasma-driven permeation through a reduced activation steel alloy F82H has
been investigated using a steady-state laboratory-scale plasma device: VEHICLE-1. The
hydrogen transport parameters data taken for a-Fe have been found to be in good agreement
with the literature data, which means that the experimental setup in VEHICLE-1 is valid
for the evaluation of other first wall candidate materials.

Both GDP and PDP data taken for F82H show thickness dependence, suggesting that
hydrogen isotopes permeation through F82H is diffusion-limited. The hydrogen and
deuterium transport parameters such as permeability, diffusivity, solubility and surface
recombination coefficient have been successfully measured for F82H. In particular, the
surface recombination coefficient of deuterium on F82H, which is essential to correctly
predict the hydrogen isotopes permeation flux through the first wall, has been
experimentally measured for the first time. Isotopic effects on hydrogen transport have
been discussed. The permeability and diffusivity data show isotopic mass effect which is
predicted by the classical rate theory relating hydrogen diffusion to the atomic jumping

frequency, the solubility, however, exhibits no isotopic mass effect.

Simultaneous bi-directional H/D permeation has been demonstrated experimentally
for the first time under controlled experimental conditions. Hydrogen GDP has been found
to take place in the opposite direction of deuterium PDP. The hydrogen GDP flux into
deuterium plasma has been found to be about two orders of magnitude higher than that of
deuterium PDP when the gas driving pressure is high (~10% Pa). It suggests that for blankets
employing those breeders with high tritium equilibrium pressures, GDP may dominate the
overall hydrogen transport process and increase in first wall recycling. In this case, one
would expect to apply surface coatings to reduce both the GDP and PDP fluxes through
the first wall. Further investigations of the coatings effects on hydrogen isotopes

permeation have been done and the results are presented in Chapter 5 and Chapter 6.
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Chapter 5

Hydrogen isotopes gas- and plasma-driven
permeation through vacuum plasma-sprayed

tungsten coated F82H
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In the previous chapter, hydrogen isotopes GDP and PDP data through bare F82H have
been presented. For a DEMO reactor, having a first wall area of several thousand square
meters, one would expect that the uncontrollable gas fueling rate to be of the order of 100
Pa m%s at 500 °C [169], which is undesirable from the viewpoint of achieving high
confinement via plasma-wall boundary control. Therefore, there is a need for surface
coatings as a hydrogen permeation barrier. Tungsten (W) has been proposed as a candidate
plasma-facing material for the divertor of the International Thermonuclear Experimental
Reactor (ITER) because of its beneficial properties such as high melting point, high thermal
conductivity and low sputtering yield [170]. For a DEMO reactor, surface coatings made
of W are necessary to protect the plasma-facing wall made of reduced activation ferritic
steels such as F82H. In this chapter, the plasma-sprayed tungsten (VPS-W) coatings are
prepared on the F82H substrate and the effects of VPS-W coatings on hydrogen GDP and

PDP are investigated.

5.1 Microstructural characterization of VPS-W

Figure 5.1 shows the surface and cross-section SEM images of the VPS-W coated
F82H samples. It is shown that VPS-W coatings have an inhomogeneous microstructure,
i.e., a mixture of disorganized areas composed of partially-melted W particles, splats with
columnar solidification and void regions (or porosity) [98]. Voids or pores are observed
primarily next to the unmelted W particles. The “as-fabricated” VPS-W surface is dull-
colored and EDS (dispersive X-ray spectroscopy) analyses indicate surface impurity
elemental composition is dominated by carbon. The average density of VPS-W coatings

has been evaluated to be ~90% of bulk polycrystalline W.
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Figure 5.1 (a) VPS-W coatings surface (as-received), (b) polished and (c)
fractural cross-section of VPS-W coatings and (d) lamellar

structure of columnar tungsten grains.
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5.2 Gas-driven permeation

5.2.1 Characteristics of GDP through VPS-W coated F82H

Shown in figure 5.2 are the steady-state hydrogen GDP fluxes through VPS-W coated
F82H in the temperature range of 200-500 °C. In this experiment, the VPS-W coatings side
is the GDP upstream. A linear relationship between the GDP fluxes and the square-root of
upstream gas pressure has been found, indicating that hydrogen GDP through the VPS-W
coated F82H is diffusion-limited.
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Figure 5.2 Steady-state hydrogen GDP fluxes through a VPS-W coated
F82H membrane in the temperature range of 200 - 500 °C. The
thicknesses of VPS-W coatings and F82H substrate are 90 um

and 0.5 mm, respectively.

The effective hydrogen diffusivity Dess for VPS-W coated F82H has been evaluated
by the time-lag method (see Section 2.2 of Chapter 2) from 200°C to 500 °C, as shown in
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figure 5.3. Literature data for F82H [85, 87] and bulk polycrystalline W [95] are shown for

comparison. The Desr (cm?s) from the present work can be expressed as:

Effective diffusivity (cm?/s)
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Figure 5.3 Evaluated effective hydrogen diffusivity for VPS-W coated
F82H. Zhou’s [85], Serra’s [87] and Frauenfelder’s [95]

data are shown for comparison.

As reported by Golubeva et al. [171] that the mechanism of hydrogen permeation

through VPS-W coatings is molecular hydrogen gas flow through the system of connected

porosity. In this care, the effective surface area plays a key role determining the permeation

flux. In order to investigate the effects of effective upstream surface area, hydrogen GDP

in two opposite directions (i.e., VPS-W as GDP upstream or F82H as GDP upstream) has

been carried out. Figure 5.4 shows the steady-state hydrogen GDP fluxes through the

composite VPS-W/F82H sample in two opposite directions. A bare F82H membrane is
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used for comparison. The upstream hydrogen pressure is set at ~10* Pa. It shows that the
GDP fluxes with the VPS-W side on the upstream are reduced by ~93% compared with
that of bare F82H. However, the GDP fluxes with the F82H side on the upstream are
comparable with that of bare F82H.

550 500 450 400 350 300 250 200 (°C)
16 T T T T T T T T
107 ¢
= 10*Pa
T 15
N& 10 E
= i
2 onl . ]
5 n
SYPPRE
= 107k E
al
o 1012 | —#— GDP with VPS-W upstream i
O F  —@— GDP with F82H upstream E
—A— Bare F82H
11
10 !

1.2 1j4 1j6 1j8 2.0
1000/T (K™)

Figure 5.4 Steady-state hydrogen GDP fluxes through VPS-W coated F82H
in two opposite directions. The upstream hydrogen pressure is set
at ~10* Pa. The thicknesses of VPS-W coatings and F82H
substrate are 90 um and 0.5 mm, respectively. A 0.5 mm thick bare

F82H membrane is used for comparison.

Figure 5.5 shows the steady-state hydrogen GDP fluxes through 1 mm F82H coated
with VPS-W coatings of different thicknesses. In these experiments, the VPS-W coatings
side is the GDP upstream. It indicates that the permeation fluxes for these two samples are
comparable with each other even though the thickness of W coatings is different about a

factor of two from each other.
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Figure 5.5 Steady-state hydrogen GDP fluxes through 1 mm F82H
coated with VPS-W coatings of different thicknesses
(VPS-W is the GDP upstream).

5.2.2 Discussion

Usually, hydrogen permeation through materials is affected by both bulk and surface
processes. In this study, F82H steel surface is covered by a layer of VPS-W coatings. As it
has been mentioned before, the typical VPS-W coatings consists of partially melted W
particles, melted W and substantial surface-connected porosity [172]. Even a 200 pm thick
layer of VPS-W has an open system of connected pores, which connects the front and rear
surfaces of the deposited layer [171]. The density of the prepared VPS-W coating is ~90%
of bulk W, which means the porosity is ~10%, including open (or connected) pores and
closed pores. Thus, the results obtained in this study can be explained by molecular
hydrogen permeation through open pores of VPS-W coatings combined with permeation
in a dissociated form through F82H substrate. That means, the open pores allow hydrogen

gas reach to the W/F82H interface. Consequently, hydrogen dissolves at the interface and

109



diffuses into the F82H substrate to allow hydrogen permeation after a certain period of
time [66, 173].

(VPS-W upstream)

(F82H upstream)

Figure 5.6 A schematic diagram of hydrogen GDP through porous
VPS-W coated F82H in two opposite directions.

It is well known that the solubility of hydrogen in bulk polycrystalline W is quite low
compared to, for example, steels [174]. Therefore, one might assume that the bulk of W is
practically impermeable for hydrogen under the given conditions. An illustrative diagram
of hydrogen GDP through porous VPS-W coated F82H in two opposite directions is shown
in figure 5.6. The GDP fluxes with the F82H side on the upstream are almost same with
that of bare F82H (figure 5.4), which is attributed to the equivalent upstream surface area.
Because it has been introduced in Chapter 3 that hydrogen transport in the F82H is rate-
limited by the diffusion process of hydrogen atoms, one might assume the hydrogen
pressure at the W/F82H interface is almost zero (vacuum) in this case, i.e., hydrogen
concentration at the interface is negligible. As a result, hydrogen GDP is not affected by
the porous VPS-W coatings. But, the GDP fluxes with the VPS-W side on the upstream
are ~7% compared to that of bare F82H, which means the effective surface area of the

F82H steel is reduced to ~7% by the porous VPS-W. In other words, the density of open
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pores is ~7% and ~93% of F82H steel surface is covered by W (including closed pores).
The main effect of the VPS-W coatings on hydrogen permeation is to reduce the incoming
flux at the W/F82H interface and the effective area for hydrogen dissolution in the substrate
[104]. Therefore, the GDP fluxes through composite VPS-W/F82H membranes are almost
independent of the W coating thickness, which is illustrated in figure 5.5.

Although the square-root dependence of GDP fluxes against driving pressure (figure
5.3) suggests the diffusion-limited permeation under the given conditions, the effective
hydrogen diffusivity shown in figure 5.3 is smaller than the values reported for F82H [85,
87]. These observations indicate that the permeation in transient states could be affected
by also other factors such as surface contamination.
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Figure 5.7 (a) a picture of the permeation sample which has been machined
down to the W/F82H interface by removing F82H substrate, (b) a
SEM image of the W/F82H interface and (c) a schematic diagram
of hydrogen gas flows through the porous VPS-W coatings.
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A more extensive study on the hydrogen permeation properties through porous VPS-
W coatings has been conducted. Shown in figure 5.7(c) is a schematic diagram of hydrogen
gas flows through the VPS-W coatings. In this experiment, the F82H substrate has been
mechanically removed (figure 5.7(a)), leaving only the VPS-W coatings, the thickness of
which is ~170 um. A SEM image of the W/F82H interface is shown in figure 5.7(b).

The typical dependence of hydrogen permeation flux on pressure gradient over the
membrane is presented in figure 5.8. This experiment is performed at room temperature.
The hydrogen permeation flux is detected almost immediately after gas loading of the
sample, and it increases proportional to the pressure gradient in the range of 0 - 50 Torr. It
indicates that gas flux penetrates through the connected pores in the coatings but not
through the W bulk.
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Figure 5.8 Hydrogen gas flows through the VPS-W coatings
at room temperature.
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5.3 Plasma-driven permeation

Figure 5.9 shows the hydrogen PDP breakthrough curve through a VPS-W coated
F82H membrane with an as-deposited W surface at the temperature of ~500 °C. The
thicknesses of VPS-W coatings and F82H substrate are 90 um and 0.5 mm, respectively.
A 0.5 mm thick bare F82H membrane is used for comparison. In these experiments, the
ECR power is set at 350 W and the DC bias is -100 V. The electron temperature and density
are measured to be ~5 eV and 1.8 x 10'° cm, respectively. Time zero in figure 5.9
corresponds to the plasma-on time. The steady-state hydrogen PDP flux has been measured
to be ~4.5 x 102 H/cm?/s for the VPS-W coated F82H at 500 °C, which is more than one
order of magnitude lower than that for bare F82H. Hydrogen permeation is observed
shortly after the plasma-on time and the permeation flux continued to rise gradually until

the implantation is terminated.
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Figure 5.9 Hydrogen PDP breakthrough curves for VPS-W coated F82H and
bare F82H membranes at ~500 °C. The thicknesses of VPS-W
coatings and F82H substrate are 90 pm and 0.5 mm, respectively.

A 0.5 mm thick bare F82H membrane is used for comparison.
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Hydrogen PDP fluxes through VPS-W coated F82H membrane have also been
measured as a function of temperature. Shown in figure 5.10 are the temperature
dependence of steady-state PDP fluxes for F82H with and without VPS-W coatings. It is
shown that VPS-W coatings reduce hydrogen PDP fluxes by more than one order of
magnitude relative to that of bare F82H in the temperature range from 250 °C to 550 °C and
the PDP flux increases as temperature increasing. Reduced permeation fluxes are attributed
to the complex microstructure and a substantial surface-connected porosity of VPS-W
coatings [104, 172].
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Figure 5.10 Temperature dependence of steady-state hydrogen PDP
fluxes through F82H with and without VPS-W coatings. The
thicknesses of VPS-W coatings and F82H substrate are 90
um and 0.5 mm, respectively. The thickness of bare F82H

membrane is 0.5 mm.
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5.4 Summary

Hydrogen GDP and PDP experiments have been conducted for VPS-W coated F82H
membranes. For the GDP experiments, it has been found that the permeation fluxes with
the VPS-W side on the upstream are reduced compared to that of bare F82H. However, the
permeation fluxes with the F82H side on the upstream are comparable with that of bare
F82H. For PDP experiments, VPS-W coatings reduce hydrogen PDP fluxes in the
examined temperature range. VPS-W coatings have been proved experimentally to have
an open system of connected pores.

For a future fusion reactor, based on these data one predicts that it might be infeasible
for VPS-W coatings to be directly used as hydrogen isotopes permeation barrier from the
viewpoint of bred tritium gas-driven permeation through the first wall. Further
investigations on the coatings effects on hydrogen permeation have been done by
employing physical sputter-deposited W coatings and the results are presented in Chapter
6 and Chapter 7.
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Chapter 6

Hydrogen isotopes gas- and plasma-driven
permeation through sputter-deposited tungsten
coated F82H

117



As presented in the previous chapter, vacuum plasma-sprayed tungsten (VPS-W)
coatings reduce hydrogen PDP fluxes significantly. The coatings, however, have been
found to have connected pores. Therefore, from the viewpoint of bi-directional permeation,
VPS-W coatings are not efficient to suppress the bred tritium GDP from the breeding
blankets to the edge plasma. In this chapter, a different type of tungsten coatings, i.e.,
physical sputter-deposited tungsten (SP-W) coatings are prepared. The microstructure of
SP-W is characterized and the results of hydrogen isotopes GDP and PDP through SP-W
coated F82H membranes are presented. In these experiments, SP-W shows different

permeation properties compared to that of VPS-W.

6.1 Microstructural characterization of SP-W

Figure 6.1 shows the SEM images of the investigated samples. The SP-W coatings
surface (figure 6.1(a)) is well-organized with an average crystal size of ~100 nm. EDS
analysis yields the as-received surface elemental composition of: C (0.7 wt%), O (0.1 wt%),
and W (99.2 wt%). Columnar W grains are observed from the cross-section views as
indicated in figure 6.1(b, d). The W/F82H interface is sharp without voids, cracks or other
visible defects. The kinetics of SP-W coatings growth is controlled by the mobility of the
W atoms on the substrate surface. This mobility can be enhanced by increasing the
temperature or by supplying impact energy through ion bombardment. At a given
temperature, the sputtering-gas pressure determines the average impact energy of the
sputtered W atoms as they arrive on the substrate. As the pressure increases, the impact
energy decreases. The readers are referred to reports by Shen et al. [175] and E. Vassallo

et al. [176] for the detailed microstructural properties of SP-W coatings.
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Figure 6.1 (a) SP-W coatings surface (as-deposited), (b) polished cross-
section and (c, d) FIB cross-section of SP-W coated F82H.

XRD analysis has also been performed. Shown in figure 6.2(a) is the XRD diffraction
pattern of SP-W coatings used in the present work. The XRD diffraction pattern for bulk
polycrystalline W (PCW) [177] is shown for comparison. Reflection peaks of (110), (211),
and (220) of bcc W phase are mainly observed and SP-W shows a strong (110) preferred

orientation.
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Figure 6.2 XRD diffraction patterns of (a) SP-W coatings and
(b) bulk polycrystalline W [177].

6.2 Gas-driven permeation

6.2.1 Characteristics of GDP through SP-W coated F82H

Shown in figure 6.3 are the pressure dependent steady-state hydrogen GDP fluxes
through SP-W coated F82H from 250 °C to 540 °C, from which one can find a linear relation

between the GDP flux and the square-root of upstream pressure, indicating that hydrogen
isotopes GDP through SP-W coated F82H is diffusion limited.
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Figure 6.3 Steady-state hydrogen GDP fluxes through a SP-W coated
F82H membrane in the temperature range of 250-540 °C.
The thicknesses of SP-W coatings and F82H substrate are

0.5 um and 0.5 mm, respectively.

Similar to the experiments performed for VPS-W coated F82H samples, the
temperature dependent steady-state deuterium GDP fluxes through SP-W coated F82H in
two opposite directions have also been measured. The upstream deuterium pressure is set
at ~10* Pa. The thicknesses of SP-W coatings and F82H substrate are 1.5 pm and 1 mm,
respectively. The results are shown in figure 6.4. In the temperature range of 150-550 °C.
The GDP fluxes are reduced significantly by SP-W coatings and the permeation direction
does not matter. This is because the SP-W coatings have a dense and pore-free structure,
for a two-layer membrane, the effective permeability @t is invariant to relative position
of layers (see Eq. (2.18) of Chapter 2), the steady-state permeation, therefore, is not
influenced by the order of the layers. The permeation reduction factor (PRF) (see Eq. (2.17)
of Chapter 2) has been calculated to be PRF ~ 50.
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Figure 6.4 Steady-state deuterium GDP fluxes through SP-W coated F82H
in two opposite directions. The upstream deuterium pressure is
set at ~10* Pa. The thicknesses of SP-W coatings and F82H
substrate are 1.5 um and 1 mm, respectively. A 1 mm thick

bare F82H membrane is used for comparison.

6.2.2 Permeability, diffusivity and solubility for SP-W

Based on the gas-driven permeation theory for a two-layer membrane (see Section
2.2.2 of Chapter 2), the hydrogen transport parameters including permeability, diffusivity
and solubility of the coating material could be evaluated by the measurements of steady-

state GDP flux and time-lag of bare and coated membranes.

Using Eq. (2.18) and the steady-state GDP data shown is figure 6.4, the hydrogen and

deuterium permeability @ (mol cm™ st Pa®®) for SP-W is obtained as:
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Dy = 6.8 X 10712 exp( 071 e") (6.1)

P(py = 41 x 10712 exp (—2). (6.2)

where k is the Boltzmann’s constant and T is the temperature (K).

Shown in figure 6.5 is the measured permeability. The experimental values are
comparable to some of the literature data for PCW [95-97, 178] and SP-W [179].
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Figure 6.5 Measured hydrogen isotopes permeability for SP-W coatings.
Zajec’s [179], Frauenfelder’s [95], Zakharov’s [96], Esteban’s

[178] and Liu’s [97] data are shown for comparison.

A more extensive study on the hydrogen permeation kinetics has been performed
where four continuous permeation breakthrough curves are monitored, as shown in figure
6.6. It is evident that the first permeation exhibits considerably different kinetics compared
to the following runs while those following runs are similar to each other. This

phenomenon has also been reported by other researchers [97, 179-180] and is thought to
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be caused by the trapping sites for hydrogen isotopes existing in the samples. After the first
run of permeation, the trapping sites are occupied by deuterium, thus the steady-state
permeation for the following runs are quickly built up.
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Figure 6.6 Permeation transients of four continuous breakthrough curves
through SP-W coated F82H membrane. In this case, the thicknesses
of SP-W coatings and F82H substrate are 3.8 um and 0.2 mm,
respectively. Deuterium gas is introduced at t = 0 while the pressure

is set at ~10* Pa and the temperature is kept at 400 °C.

At 400 °C, the measured time-lag for SP-W coated F82H varies from ~600 s to ~230
s at different runs of permeation. While the time-lag for bare F82H membrane is below 10
s [181], hence the pinholes or micro-porosity in the SP-W coatings could be neglected. In

the opposite case the permeation flux should rapidly increase towards steady-state value.

The hydrogen diffusivity is affected by the trapping sites in the W coatings since the
permeation transient changes at different runs of permeation. In this study, the diffusivity
is measured from 200 °C to 550 °C by gradually increasing the sample temperature, which

means that during two measurements (~2 h) there is degassing or de-trapping of hydrogen
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from the sample. Thus, trapping effects on the hydrogen migration still exist. The evaluated

diffusivity is referred as effective diffusivity Desr. Based on Eq. (2.21) of Chapter 2, the

hydrogen and deuterium effective diffusivity Dess (cm?s™) for SP-W can be obtained as:

_ —0.41 eV
Destgry = 4.0 x 10 %exp (=22<Y)
_ —0.41eV
Deftpy = 2.6 X 10 8exp( = )
00 120000 800 600 400 (OC)

-2
w 10°F
~ -
e I
S 10
2 r
% 10°}
3 [
S o)
= r
D 10
=
Ll

[EEN

Q
i
N

3
]

10t

-+ = Frauenfelder (H,-PCW) [95]
Otsuka (H,-PCW) [182]

- - Zakharov (H,-PCW) [96]
Esteban (H,-PCW) [178] | T

[ Liu (D,-PCW) [97] 4
N
N 1
~
N
N T
N

N
~ 3
]
¥ 3

F | —©— this work (D,-SP-W)

-
.‘
—B& this work (H,-SP-W)

W Zajec (H,-SP-W) [179] 1

Figure 6.7 Measured effective hydrogen isotopes diffusivity for SP-
W coatings. Zajec’s [179], Frauenfelder’s [95], Otsuka’s
[182], Zakharov’s [96], Esteban’s [178] and Liu’s [97]

06 08 10 1.2 14 16 18 20

1000/T (K™

data are shown for comparison.
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From the expression @=DS the effective solubility Serr (mol cm™ Pa®®) of hydrogen

and deuterium in SP-W can be obtained as:

— —0.30 eV

Seff(H) =1.7 x10 4'EX]Z) (Te), (65)
— —-0.30 eV

Seff(D) =1.6 xX10 4'EXp (k—Te) (66)

Shown in figure 6.7 and figure 6.8 are the measured effective diffusivity and solubility
for SP-W. Literature data [95-97, 178-179, 182] are also shown for comparison. Despite
large scatter of the solubility and diffusivity values of hydrogen isotopes in PCW, the
evaluated Sefr is several orders of magnitude higher and Dt is several orders of magnitude
lower than the published range of values for PCW. Both the evaluated Sett and Desr are

comparable to the value shown in Ref. [179] for SP-W.
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Figure 6.8 Measured effective hydrogen isotopes solubility in SP-W
coatings. Zajec’s [179], Frauenfelder’s [95], Esteban’s [178],

Zakharov’s [96] and Liu’s [97] data are shown for comparison.
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The probable explanation for high solubility and low diffusivity in SP-W is the
presence of trapping sites for hydrogen isotopes. It has been widely accepted that trapping
enhances the hydrogen solubility and decreases the diffusivity, while it does not impact the
permeability [86, 183-184]. To simulate trapping effects on hydrogen transport, the
DIFFUSE-code [185] has been executed employing various trap concentrations. Shown in
figure 6.9 is the calculation results of hydrogen GDP breakthrough curves through W
coated F82H at 500 °C. In this case, the thicknesses of W coatings and F82H substrate are
0.5 pmand 0.5 mm, respectively. Because unfortunately it is not included in the DIFFUSE-
code database, F82H has been approximated by pure a-Fe for convenience. Hydrogen
trapping sites are assumed to be uniformly distributed. As shown in figure 6.9 that as the
trap concentration increases, the lag-time increases, reaching the same steady-state
permeation fluxes, which indicates that trapping enhances the hydrogen solubility and

decreases the diffusivity, but does not influence the permeability.
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Figure 6.9 DIFFUSE-code calculations of hydrogen GDP
breakthrough curves through W coated F82H.
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6.2.3 Discussion

The hydrogen diffusion in W is strongly affected by the presence of microstructural
inhomogeneities including grain boundaries, dislocations, voids, vacancy clusters and
point defects, which are potential hydrogen trapping sites [179]. Whether these
microstructural features can induce trapping effects is determined by the binding energy to
hydrogen. With increasing the strength of trapping, traps are categorized as reversible and
irreversible [186]. In the absence of traps, hydrogen diffusion is controlled by random-
jumping process between interstitial lattice sites with a very short residence time for a
diffusing hydrogen atom. Hydrogen diffusion is then described by the ideal lattice
diffusivity D, governed by the activation energy for diffusion associated with the energy
barrier between interstitial sites. Reversible trapping sites with high binding energy create
an effectively higher barrier to hydrogen movement. Consequently, trapping decreases the
rate of hydrogen transport in the lattice and increases the effective activation energy for
diffusion. This trap-affected, or effective hydrogen diffusivity Des can be up to three orders

of magnitude lower than D, depending on the nature and extent of trapping [187].

In a lattice containing only irreversible traps which can be saturated, hydrogen
diffusivity decreases to Dess during hydrogen uptake, until the irreversible traps are
completely occupied with hydrogen. Ideal irreversible traps are saturated at a low hydrogen
concentration and, once filled, there will be no interact with dissolved hydrogen,
consequently, the Dess value increases to Di. In contrast, reversibly trapped hydrogen is in
dynamic equilibrium with hydrogen dissolved in the lattice and represents a permanent
impedance to hydrogen transport [188]. Therefore, the Dets value in a lattice containing
reversible traps is always less than D, and the difference is manifested at lower hydrogen

concentration.

To describe the effects of reversible trapping on Desr, Oriani assumed that dynamic
equilibrium exists between the reversibly trapped hydrogen population and hydrogen in
interstitial lattice sites [183]. In the case of a single type dominant trapping sites, the ratio

of Deff versus D is given as [183]:
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DDLLff = m , (6.7)
where Ct and C. are the trapped and lattice hydrogen concentrations and @ = Cr/ny is
the occupancy of trapping sites. Since the evaluated Set >> Si that the majority of dissolved
hydrogen atoms in the W coating are in traps and the total hydrogen concentration Ciot. =
Cr + Cv is almost equal to the concentration of the trapped population Ciot~ C7(CLK Cr).
Therefore C1/CL= Ser/SL. By solving Eq. (6.7) using the hydrogen transport parameters in
pure annealed polycrystalline W [95-97, 163, 178, 182] one can obtain ©; = 0.7, hence the
traps are mostly occupied. In a perfect lattice, solubility is determined by the heat of
solution [189]. However, the effective hydrogen solubility Sersr can be increased
dramatically by traps, where hydrogen accumulation alters the local heat of solution. For
example, the hydrogen solubility in martensitic AISI 4135 steel is about four orders of

magnitude higher than that in pure iron at 25 °C [190].

In this study, the significantly high Setf and low Desr are believed to be attributed to the
trapping sites resulting from the characteristic microstructure of SP-W material. The
average crystal size of SP-W coatings is ~100 nm as shown in figure 6.1, while for PCW
it is roughly 100 um [178], suggesting that most trapping sites might be located at grain
boundaries, dislocations and vacancy clusters. Nevertheless, further investigations are still

needed to address these issues.

6.3 Plasma-driven permeation

6.3.1 Permeation measurements

Shown in figure 6.10 are the deuterium PDP breakthrough curves through F82H with
and without SP-W coatings at ~320 °C. The thicknesses of SP-W coatings and F82H
substrate are 1.5 um and 1 mm, respectively. The deuterium PDP data through a 1 mm

thick bare F82H membrane is shown for comparison. In these experiments, the ECR power
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is set at 350 W and the ion bombarding energy is set at -100 V. The electron temperature
and density are measured to be ~5 eV and ~1.2 x 10% cm?, respectively. The net
implantation flux is estimated to be ~1.2 x 10'® D/cm?/s. The samples are in-situ degassed
at 500 °C for 8 hours before experiments. Prior to deuterium PDP, argon plasma
bombardment is conducted for 10 min at -50 V to reduce surface contamination. Time zero
in figure 6.10 corresponds to the plasma-on time. The steady-state deuterium PDP flux has
been measured to be ~6 x 103 D/cm?/s for the SP-W coated F82H at 320 °C, which is
nearly two orders of magnitude higher than that for bare F82H. The deuterium
breakthrough time for the SP-W coated F82H is evaluated to be ~760 s, which is
significantly longer than that for bare F82H. It is believed to be attributed to the trapping
effects on deuterium migration, i.e., the trapping sites in SP-W coatings extend the time of
deuterium uptake.
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Figure 6.10 Deuterium PDP breakthrough curves through F82H with and
without SP-W coatings at ~320 °C. The thicknesses of SP-W
coatings and F82H substrate are 1.5 um and 1 mm, respectively.

The thickness of the bare F82H membrane is 1 mm.
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Deuterium PDP fluxes through SP-W coated F82H have also been measured as a
function of temperature. Shown in figure 6.11 are the temperature dependence of steady-
state deuterium PDP fluxes from 300 °C to 550 °C.

The data for SP-W coated F82H indicate enhanced permeation fluxes [191]. Notice,
however, that the permeation flux decreases with increasing temperature. Not presented
here are similar data taken on hydrogen PDP through SP-W coated a-Fe membranes.
Generally, the coatings leads to the reduction of hydrogen permeation through the metals
in conditions of interaction with molecular hydrogen. However, experimental results on
hydrogen ions or plasma permeation through the metals with coatings could be
contradictory. There are a number of experimental studies [172, 192] showing that coatings
can also increase the permeation flux when exposed to ions or plasma, which is in

agreement with our results obtained in this work.
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Figure 6.11 Temperature dependence of steady-state deuterium PDP
fluxes through F82H with and without SP-W coatings.
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Hydrogen ions or plasma reaching either surface are not guaranteed immediate release.
At the plasma-facing surface, with the exception of extremely high temperatures,
recombination of the atoms into molecules must occur before release is possible. The

hydrogen recombination process is defined by the expression [115]:
J- =K,.C?, (6.8)

where J. is the recombination flux, K, is the recombination coefficient and C is the
hydrogen concentration at the plasma-facing surface. A material with a high recombination
coefficient promotes rapid release from the surface, keeping the overall hydrogen
concentration low throughout the material. A material with a low recombination coefficient
prevents rapid release, elevating the hydrogen concentration throughout the material. The
low recombination coefficient leads to higher hydrogen inventory in the material with
potentially higher release rates out of the backside of the plasma-facing material

(permeation).

6.3.2 Surface recombination coefficient for SP-W

Surface recombination coefficient of deuterium for SP-W is estimated by a one-
dimensional steady-state permeation model with the input data taken from experiments.
Shown in figure 6.12 is the effective deuterium diffusivity Des evaluated from the time-lag
method [121] using the gas permeation technique. The Dest (cm?s™) for SP-W coated F82H
from 250 °C to 550 °C is given as:

Der = 4.9 x 10 *exp (22=Y).

kT (6.9)
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Figure 6.12 Effective deuterium diffusivity for SP-W coated F82H.

The data for bare F82H is shown for comparison.

Based on our previous work [74-75], deuterium PDP under the given conditions takes
place in the RD-regime [130], which is recombination-limited hydrogen release from the
upstream surface and the diffusion-limited hydrogen release from the downstream surface.
The steady-state hydrogen PDP flux J«+ is given by:

Jo=2 L (6.10)
where L is the membrane thickness and Jo is the net implantation flux. Eq. (5.10) suggests

that using the data on Dess shown in figure 6.12, the recombination coefficient K, can be
obtained from the measured data on Jo and J-.

Shown in figure 6.13 is the evaluated K, (cm* s) of deuterium for SP-W and F82H
which can be expressed as:

K, =12 x 10-exp (‘Li; e"). (6.11)
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Figure 6.13 Evaluated surface recombination coefficient of
deuterium for SP-W. Nagasaki’s [164], Doyle’s [158]

and Andel’s [193] data are shown for comparison.

To allow a comparison, literature data are also shown for comparison [158, 164, 193].
It has been found that the K for SP-W is orders of magnitude different from that reported
for bulk polycrystalline W [193], meaning that the SP-W shows a considerably different
surface recombination kinetics. The K, for SP-W increases with increasing temperature
from 300 °C to 550 °C. This explains the temperature dependence of PDP fluxes shown in
figure 6.11, i.e., deuterium PDP flux decreases with increasing temperature. SP-W has a

significantly low K compared to F82H, which leads to the enhanced PDP fluxes.
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6.3.3 Deuterium retention

Deuterium retention analysis has been performed by the thermal desorption
spectroscopy (TDS) after steady-state deuterium PDP experiments. The implantation
fluence is ~1 x 10%° D/cm?. After plasma exposure, the samples are cooled down inside the
VEHICLE-1 test chamber. TDS is conducted in a separate vacuum system with delays of
18 £ 2 h between implantation and desorption. Thus, only static deuterium retention is
measured. During TDS measurements, samples are heated by an infrared heater from room
temperature to 600 °C at a ramp rate of ~0.3 °C/s and then held at 600 °C for a further period
of 1 h to ensure deuterium is entirely released. The temperature is measured by a
thermocouple. The amount of deuterium retained in the samples is determined by

integrating the partial pressures of D2 and HD during thermal desorption.

Shown in figure 6.14 are the deuterium thermal desorption spectra released from SP-
W coated F82H and bare F82H. For SP-W coated F82H, the TDS spectra are characterized
by desorption peaks positioned at 400-530 °C depending on the target temperature. For bare
F82H, the TDS spectra are similar to each other in the temperature range of 330-540 °C
and desorption peaks are observed primarily at ~550 °C independent of the target
temperature. A second low-intensity peak at ~350 °C is observed only in the spectrum for
the bare F82H at target temperature of 330 °C.
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Figure 6.14 Thermal desorption spectra of deuterium released from (a) SP-
W coated F82H and (b) bare F82H after plasma exposure at
various temperatures. The thicknesses of SP-W coatings and

F82H substrate are 1.5 um and 1 mm, respectively.

Shown in figure 6.15 is the temperature dependence of deuterium retention in F82H
with and without SP-W coatings. Experimental data by nuclear reaction analysis (NRA)
method up to 7 um in PCW [194-195] and by TDS method in single crystalline W (SCW)
[196] are also shown for comparison. All data show the same tendency that a reduction of
the deuterium retention in W with increasing temperature. The amount of retained
deuterium in SP-W coated F82H is about a factor of 3 higher than that of bare F82H in the

temperature range of 320-420 °C and the differences become smaller with increasing
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temperature. Also indicated in figure 6.15 is that the deuterium retention in SP-W coatings
is higher than some of the reported data for PCW and SCW. Note that, since NRA allows
measuring only the deuterium near the implantation side up to a limited depth, the total
amount of deuterium is significantly underestimated compared to TDS, especially at
elevated temperatures and long-time implantation when more deuterium diffuses into the
bulk of the sample. The high deuterium retention in SP-W coated F82H is presumably due
to the trapping sites for hydrogen isotopes in SP-W coatings. Figure 6.16 shows an
illustrative structure of the physical sputter-deposited W. The possible trapping sites might

be located at the grain boundaries, dislocations and vacancy or vacancy clusters.
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Figure 6.15 Deuterium retention in F82H with and without SP-W coatings
exposed to 100 eV D* at different temperatures up to a fluence of 1 x
102° D/cm?. Experimental data by Ogorodnikova et al. [194] for PCW
irradiated with 200 eV D", Alimov et al. [195] for PCW irradiated
with 200 eV D" and Macaulay-Newcombe et al. [196] for SCW

irradiated with 500 eV D* are also shown for comparison.
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Vacancy
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Figure 6.16 A schematic diagram of possible trapping
sites in SP-W coatings.

6.3.4 Deuterium depth concentration profile

The deuterium depth concentration profile in the SP-W coated F82H membrane has
been measured by the secondary ion mass spectrometry (SIMS) technique after steady-
state deuterium PDP experiments. In this case, the thicknesses of SP-W coatings and F82H
substrate are 1 um and 1 mm, respectively. The membrane temperature is kept at ~250 °C
during PDP. The implantation fluence is ~1 x 10?° D/cm?. After plasma exposure the flange
sample is cooled down inside the VEHICLE-1 test chamber and then cut into small
specimens with a size of 7 x 7 x 1 mm for TDS and SIMS separately. The deuterium static
retention in the sample has been measured by TDS to be ~1.2 x 10'® D/cm?, which is

comparable with the data shown in figure 6.15.

The SIMS depth profile is obtained by the ATOMICA SIMS-4000 instrument using a
5 keV 0F primary ion beam and collecting positive ions of D*, 1¥W*, %Fe*, 52Cr*and 2C*,

etc. The beam is raster-scanned over an area of 150 um x 150 um. The beam current is set
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at 250 nA during profiling. The main characteristics and the measurement setup of the

SIMS apparatus are summarized in table 6.1.

Table 6.1 Analytical parameters for SIMS analysis in this work.

Instrumentation ATOMICA SIMS-4000

Primary beam 03

Primary beam impact energy 5 keV

Primary beam intensity 250 nA

Primary beam diameter 5um

Vacuum pressure 4 x108Pa

Secondary ion polarity (+)

Analyzed secondary ions D*, 188w, S6Fe* 52Cr* 12C* etc.
Raster-scanned area 150 pm x 150 pm

Sputtering rate ~0.18 nm/s in W

In secondary ion mass spectrometry the emission of secondary ions from a surface

under ion bombardment can be described as [197]:

Ly = L,Ynabp,n, (6.12)

where | is the secondary ion current of species m, I is the primary ion flux, Ym is the
sputtering yield, « is the ionization probability, 0 is the fractional concentration of m in

the surface layer and # is the transmission of the analysis system.

The two fundamental parameters are Ymand a. Ynm is the total yield of sputtered particles
of species m, neutral and ionic, per primary ion impact. It increases linearly with primary
ion flux. It also increases with primary ion mass and energy although not linearly.
lonization occurs at the emission of sputtered particles with the consequence that the matrix

participates in the electronic process. This means that the secondary ion yield is strongly
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influenced by the electronic state of the material being analyzed and it is very sensitive to
the electronic state of the atom or molecule to be ionized and to the matrix from which they
are emitted. As a matter of fact, the secondary ion yield sputtered from the same matrix is
a function of the ionization potential of the sputtered atom but it can be greatly enhanced
by the presence of electronegative species, e.g. oxygen, at the surface. This is the well-
known matrix effect [198-199] and it might bring significant complications when a
quantification of SIMS data is required.

For compounds with a multi-layer structure, the use of SIMS to monitor elemental
distributions through these layers and interfaces of varying composition is extremely
difficult due to the changing matrix effects. Proper calibration of ion yield and sputtering
yield, however, can make qualitative concentration and depth measurements possible for
these samples. In the present SIMS analysis of W/F82H bi-layer structure, regardless of

the system factor, the ratio of secondary ion yields of Fe™ and W* can be expressed as:

IF_e+o(ﬁ.aF_e+, (6.13)

IW+ Yw A+

in which the sputtering yields for Fe (Yre) and W (Yw) can be calculated by Monte Carlo
simulation codes such as TRIM [109] and EDDY [111], etc.

To the first order of approximation, it is assumed that the ratio of deuterium ionization
probability in the F82H and W matrixes is equal to the ratio of ionization probability for
Fe and W, while the interaction potential [200] and the local thermal equilibrium [201]

might be some hidden factors:

(ZD+(F8) — aF_e"' ) (6.14)

Xp+w)  Fwt

Therefore, the intensity of secondary D* ions has been converted qualitatively to the
deuterium concentration using the above hypothesis approach, i.e., normalizing the D*
intensity to the matrix species (***W* and %®Fe*). The result is shown in figure 6.17(a), in

which the deuterium concentration is referred to the left axis. Deuterium is observed with
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the highest concentration at the near surface. It is retained at a high level until the depth of
~1 um in the W coatings, after which the concentration has dropped by about two orders
of magnitude in the F82H substrate.
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Figure 6.17 (a) Deuterium depth concentration profile of SP-W coated
F82H by SIMS and (b) deuterium retention in F82H with and
without SP-W coatings (replotted from figure 6.15).

According to the theory of thermodynamics, the diffusion is introduced by the
different chemical potential of each component. Atoms transport from the high chemical
potential area to the low chemical potential area. The real driving force for diffusion is not
the concentration gradient but the chemical potential gradient. Therefore, the hydrogen
chemical potential is continuous throughout the multi-layer membrane but not the
concentration gradient. The hydrogen concentration ratio at the interface is expressed as
(Eq. (2.19)) [127]:

Cui _ 51
Coi  S2 (6.15)
where index i denotes the position at the interface. Based on the data obtained in this work,

the effective deuterium solubility in SP-W coatings (figure 6.8) is about two orders of
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magnitude higher than that in F82H substrate (figure 4.12) at 250 °C, which is in agreement
with the theoretical prediction of Eq. (6.15). Such a deuterium depth profile has also been
reported in Ref. [202] for multi-layer coatings of Fe/Er,Os/F82H evaluated by the D(°He,
p)*He nuclear reaction analysis (NRA). Notice that, the increase of the deuterium and
carbon signals at the W/F82H interface may be due to an impurity layer formed at the
beginning of the W deposition process.

The deuterium retention data is shown in figure 6.17(b) for a comparison. It is
indicated that the increased deuterium retention in SP-W coated F82H corresponds to the
high deuterium concentration in the W coatings.
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6.4 Summary

Hydrogen and deuterium GDP and PDP experiments have been conducted for SP-W
coated F82H. SP-W coatings have been found to reduce GDP fluxes, the PDP fluxes,
however, are enhanced by SP-W. Characterization analyses indicate that microstructure
and surface properties of the coatings significantly alter PDP flux. Surface recombination
is a key process determining the PDP flux.

Transport parameters including diffusivity, permeability, solubility and surface
recombination coefficient have been evaluated for SP-W coatings. It has been found that
the permeability for SP-W is close to the literature data for PCW. However, the effective
diffusivity and solubility are different from the literature data by several orders of

magnitude, indicating that the traps influence on hydrogen migration in W.

Static deuterium retention in SP-W coated and uncoated F82H has been measured by
TDS. Increased deuterium retention in SP-W coated F82H has been observed compared
with that in bare F82H. SIMS depth profile shows a good agreement with the retention data

and exhibits a sign of “uphill diffusion” of deuterium in the W/F82H bi-layer structure.

For a future fusion reactor, based on the present data one predicts that SP-W coatings
might increase hydrogen isotopes PDP fluxes and fuel retention as well in the first wall.
As a proof-of-principle experiment, a permeation probe employing SP-W coated F82H
membrane has been installed in the QUEST spherical tokamak and the data are presented
in Chapter 7.
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Chapter 7

Hydrogen plasma-driven permeation through
SP-W coated F82H in the QUEST spherical

tokamak
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As presented in the previous chapter, SP-W coatings tend to enhance plasma-driven
hydrogen permeation flux. In order to investigate SP-W coatings effects on hydrogen PDP
in a fusion device, a permeation probe of SP-W coated F82H membrane has been installed
in the QUEST spherical tokamak at Kyushu University. Presented in this chapter are the
results of the measurements during conditioning steady-state discharge hydrogen plasma
heated with 2.45 GHz electron cyclotron resonance (ECR). These data have been compared
with our previous experimental results by a permeation probe of bare F82H membrane in
QUEST [203].

7.1 QUEST spherical tokamak

QUEST (Q-shu University Experiment with Steady State Spherical Tokamak, as
shown in figure 7.1 [204]) is a medium size spherical tokamak which aims to achieve the
steady-state operation with the capability to attain high B rather than conventional
tokamaks [205]. The major radius and the minor radius of QUEST are R=0.68 mand a =
0.4 m, respectively [206].

Figure 7.1 The QUEST spherical tokamak [204].
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The vacuum chamber of QUEST is made of stainless steel 304 L with a wall thickness
of 8-12 mm. The chamber radius and height are ~1.4 m and ~2.8 m, respectively. The total
surface area of the chamber wall is ~35.5 m? and the volume is ~13 m® including the
extension ports. Outboard limiters made of tungsten are installed on the outside walls at a
major radius of R = 1.35 m. The pumping system for the QUEST chamber, which consists
of a turbo-molecular pump and 3 cryopumps, has a pumping speed of 3.8 m® s*. Hydrogen
plasmas can be produced by ECR with three kinds of RF sources: 2.45 GHz, 8.2 GHz and
28 GHz.

7.2 Permeation setup in QUEST

In the present work, hydrogen plasma-driven permeation experiments have been
performed for the low temperature, low density slab plasma in discharge cleaning
experiments. The slab plasma means plasma produced in the electron cyclotron resonance

region without poloidal field (i.e., no closed flux surface, as shown in figure 7.2).
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Figure 7.2 ECR cleaning plasma in QUEST (slab plasma).

Schematic view of the QUEST tokamak cross-section and the probe position are

shown in figure 7.3(a). The hydrogen working gas is supplied from a nozzle at the central
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stack. Gas puff is done in a pulse mode, the opening time of which varies in the range of
5-100 ms with the fueling rate of 2.0 x 102! H s™%. The interval between puffs is in the range
from 1 s to 50 s. The fueling gas pressure in the vessel is set in the range of 1-10 x 107 Pa.
Hydrogen plasma is produced by ECR waves alone at 2.45 GHz (<10 kW) in this work.
The annular slab plasma is indicated in pink in figure 7.3(a). The plasma diameter can be
adjusted by changing the toroidal magnetic field. Plasma parameters are measured by an
array of Langmuir probes at the “top plate”. In addition, upper and lower oblique plates
and vertical plates (radiation shield) are installed and denoted by grey lines. The wall

temperature is kept at ~ 100 °C during experiments.
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Figure 7.3 (a) Schematic view of QUEST cross-section

and (b) schematic diagram of the PDP setup.
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Shown in figure 7.3(b) is a schematic diagram of the PDP setup. In the present work,
a SP-W coated F82H sample is used. The permeation probe has been installed inside the
closed port at the mid-plane and the membrane is 15 cm recessed from the radiation shield.
A resistive heater is set behind the membrane to keep the sample temperature in the range
of 300-350 °C. The temperature is measured by a thermocouple attached to the downstream
surface. Hydrogen permeation flux is measured by a quadrupole mass spectrometer (QMS)

which has been calibrated by a hydrogen standard leak.
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Figure 7.4 (a) The permeation probe showing the position of resistive
heater and thermocouple, (b) a picture of the probe fixed in
QUEST chamber and (c) the SP-W coated F82H

permeation sample used in this work.

Shown in figure 7.4 are pictures of the permeation probe. A SP-W coated F82H sample
is used which is prepared in the same dimensions as those commercially available conflat
flanges with an outer diameter of 70 mm. The permeation area is 35 mm in diameter. The

149



thicknesses of SP-W coatings and F82H substrate are 0.5 pm and 0.25 mm, respectively.
The F82H steel substrate is also cut from the F82H plates used in the JFT-2M tokamak at
JAEA [151] and the SP-W coatings are prepared in the same way as those used in
VEHICLE-1. Therefore, the surface conditions of the sample is the basically the same with
those used in VEHICLE-1 (as shown in figure 7.5).
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Figure 7.5 A SEM image of the surface of the SP-W coated
F82H sample used in QUEST.

7.3 Results and discussion

7.3.1 Hydrogen PDP through SP-W coated F82H in QUEST

Figure 7.6 shows the time-evolution of hydrogen permeation data through the SP-W
coated F82H membrane exposed to continuous wall conditioning discharges from shot
#33474 to #33491 in QUEST. The plasma is produced by the 2.45 GHz RF system with an
input power of 7.5 kW and the toroidal filed coil current is kept at 17 kA. This condition

is same with that of the previous work [203]. Under these conditions, the steady-state
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permeation flux for the SP-W coated F82H membrane has been measured to be ~2.1 x 101
H/cm?/s at 300 °C.
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Figure 7.6 Hydrogen permeation through SP-W coated F82H at the
temperature of 300 °C in QUEST (from shot #33474 to
#33491). The thicknesses of SP-W coatings and F82H

substrate are 0.5 um and 0.25 mm, respectively.

In our previous work [203], the steady-state permeation flux was measured to be ~2.4
x 101 H/cm?/s at 270 °C using a 0.2 mm thick bare F82H membrane. Notice, however, that
there was no radiation shield during that QUEST campaign. Therefore, to evaluate the
effects of the radiation shield on hydrogen permeation, some calibration data are necessary.
Shown in figure 7.7 are the radial profiles of hydrogen incident flux (Zinc) measured by a
reciprocate PdCu permeation probe (indicated as PP8 in figure 7.3(a)) and ion flux (Z7on)
measured by a reciprocate Langmuir probe (indicated as RLP in figure 7.3(a)) [207]. The
PdCu membrane is selected for the probe calibration system from favorable viewpoints

including the faster response time, wider permeation regime, and higher sensitivity
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independent of the incident hydrogen flux. The characteristics of the PdCu permeation
probe have already been experimentally investigated by Onaka et al. [208]. It has been
found that hydrogen permeation through PdCu membrane is limited by the surface
recombination process, in which case the steady-state permeation flux is proportional to
the implantation (incident) flux.
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Figure 7.7 Radial profiles of hydrogen incident flux (/inc) by a reciprocate
PdCu permeation probe (indicated as PP8 in figure 7.3(a)) and
ion flux (7ion) by a reciprocate Langmuir probe in QUEST
(indicated as RLP in figure 7.3(a)) (reedit from [207]).
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In QUEST, two regions, i.e., the plasma region and inside the closed port section, are
separated by the radiation shield at R = 1.3 m (as shown in figure 7.7). For R < 1.3 m, both
I'inc and Iion are smoothly increasing towards the slab plasma. The radial scale lengths and
the relative radial profiles of /'inc and Ion are consistent with each other, while a factor of
4-5 difference is shown. It should be noted that these radial profiles inside the plasma side
reflect the radially diffusing plasma profile well. There are steep gradients in both Iinc and
I'on near R = 1.3 m, indicating that the diffusing plasma is terminated by the radiation
shield around the torus. For R > 1.3 m, the I'inc profile is almost constant, ~0.2 x 10® H/m?/s,
while Ion immediately becomes zero. Thus, it can be concluded the ion flux is dominate
in the plasma region (R < 1.3 m) but the atomic hydrogen plays an essential role on the
permeation behind the radiation shield or inside the closed port section (R > 1.3 m).

In the present work, the permeation membrane is 15 cm recessed from the radiation
shield. In the previous work, however, the membrane is 3.5 cm away from the outboard
wall, the positions of the probes are shown in figure 7.7. It can be seen that without the
radiation shield, the hydrogen incident flux 7inc measured by the PdCu probe is
extrapolated to be ~0.8 x 10'° H/m?/s at R = 1.345 m, while with the radiation shield, Iinc
at R =1.345 is reduced by a factor of ~4 to be the value of ~0.2 x 10*® H/m?/s. For hydrogen
PDP taken in the RD regime (recombination-limited hydrogen release from the upstream
surface and the diffusion-limited hydrogen release from the downstream surface), the
permeation flux J. (atoms/cm?/s) is proportional to the square-root of implantation
(incident) flux Jo (atoms/cm?/s) and inversely proportional to the membrane thickness L

(cm):

Jo=2 |2 (7.)

L A Kr

where D (cm?/s) is the diffusion coefficient. Kr (cm*/s) is the hydrogen recombination

coefficient on the plasma-facing surface.

To the first order of approximation, the membrane temperature (300 °C in this work

and 270 °C in [203]) effects on D is negligible [181]. The membrane temperature effects
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on J+ for SP-W coated F82H has been shown in [191], J+ has been found to decrease with
increasing the temperature, which means that J+ is supposed to be even higher than the
present measured value for the membrane temperature at 270 °C during experiments.
Therefore, from Eqg. (7.1) one obtains that the permeation flux will be reduced at least by a
factor of ~2.5 taking into account the effects of the incident flux and membrane thickness.
The steady-state hydrogen permeation flux has been re-estimated to be ~5.3 x 10% H/cm?/s

at 300 °C in the present work.
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Figure 7.8 Comparison of hydrogen PDP through SP-W coated F82H
and bare F82H membranes in 910 s steady-state wall
conditioning discharges. The thicknesses of SP-W coatings

and F82H substrate are 0.5 pm and 0.25 mm, respectively.

Shown in figure 7.8 is a comparison of hydrogen PDP through the SP-W coated F82H

and bare F82H membranes. The normalized PDP flux means that the different incident flux
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due to the radiation shield and the different membrane thickness have been considered so
as to compare with the data in [203]. It can be seen that the permeation flux for bare F82H
reaches steady-state within 100 s, while it take ~700 s for SP-W coated F82H. It is believed
to be attributed to the trapping effects of W coatings on hydrogen migration which have
already discussed in the previous chapter. The steady-state permeation flux through SP-W
coated F82H in QUEST is about a factor of 2 higher than that through bare F82H, i.e., SP-
W coatings enhance hydrogen PDP, which is in agreement with the data taken in the linear
plasma facility VEHICLE-1 except that the increase in permeation flux is relatively smaller.
In VEHICLE-1, the permeation flux through SP-W coated F82H is about one order of
magnitude higher than that through bare F82H in the temperature range of 300-550 °C [191].
The difference could be due to the different particle bombarding energies in QUEST (no
DC bias) and VEHICLE-1 (DC bias, -100 V). Besides, the permeation flux measured in
QUEST is mainly a result of atomic hydrogen permeation, which is different from the
plasma condition in VEHICLE-1. Nevertheless, further investigations are still needed to

address this issue.
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7.3.2 Effect of gas fueling rate

Shown in figure 7.9 is the hydrogen pressure dependence of PDP flux and time-
integrated H,, intensity for the permeation probe at ~300 °C in QUEST. Hydrogen pressure
is controlled by the gas fueling rate. It indicates that in the current range of hydrogen
pressure, the PDP flux increases with increasing hydrogen pressure. The time-integrated
H. intensity, however, decreases with increasing hydrogen pressure which is assumably
due to the decrease of the plasma temperature.
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Figure 7.9 Hydrogen pressure dependence of PDP flux and
time-integrated H,, intensity for SP-W coated F82H
membrane at ~300 °C in QUEST.
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7.4 Summary

Hydrogen PDP flux measurements have been conducted in the QUEST spherical
tokamak for SP-W coated F82H membrane and the present data has been compared with
our previous results for bare F82H membrane. A much longer PDP breakthrough time and
higher steady-state permeation flux have been found for SP-W coated F82H than that of
bare F82H. It is concluded that SP-W coatings enhance hydrogen PDP not only in the
VEHICLE-1 linear plasma device but also in the QUEST spherical tokamak.
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Chapter 8

Summary and implications to reactors design
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8.1 Summary

The first wall is defined as the plasma-facing surfaces of the blanket units, whereby
hydrogen isotopes flow in and out in two opposite directions simultaneously through the
first wall: in one direction by plasma-driven permeation (PDP) and in the other direction
by gas-driven permeation (GDP). In this PhD thesis work, hydrogen isotopes permeation

behavior through the first wall of a magnetic fusion power reactor has been studied.

A steady-state laboratory-scale plasma device VEHICLE-1 has been used to
investigate the bi-directional hydrogen isotopes permeation by PDP and GDP under
conditions to be seen in the first wall environment. The hydrogen transport parameters data
taken for a-Fe have been found to be in good agreement with the literature data, which
means that the experimental setup in VEHICLE-1 is valid for the evaluation of other first

wall candidate materials.

Both GDP and PDP of hydrogen isotopes through F82H have been found to be
diffusion-limited. The hydrogen and deuterium transport parameters such as permeability,
diffusivity, solubility and surface recombination coefficient have been successfully
measured for F82H. In particular, the surface recombination coefficient of deuterium on
F82H has been experimentally measured for the first time. Isotopic effects on hydrogen
transport have been discussed. Simultaneous bi-directional hydrogen isotopes (H/D)
plasma- and gas-driven permeation has been demonstrated experimentally for the first time
under controlled experimental conditions. Hydrogen GDP has been found to take place in

the opposite direction of deuterium PDP.

Hydrogen GDP and PDP experiments have been conducted for VPS-W and SP-W
coated F82H membranes. VPS-W coatings have been found to be porous and have an open
system of connected pores. The main effect of the VPS-W coatings on hydrogen
permeation is to reduce the incoming flux at the W/F82H interface owing to pore diffusion
in the coating and to reduce the effective surface area for hydrogen dissolution in the

substrate.
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SP-W coatings have a dense and pore-free structure. It has been found that SP-W
coatings reduce GDP fluxes but tend to enhance PDP which has been observed not only in
the VEHICLE-1 facility but also in the QUEST spherical tokamak. Characterization
analyses indicate that microstructure and surface properties of the coatings significantly
alter PDP fluxes. Surface recombination is an important process determining the PDP flux.
Transport parameters including diffusivity, permeability, solubility and surface
recombination coefficient have been evaluated for SP-W coatings. The permeability for
SP-W is close to the literature data for bulk polycrystalline W. However, the effective
diffusivity and solubility are different from the literature data by several orders of
magnitude, indicating that the traps influence on hydrogen migration in W. Static
deuterium retention has been measured by TDS. Increased deuterium retention in SP-W
coated F82H has been observed compared with that in bare F82H. SIMS depth profile
shows a good agreement with the retention data and exhibits a sign of “uphill diffusion” of
deuterium in the W/F82H bi-layer structure.

8.2 Implications to reactors design

This PhD thesis work has established some fundamental knowledge databases for
fusion reactors design, which makes a contribution to magnetic fusion research in the field
of fusion engineering. Using these data and methods, it is possible to analyze the hydrogen
isotopes permeation behavior through the first wall under some of the reactor-relevant
conditions. From the viewpoint of bi-directional hydrogen isotopes permeation of a future
fusion reactor, two implications of this PhD thesis work to reactors design are listed (as

shown in figure 8.1):

(1) VPS-W and SP-W coatings might be overlaid protecting F82H, so that bi-directional

hydrogen permeation would be reduced.

(2) One can also combine VPS-W coatings on the plasma-facing side and Al.Os3 (Er.03
etc.) insulator, which is intended to reduce magnetohydrodynamic (MHD) drag, on the

breeding blanket side to reduce the bi-directional permeation. Since the AlOsz is an
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efficient permeation barrier for hydrogen isotopes [174] that one might use VPS-W
coatings as an armor to protect the first wall from the viewpoint of energetic ion

sputtering.
VPS-W (50~200 um)

SP-W (0.5~5 um)
F82H (~5 mm)
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Figure 8.1 Applications of tungsten coatings in fusion reactors.
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