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The adhesion of tungsten dust is measured on plasma-exposed and non-exposed tungsten substrates with the
electrostatic detachment method. Tungsten substrates of comparable surface roughness have been exposed to the
deuterium plasmas of the GyM linear device and the argon plasmas of rf glow discharges under conditions which
invariably modify the surface composition due to physical sputtering. The adhesion has been systematically
characterized for different spherical nearly monodisperse dust populations. Independent of the dust size, an
approximate 50% post-exposure reduction of the average and spread of the adhesive force has been consistently

observed and attributed to surface chemistry modifications.

1. Introduction

The adhesion of tokamak dust on plasma-facing components
emerges in various theoretical topics (mechanical impacts, plasma in-
duced remobilization, resuspension during loss-of-vacuum accidents)
and diagnostic issues (collection activities, removal techniques) [1-6].
This motivated systematic pull-off force measurements utilizing the
electrostatic detachment method [7,8] and dedicated van der Waals
calculations employing Lifshitz theory [9]. The experimental in-
vestigations focused on micron sized spherical tungsten dust deposited
in a controlled manner on tungsten substrates of low surface roughness
(5100 nm). Their principal conclusions can be summarized in the
following: (i) The W-on-W adhesive force has an average value that is
nearly two orders of magnitude smaller than the predictions of contact
mechanics but in good agreement with the van der Waals formula.
Intimate contact is restricted due to the omnipresent nano-roughness
implying that adhesion is dominated by interactions between in-
stantaneously induced multipoles and not by metallic bonding. (ii) The
W-on-W adhesive force approximately behaves as a log-normally dis-
tributed random variable. The statistical character of surface roughness,
adsorbate coverage and micro-crystallite orientation leads to the sto-
chastic nature of adhesion. (iii) Gas-assisted deposition (mimicking
dust sticking to the first wall and divertor) leads to stronger adhesion
than gravity-assisted deposition (mimicking dust sticking to the vessel
floor) as a result of plastic deformation realized even during low ve-
locity impacts. (iv) The presence of thin beryllium coatings on W
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surfaces does not significantly modify the adhesion of W dust.

In addition to these qualitative results, empirical correlations were
proposed which describe the dust size dependence of the mean as well
as the spread of the W-on-W adhesive force in specific surface rough-
ness ranges [8]. In combination with the log-normal distribution, these
correlations provide a complete analytic description of W-on-W adhe-
sion. The pertinent question that arises concerns whether quantitative
results obtained in the laboratory can be expected to be accurate in the
tokamak environment given the well-known dependence of adhesion
on surface composition [10]. The aforementioned measurements were
carried out in a low pressure chamber and standard surface pre-
cleaning techniques were followed, i.e. degreasing in deionised water
followed by ultrasonic baths in turpentine and acetone for several
minutes. As a result of the absence of ultra-high vacuum conditions and
in situ cleaning provisions (e.g. inert gas sputtering or self-sputtering),
the W substrates were not atomically clean but rather contained ad-
sorbates and native oxides. Thus, the measurements must have been
subject to chemical heterogeneities affecting the mean and spread of
the adhesive forces.

The purpose of this work is to quantify the effect of typical atmo-
spheric contaminants on W-on-W adhesion. This is indirectly achieved
by exposing dust-free W substrates to plasma discharges, under condi-
tions which invariably modify the surface chemistry by physical sput-
tering. Post exposure, the sputter-cleaned substrate is returned to the
ambient environment, dust is deposited and electrostatic detachment
measurements are carried out. Inevitably, the plasma-exposed substrate
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will be gradually covered again with adsorbates, but the pull-off force is
measured before the original surface chemistry is completely re-estab-
lished. More important, this experimental sequence follows the chain of
events occurring in loss-of-vacuum accidents, during which air ingress
in the vacuum vessel generates an outward flow after pressure equili-
bration that can potentially mobilize adhered dust grains [11,12].

2. Experimental aspects
2.1. Electrostatic detachment method

Here, we shall briefly present the operation principle of the mea-
surement technique and the main stages of the experimental procedure.
For further theoretical and technical details, the reader is referred to
our previous works [7,8].

In the electrostatic detachment method [13], a dc potential differ-
ence is applied between two parallel plate electrodes with the con-
ducting dust deposited on the grounded electrode. The interaction be-
tween this electrostatic field and the induced dust charge leads to a
normal force that tends to detach the grains from the substrate. For the
idealized spherical dust - planar substrate system, its magnitude is de-
scribed by the Lebedev formula [14]

F. = kpE2D? (uN), (€8]

where E is the electrostatic field in kV/mm, D4 the dust diameter in pm
and kp = 0.38 x 10~*(uNmm?)/(kV2um?). The adhesive force or pull-off
force F,, can be measured by slowly increasing the bias until the de-
tachment condition F. = F,, is satisfied. Owing to the omnipresent
structural heterogeneities (different surface topology), chemical het-
erogeneities (variable adsorbate composition or content) and energetic
heterogeneities (random microcrystallite orientation) of the dust-sub-
strate system, complete detachment does not occur above a unique
electric field strength but gradual detachment occurs over an extended
range of electric fields. Hence, the method provides a measurement of
the cumulative distribution function ®(F,,) of the random variable F,,
whose average value and standard deviation can then be straightfor-
wardly computed.

In our experiments, three nearly monodisperse spherical W dust
batches (6 ym, 9 um, 14 um) were meshed out from a wide 5-25 pm
population supplied by TEKNA Advanced Materials Inc. Each dust sub-
population was adhered to W substrates with gravity-assisted deposi-
tion [8]. These dust-loaded substrates were adjusted into a hollow
stainless steel electrode which was mounted as the bottom electrode of
the low pressure ( < 0.05 Pa) high-voltage system, whereas the upper
electrode was kept dust-free. A 1.5 kV potential difference was initially
applied and maintained constant for several minutes. The vacuum was
then broken, the bottom electrode was dismounted and the mobilized
dust number was determined by an optical microscope. The procedure
was repeated with a slightly higher bias until all dust had been removed
or dielectric breakdown had occurred. Clusters were excluded from
counting. With 1.5-25 kV biases and 0.5-1 mm electrode spacings,
E = 1.5-50 kV/mm extracting fields were achieved.

2.2. Plasma exposures

Dust-free W substrates of similar surface roughness characteristics
were exposed to the deuterium plasma of the GyM linear device and the
argon plasma of an rf glow discharge. The samples were negatively
biased with respect to the plasma in order to warrant that physical
sputtering is realized. For the sake of clarity, we emphasize again that
only dust-free and not dust-adhered W substrates were exposed to
plasmas to ensure that the - otherwise shadowed - contact area is
plasma wetted but also to avoid possible contact strengthening due to
diffusion bonding at elevated temperatures.

GyM deuterium exposures. The device and the sample introduction
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system are described in Refs. [15-17]. The plasma parameters at the
center of the column were measured with a Langmuir probe. (a) Two W
substrates (#1, #4) were exposed under the conditions:
Ne~5.2 X 10'® m=3 for the plasma density, T, ~ 6.0 eV for the electron
temperature, V,~15 V for the plasma potential, V;, = —400 V for the
applied sample bias, te,,~90 min for the exposure time and
F;~2.9 x 10%* m~2 for the ion fluence. The incident ions were mono-
energetic (T; ~ 0.1 eV) with a kinetic energy of Ej,. = e(V, — V4). The
normal incidence sputtering yield was found to Dbe
Yp_w(Einc) =~ 8.1 X 107* from the Eckstein-Preuss empirical for-
mula [18,19]. This estimate neglects the presence of surface roughness
(leading to a Y increase due to the more grazing ion incidence), the
possibility of self-sputtering by promptly ionized W atoms (leading to a
contribution that depends on the ionization efficiency with
Yw — w(Einc) = 0.44), the possibility of sputtering by oxygen im-
purities [20] (leading to another contribution that depends on the
concentration with Yo _. w(Eine) ~ 0.24) and the presence of deuterium
molecules in the plasma beam (leading to an effective F; decrease due to
the constituent’s kinetic energy Ej,./2 lying below the sputtering
threshold). The W erosion depth was then calculated as
s = [FYp_w (Einc)Matl/ 0, Where m,, is the W atomic mass and py,, the W
mass density, resulting to s ~ 40 nm. The temperature of the sample
holder reached Tf,~380°C at the end of each exposure. (b) One W
substrate (#5) was exposed under the conditions: n.~5.3 x 10'® m-3,
T~6.2 eV, V216 V, Vi, = =100 V, texp = 90 min, F; ~ 3.0 x 10** m2,
Tgn~ 270 °C. As a consequence of the lower applied bias, the incident
kinetic energy was much smaller than the D — W sputtering threshold
of Eq, ~ 230 eV [19] and thus there could be no material removal due to
sputtering by deuterium ions.

Rf glow discharge argon exposures. The discharge consists of two
stainless steel parallel capacitive-coupled plate electrodes, mounted
inside a cylindrical vacuum chamber, in an asymmetric configuration.
The powered electrode is connected to a 13.56 MHz rf power supply,
coupled to an automatic impedance matching unit, while the other
electrode is grounded. The exposed samples were mounted on the
grounded electrode. Two W substrates (#2, #3) were exposed under the
conditions: n.~2.5 x 10'* m=3, 14, =-230 V, texp~25 min and
F;~10%' m=2. The substrates remained close to room temperature
during the exposures. As a result of the larger argon atomic mass, the
Ar — W sputtering threshold is much smaller, Ey, ~27 eV [19], and
modest sputtering still takes place in spite of the smaller applied bias
and ion fluence. The normal incidence sputtering yield was found to be
Yar — w(Eine) =~ 0.33 from the Eckstein—Preuss empirical formula and the
erosion depth was estimated to be s ~ 5 nm.

Substrate analysis. The dust deposition areas of each W substrate
were observed before and after plasma exposure by means of a scanning
electron microscope (SEM) in order to ensure that the substrate mor-
phology remained the same. In addition, the surface roughness of each
sample was measured before and after plasma exposure by means of
atomic force microscopy (AFM). Finally, qualitative information on the
adsorbate composition of the substrate was obtained before and after
plasma exposure by means of Attenuated Total Reflection Fourier
Transform Infra-Red (ATR-FTIR) spectroscopy.

3. Experimental results
3.1. Pull-off force measurements

In all 25 measurement sets, the W-on-W adhesive force approxi-
mately behaved as a log-normally distributed random vari-
able [8,21,22], see Figs. 1 and 2 for some characteristic examples. The
average value and the standard deviation (spread) of the pull-off force
were calculated from
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Fig. 1. The experimental cumulative probability distribution of the W-on-W adhesive force (discrete points) together with the least-square fitted log-normal cu-
mulative probability (solid line). Measurements for W dust deposited before and after W substrate exposure to the GyM deuterium plasma. Results for substrate #1:

Dyom = 6um, Dpoyy = 9um and Dyop, = 14 um.
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where M is the number of distinct electrostatic field values, N is the
total number of adhered dust grains, N; is the number of dust grains
detached by the ith applied electrostatic field E;, E.; = kpE?D3,, is
provided by the Lebedev formula which is evaluated at the average
adhered dust diameter Dy, ,v. The denominator is not necessarily unity,
since dielectric breakdown can take place prior to the detachment of all
adhered dust grains [7,8]. The experimental results have been sum-
marized in Table 1.

Substrates #1, 2, 3. Pull-off force measurements were carried out
with the 6,9, 14 um W dust batches deposited on the substrates before
and after their plasma exposure. The substrates were subject to physical
sputtering during exposure. A significant post-exposure reduction of the
average and spread of the pull-off force was always observed regardless
of the dust diameter. For the 6 um subpopulation, the F,, reduction
ranged from 45 to 76 and the o[F,,] reduction from 54 to 66%. For the
9 um subpopulation, the £, reduction ranged from 20 to 57% and the
0[Fp] reduction from 32 to 60%. For the 14 um subpopulation, the By,
reduction ranged from 41 to 54% and the o[F,,] reduction from 43 to
48%. It can be roughly stated that plasma exposure of the substrates led
to a 50% reduction in the average and spread of the adhesive force with
no apparent dependence on the dust size.

Substrate #4. Pull-off force measurements were performed with the
6,9,14 um W dust batches deposited on the substrate right after and
nearly two months after (remaining in atmospheric environment) its
plasma exposure. The substrate was also subject to physical sputtering
during exposure. The average and spread of the pull-off force were
again significantly lower right after plasma exposure: F,, was lower by

19%, 39%, 68% and o[F,,] was lower by 29%,37%,52% for the
6,9, 14 um batches, respectively.

Substrate #5. Pull-off force measurements were carried out with the
14pm W dust batch deposited on the substrate only right after its
plasma exposure. This substrate was not subject to physical sputtering
during exposure. The average and spread of the pull-off force acquired
values similar to the pre-exposure values of other samples (nearly
identical to the #1 substrate).

Pre-exposure measurements. It is important to point out that, despite
the nearly identical substrate roughness values, there are large devia-
tions between the pull-off force measurements carried out with dif-
ferent non-exposed substrates. For instance, in the case of substrates
#2, 3 (rms roughness Ry~ 15 and 24 nm): the measurements are very
similar for the 9 um, 14 um batches but exhibit large differences for the
6 um subpopulation. In the case of substrates #1, 2 (rms roughness
Rq~16 and 15 nm): the measurements are nearly identical for the
9 um batch, similar for the 14 um batch but exhibit very large differ-
ences for the 6 um subpopulation. These deviations are, mostly prob-
ably, a consequence of chemical heterogeneities (a residual contribu-
tion from structural heterogeneities cannot be excluded because
identical average roughness metrics for the substrate do not imply an
identical surface topology and also because the dust surface roughness
may vary). The effect of energetic heterogeneities should be more
limited, as suggested from the similar surface energies calculated for
different W crystal facets [23]. The possibility of bias due to strong
chemical heterogeneities necessitates the use of different substrates and
the acquisition of large statistics for reliable pull-off force measure-
ments, as also discussed in Ref. [8].

3.2. Surface chemistry modifications
AFM measurements, focused on the deposition areas, revealed that

the plasma exposures barely modified the surface roughness char-
acteristics of the W substrates. For instance, the rms metric R, increased
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Fig. 2. The experimental cumulative probability distribution of the W-on-W adhesive force (discrete points) together with the least-square fitted log-normal cu-
mulative probability (solid line). Measurements for W dust deposited before and after W substrate exposure to the rf argon plasma. Results for Dy, = 6 um (substrate

#3), Dhom = 9um (substrate #3) and Dy, = 14um (substrate #2).
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Summary of pull-off force measurements carried out with the electrostatic detachment method for spherical W dust adhered to W surfaces with gravity-assisted
deposition. Total of 25 sets of measurements performed with 5 different substrates and 3 different dust sub-populations. The designation “no plasma” refers to
measurements carried out either before substrate exposure to plasmas (#1, #2, #3) or two months after substrate exposure to plasmas (#4). The designation “plasma”

refers to measurements carried out right after substrate exposure to plasmas.

Tungsten substrate history Average W dust Number of Average pull- Pull-off force ~ Average W dust Number of Average pull- Pull-off force
diameter (um) isolated W dust off Fpo (UN) spread (uN) diameter (um) isolated W dust off Fpo (UN) spread (uN)
grains grains
No plasma No plasma No plasma No plasma Plasma Plasma Plasma Plasma

#1: exposure in 6.10 1742 0.31 0.30 6.30 1851 0.17 0.10

GyM D plasma 9.20 884 1.99 1.44 9.10 937 0.85 0.57

(Vb = —400 V) 14.9 273 2.87 2.96 15.2 104 1.32 1.54

#2: exposure in 5.20 1482 1.18 0.65 6.20 1421 0.28 0.26

Ar rf-discharge 9.39 855 1.91 1.42 9.05 1199 1.54 0.96

(Vb =—230 V) 15.3 296 3.28 2.84 14.6 196 1.92 1.63

#3: exposure in 6.00 1199 0.62 0.65 5.91 1893 0.32 0.30

Ar rf-discharge 9.05 678 1.87 1.13 9.18 783 1.10 0.77

(Vb = —230 V) 14.4 297 3.45 2.71 15.2 196 1.98 1.46

#4: exposure in 6.50 1969 0.26 0.21 6.10 1489 0.21 0.15

GyM D plasma 9.40 1139 1.35 0.81 9.00 1021 0.82 0.51

(Vb = —400 V) 15.1 317 3.56 1.90 15.4 291 1.13 0.91

#5: exposure in

GyM D plasma 15.1 339 291 2.96

(Vb = —100 V)
from 16 to 23 nm after the exposure of substrate #1 to the GyM linear
device and increased from 24 to 32 nm after the exposure of substrate
#3 to the rf glow discharge. We also point out that, at least for
Dy = 5-25um and Ry ~ 10 — 100 nm, a rather weak dependence of the
W-on-W adhesive force on surface roughness has been consistently
observed [8]. Thus, the effect of topological changes should be negli-
gible. In addition, although elevated in the GyM exposures, the sub- = \& &
strate surface temperatures remalne:l well below the W recrystalh.zatlon 8 O--H in W-OH W-OH--H O band
temperature range of 1000-1300 °C. Therefore, micro-crystallite re- % W-OH 2
structuring should also be negligible. =

On the other hand, the surface composition of the W substrate was E T
strongly modified by plasma exposure due to physical sputtering and e
possibly also chemical sputtering or thermal desorption of the con- E
taminants (the latter two only possible for the deuterium GyM ex-
posures). Plasma exposure should preferentially remove adsorbates as
well as native oxides from the near-surface region leaving a purer but = W--OH--H O band
highly reactive W surface. Upon return to the atmospheric environ- 2
ment, the activated substrate would again begin to be covered with P
c . W-0-H W-0

adsorbates and slowly re-establish its original surface chemistry. In fact, TR T T

there are appreciable differences in the ATR-FTIR spectra before and
after exposure to the GyM deuterium plasma. Prior to exposure, the
spectrum was dominated by vibrational bands ascribed to OH groups,
whereas, post exposure, the spectrum became dominated by oxide
bands and the OH bands nearly disappeared, see Fig. 3 for a char-
acteristic example. We note, though, that the differences in the ATR-
FTIR spectra before and after exposure to the rf argon plasma are much
less pronounced.

The above arguments and measurements suggest that the reduction
of the average value and spread of the pull-off force after plasma ex-
posure, as observed in the adhesion measurements for substrates
#1, 2, 3, was primarily caused by surface chemistry modifications. The
interpretation is strongly supported by the adhesion measurements for
substrate #4 (where two month subjection to atmospheric conditions
led to an increase in both average and spread) but also for substrate #5
(where in absence of physical sputtering there were nearly no changes
in the pull-off force characteristics).

From the perspective of the Lifshitz theory of van der Waals
forces [24,25], the presence of adsorbates will alter the near-surface
dielectric function of the bodies and will thus result to a different

21
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Fig. 3. The ATR-FTIR spectrum of the W substrate #1 before (a) and right after
(b) exposure to the deuterium plasma of the GyM linear device. In the post-
exposure spectra, H stands for any hydrogen isotope, given the possibility of
deuterium retention. The spectra were acquired by a Perkin Elmer Spectrum
One FTIR Spectrometer featuring zinc selenide as the high refractive index
crystal at a 45° infrared beam incident angle.

Hamaker constant. This is illustrated in Fig. 4, where effective W-on-W
Hamaker constants A.g are computed before as well as after plasma
exposure and compared with the theoretical pure W-on-W Hamaker
constant Ay = 4.98 X 1071 J [9]. In particular, for each dust size, the
datasets for substrates #1, 2, 3 have been unified and two F}O values
have been calculated that characterize adhesion before and after ex-
posure. This allows for the least-squares determination of the effective
W-on-W Hamaker constant, which is Az ~ 3.93 x 10~ J before and
Aegr = 2.22 X 10719 J after exposure.
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Fig. 4. The average value of the W-on-W adhesive force, before and after plasma exposure under physical sputtering conditions (synthetic dataset constructed by
unifying the results acquired for substrates #1, 2, 3), as a function of the dust size. The van der Waals expression Fqw = [A/(12z2)] D4 [24,25] with the distance of
closest approach z, = 0.4 nm [9] and with three different Hamaker constants is also illustrated: (i) the theoretical Ay, = 4.98 X 1071° J for pure tungsten, (ii) the
least-squares determined A.g ~ 3.93 X 1071° J before plasma exposure, (iii) the least-squares determined A ~ 2.22 X 107!° J after plasma exposure.

4. Summary and discussion

The adhesion of micron-sized tungsten dust has been measured on
plasma-exposed and non-exposed tungsten substrates of similar surface
roughness characteristics with the electrostatic detachment method.
Prolonged substrate exposures were carried out in the deuterium
plasmas of the GyM linear device and the argon plasmas of rf glow
discharges with large negative biasing in order to ensure that physical
sputtering is realized. After substrate exposure, the adhesive force re-
mained log-normally distributed but, nearly independent of the dust
size, a roughly 50% reduction of its average and standard deviation was
consistently observed. This reduction was attributed to surface com-
position modifications. In spite of the fact that vacuum was interrupted
for the dust deposition and in-between successive electrostatic field
applications, the surface chemistry remained distinctly different from
the original.

The experimental results quantify the effect of typical atmospheric
contaminants on the W-on-W adhesive force. This effect is rather
strong, especially when taking into consideration the fact that the
presence of thin beryllium coatings (up to 1000 nm) has been demon-
strated to only weakly modify the adhesion of W dust [8]. Since it is not
possible to perform pull-off force measurements with the electrostatic
detachment method in ultra-high vacuum and involving atomically
clean W surfaces (substrates and dust), the chemical composition of the
surfaces should always be carefully monitored. Under fusion-relevant
conditions, helium trapping (bubble, fuzz formation) as well as nitrogen
implantation (tungsten nitride formation) lead to a distinct near-surface
chemistry [26-28], whose effect on W-on-W adhesion could also be
significant. Finally, it is worth noting that tritiated dust will tend to be
positively charged due to the emission of beta electrons generated by
the radioactive decay of tritium [29,30]. Provided that the electrical
resistance at the dust-substrate contact is high enough to sustain the
charge surplus within the dust particle, this would not only influence
adhesion but also the dust response to external electric fields.
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