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ABSTRACT

The adhesion of tungsten (W) dust particles on W tokamak plasma-facing surfaces is investigated. When spherical dust hits the tokamak walls, its shape is altered as a
contact area is created by the adhesion work and irreversible plastic deformation. The van der Waals adhesion force between such a deformed grain and a flat surface
is estimated, and the link between the force and the impact velocity is determined. We show that adhesion can be increased by several orders of magnitude when the
impact velocity approaches the adhesion velocity. Finally, the effects of surface roughness are incorporated.

1. Introduction

Due to the toroidal shape of tokamaks, dust transported in fusion
plasmas tend to be accelerated towards the vacuum vessel outer walls.
The outcome (adhesion, rebound or destruction) of dust-wall collisions,
as well as the estimation of adhesion forces, are critical to the quanti-
fication of dust sources and sinks in fusion devices. This makes dust-
wall collisions a crucial issue to address in any dust modelling
code [1-6]. A dust-wall impact is generally decomposed into its normal
and tangential components since they involve different physics, even
though they cannot be systematically decoupled [7,8]. In the following,
the focus is made on normal impacts. Before any consideration on ad-
hesion forces can be made, it is important to introduce the concept of
adhesion criterion. The outcome of a collision between a dust particle
and a surface is characterized by the adhesion velocity, V,qn. For impact
velocities above v,q,, rebound is possible and usually comes with sig-
nificant energy loss because of plastic deformation and the work of
adhesion forces. When there is rebound, restitution coefficients (de-
fined as the ratio of a given quantity after and before the collision
event) are needed to characterize the dust after impact. If the dust
normal impact velocity v is below v,qp, it will stick to the surface as
adhesion forces are strong enough to prevent rebound. In this case, the
quantification of the adhesion force is critical to predict dust re-
mobilization. The first attempt to model dust-wall collisions in toka-
maks was made in the DUSTT code, where constant restitution coeffi-
cients for the dust size and temperature were used [9]. In a later work,
constant restitution coefficients for the normal velocity were combined
with a constant probability for adhesion [2]. DUSTT was also coupled
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to a finite element code in order to study the special case of high ve-
locity impacts (vo ~ 0.1 — 1 km/s) [10]. The MIGRAINe code imple-
ments the most complete analytical dust-wall collisions model to
date [11]. The adhesion velocity and velocity restitution coefficients are
calculated using the Thornton and Ning (T&N) model for the normal
impact of elastic-perfectly plastic adhesive spheres [12]. This model
was validated against experimental measurements of velocity restitu-
tion coefficients for impacts close to normal incidence [13,14]. When
the dust sticks to the surface, the quantification of the adhesion force is
primordial. Due to adhesion forces and irreversible plastic deformation
accumulated during the impact, a once spherical particle exhibits a non-
zero contact area with the surface. This contact radius, a, depends on
the dust impact velocity when plastic deformation is present. This was
demonstrated experimentally for tokamak-relevant materials and im-
pact velocities [15]. Since it was shown that Tungsten (W) exhibits a
perfectly plastic behavior [16], a can be calculated using the T&N
model for the normal impact of elastic-perfectly plastic adhesive
spheres, since the force-displacement curve can be linearized [17]. Thus
one can estimate the contact radius at the end of the loading-unloading
cycle as a function of the impact velocity. Once a is known, the adhe-
sion force can be calculated from the van der Waals potential [18]. The
well-known van der Waals force expression is obtained for spherical
particles at close range with a planar surface, hence the need for a
calculation involving a more complex dust shape. In this paper, we first
recall the basics of particle adhesion on planar surfaces. Applied in the
case of W/W impacts, we show that plasticity plays a predominant role
in dust-wall collisions. When there is adhesion, we estimate the contact
radius, focusing on its dependence on the impact velocity. Then, an
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expression of the van der Waals adhesion force on such a deformed dust
particle is proposed. The importance of the impact velocity on the ad-
hesion force is emphasized. The effects of the surface roughness is also
studied.

2. The omnipresence of plastic deformations for W/W impacts

When a dust particle hits a flat surface, its initial kinetic energy is
converted into elastic (and, possibly, plastic) deformation energy, ad-
hesion work and other dissipation mechanisms such as viscoelastic ef-
fects. Rebound occurs if the elastic deformation energy returned during
the unloading phase is sufficient to overcome the adhesion work. Let us
consider a spherical dust grain of radius ry impacting a flat surface.
Subscripts d and s are used for parameters of the dust grain and the
substrate, respectively. The adhesion velocity can be calculated in the
framework of the Johnson-Kendall-Roberts (JKR) theory [19], where it
is defined by
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where pq is the dust density, y = /y,7%, v: being the surface energies and
E. is the reduced Young modulus defined by
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where E; and v; are the Young moduli and Poisson ratios, respectively.
This criterion accounts for elastic deformation only, and gives
V¥R = 1.34 m/s for a W/W impact and r; = 1 um. Material parameters
used throughout this paper are summarized in Table 1.

If plastic deformation is to be incorporated in the picture, there
exists a minimal impact velocity above which there is enough energy in
the system to set off plastic deformation. This so-called yield velocity,
vy, is calculated using the T&N model, which considers the normal

impact of elastic-perfectly plastic adhesive spheres [12]
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where p, is the yield pressure, which usually ranges between 1.60, and
2.80,, 0, being the material yield strength [11]. In the following, we
arbitrarily choose p, = 20,. In the case of a W/W impact, one finds
v, = 7.5 mm/s, which is rather small when compared to typical dust
velocities in tokamaks [10]. Moreover, in the case of W/W impacts, v, is
systematically lower than v)5%, which means that plastic deformation
are always at play during impacts, and the JKR theory is inapplicable.
The adhesion criterion accounting for plastic dissipation can be ob-
tained from the T&N model for the normal impact of elastic-perfectly
plastic adhesive spheres. It is determined by equating the restitution
coefficient given by the T&N model to zero, as was done in Ref. [11].
One finds that the adhesion velocity is the solution of the following
equation

Table 1

W material parameters used in this paper.
Name Symbol Value Ref.
Surface energy % 4.36 J/m? [20]
Young modulus E 400 GPa [21]
Poisson ratio v 0.29 [21]
Yield strength oy 500 MPa [16]
Density o 19.2 g/cm?® [22]
Hamaker constant A 49%x 10719 g [23,24]
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Fig. 1. Sketch of the force - overlap curve for the impact of an elastic perfectly-
plastic adhesive sphere. Three phases are distinguishable: elastic (AB) and
plastic (BC) loading and elastic unloading (CD).
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For a W/W impact with r; = 1 pm, one finds v,g, = 6.03 m/s, which
is much higher than v,. Dissipation phenomena other than plasticity
(such as viscoelastic effects) could even further increase the adhesion
criterion [25]. In the following, we focus on the case of W/W impacts
and in the regime where v, < vy < V,4n, which should represent most of
the dust impact velocities encountered in tokamaks [10]. In this regime,
the deformation energy is dominated by plasticity, meaning that the
contact radius is a function of the impact velocity.

3. Estimation of the contact radius for sticking W grains

When a spherical dust particle impacts and sticks to a flat surface, it
is elastoplastically deformed. The kinetics of an adhesive dust-surface
normal impact for an elastic-perfectly plastic adhesive sphere is divided
into the loading and unloading phases, as can be seen in Fig. 1. &
designates the overlap (indentation depth), with § = a?/r;. During the
loading phase, the dust initial kinetic energy is converted into elastic
deformation energy (AB) until the yield (elastoplastic transition) is
reached (if vo = v)). Then, the remaining energy is converted into ir-
reversible plastic deformation (BC). If the material is perfectly plastic,
the force f increases linearly with & since the pressure saturates at p,
(and the force increase is solely dictated by the contact radius increase).
When all the dust initial kinetic energy is converted into deformation
energy, 6 has reached its maximal value §,,. During the unloading phase
(CD), the material elastically unloads until the remaining elastic de-
formation energy equals the adhesion work. At the end of the cycle,
there is a residual overlap §; due to both adhesion work and irreversible
plastic deformation. Since the amount of plastic deformation depends
on the impact velocity, so does the final overlap. In this section, the
final contact radius is determined as a function of the impact velocity.
First, if the impact velocity is exactly v,, the dust kinetic energy equals
the full elastic deformation energy, which can be approximated by
1 1
Emdvy2 ~ Ekeéyz, )
where k. is the elastic stiffness of the material. The yield force can be
linked to the yield pressure with f, = k.8, = p,7746,, and we can de-
duce the yield overlap
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In the regime of impact velocities considered, the elastic deforma-
tion energy (in the loading phase) is negligible with respect to the
plastic deformation energy, which in turn equals the dust initial kinetic
energy
v % =G = )y + £,) % ~0ulfy + 1)
2 2 YNm Ty T g mmm Ty @
since §,,>> §,. Also, since W is perfectly plastic [16], the force-overlap
law in the plastic domain (BC) is linear and the evolution of the force is
solely dictated by the increase of the contact radius, i.e., f,, = p, 7 6m.
We obtain
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This expression is valid as long as the deformation remains small,
i.e., 8, <rg which is equivalent to the impact velocity being small
compared to Vpax = VBPY /(4p;) = 198 m/s, which is much higher than
adhesion velocities for tokamak dust. Thus the deformation should re-
main small as long as the dust sticks to the surface. The elastic un-
loading (CD) is also negligible due to the high elastic stiffness of W.
Thus the final contact radius is close to the maximal value a,, = m .
In this light
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For a 1 um dust with vy = 1 m/s, a = 71 nm. As a reminder, the JKR
contact radius is

. _ 971‘}/}"% 1/3
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which is 82 nm with the same parameters as above. Thus, even though
the two models are not comparable, they give results of the same order
of magnitude.

4. Van der Waals adhesion force on a deformed dust grain

In this Section, we attempt to describe the van der Waals force
acting on a dust grain deformed by its impact with the surface. We
consider the dust to be located at a distance H from the surface and
assume the dust to be deformed only at the contact area while keeping
its spherical shape elsewhere. This assumption is valid if the deforma-
tion remains small (6, a < ry), which was demonstrated in Section 3. A
schematic view of the configuration is shown in Fig. 2.

4.1. Calculation of the van der Waals force

The van der Waals interaction potential between a planar surface

Fig. 2. Schematic of the deformation of the dust grain. Dimensions are delib-
erately exaggerated.
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and the truncated sphere represented in Fig. 2 is written [18]

A p2g r2 = (x — 1y)?
U =-2 f M )

6 VYo (r+x) 11
where r = H — § and A is the Hamaker constant. After integration, the
van der Waals adhesion force is obtained by Fyqw = —dU/dr, i.e.,
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In the case of a spherical (non-deformed) particle (§ = a = 0), we
obtain

241}

Fuaw(@=0)= ———4
vaw(@=0) = =+ 2ny

(13)
When at close range of the surface (H <r4), we recover the well-
known expression for the van der Waals force

A}’d

F 6=0,H< 1) =FK=—-—.
vaw ( D =F e

(14)

In the general case (§ = 0), we make two simplifying assumptions.
The first one is that the dust is in contact with the surface, i.e.,
H = Hy ~ 0.36 nm <y is the distance of closest approach [23]. This
first assumption is compulsory, since we consider the dust to have had a
sticking impact with the surface. This allows us to simplify Eq. (12) to

2a?
raHy )

Second, for the deformed dust grain to remain spherical everywhere
but at the contact area and in order to assimilate the deformed dust
radius to be equal to the dust radius prior to the collision, we must
assume that the deformation is small, i.e., a <rs=8 <rg which is
consistent with results from Section 3. Eq. (15) implies that the adhe-
sion force is increased from the non-deformed case. Note that we re-
cover the expression proposed in Ref. [26]. Fyqw/F, is plotted against
a/rq for a W dust grain of radius r; = 1 um on a W substrate in Fig. 3. It
appears that the adhesion force can be enhanced by up to two orders of
magnitude when the dust is significantly deformed.

F =FR{1l+
VAW 0( as)

4.2. Accounting for the surface nanoscale roughness

Here we attempt to incorporate the effects of the roughness on
Eq. (15), which should tend to reduce the adhesion force by reducing
the contact area. The roughness is represented, in a similar way to the
Rumpf model modified by Rabinovich et al. [27] by a hemisphere of
radius r and an underlying plane. The maximum height of the asperity
(with respect to the underlying plane) is called y,,, and A is the peak-to-
peak distance. As both the dust grain and the asperity are plastically
deformed and share the same contact radius a, the total van der Waals
force is the sum of two components: (i) the force between the deformed
dust and the deformed asperity and (ii) the force between the deformed
dust and the underlying plane. A schematic view of the problem is re-
presented in Fig. 4.

The exact same calculation as detailed in Section 4.1 can be done in
the case of two deformed spheres of radii R; and R, sharing the same
contact area of radius a. The van der Waals force between these two
spheres is, when Hy, a <Ry, R,,

A ( RR, 2a2)
——+ —|
Hy

6HI\R + R,
This calculation is easily performed using the same method as in
Ref. [18]. Also, the contact radius between these two spheres can be
calculated the same way as in Section 3. One finds

K =
vaw (1 6)
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Fig. 3. Van der Waals force on a deformed W dust grain against the contact radius (a) and the impact velocity (b) for r; = 1 pm.

Hy
Ym

Fig. 4. Schematic of the deformation of the dust grain and the asperity when
the surface is rough. Dimensions are deliberately exaggerated.

where Ej is the initial kinetic energy of one of the two bodies, the other
being considered immobile. Eq. (17) can be rewritten, with R = 1y,
R, = r and E, = mgqv/2,

1/4
a= rd[ ] .

Using the same calculation as in Ref. [27], the total van der Waals

B -

19)

where the two terms correspond to the contributions (i) and (ii) de-
tailed at the beginning of this Section, respectively. It is more con-
venient to express the force in terms of root mean square (rms)
roughness and peak-to-peak distance A. From Ref. [27], we have
r = A2/(58rms) and y,, ~ 1.82rms. Rearranging, we find
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Fig. 5. Van der Waals force from Eq. (20) on a W dust grain laying on a rough
W surface against the rms for r; = 1 pm and for varying impact velocities. The
value given by the modified Rumpf model, Eq. (20) with a = 0, is shown as a
comparison.

Note that we recover the expression from Rabinovich et al. for a
non-deformed dust (a = 0) and the modified Rumpf model in the par-
ticular case where the center of the asperity coincides with the under-
lying plane (), = r). Fyaw from Eq. (20) is plotted in Fig. 5 against rms
in the case y, = r and for various values of dust impact velocities.
When vy = 0, a = 0 and Eq. (20) reduces to the modified Rumpf model.

Eq. (20)is valid for relatively rough surfaces, i.e., when r>ry, be-
cause the deformation of the dust due to contact with the underlying
plane is not considered. In this regime, the sphere-sphere interaction
dominates over the sphere-plane. In tokamaks, one can expect such
high values of roughness due to surface erosion by the plasma [28]. It
appears that the adhesion force can be significantly increased when
compared to the modified Rumpf model, even at low impact velocities,
as vo ~ 1 m/s corresponds to a free fall in vacuum from a ~ 10 cm
height. This highlights the high sensitivity of the adhesion force to the
way the dust was deposited onto the substrate. Moreover, the values of
forces obtained are in quantitative agreement with adhesion force
measurements performed on W dust, as the reduction of adhesion force
due to the surface roughness can be compensated by an increase due to
deformation of the bodies upon impact [29,30].

5. Conclusion
New insights on W dust adhesion on W tokamak plasma-facing

surfaces have been presented. When adhered to a surface with an im-
pact velocity, a W dust grain is elastically and perfectly plastically
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deformed. A new expression for the van der Waals force acting on a
deformed dust particle laying on a perfectly smooth surface has been
derived. The link between adhesion force and impact velocity has been
made. We showed that the adhesion force can be enhanced by up to two
orders of magnitude with respect to the classical van der Waals ex-
pression in the ideal case of perfectly smooth surface for reasonable
dust impact velocities that may be encountered in tokamaks. On the
other hand, reduction of the adhesion force due to surface roughness
has been estimated using a method similar to the Rumpf model and an
expression applicable to parameter regimes relevant to fusion devices
has been presented. This final expression was shown to be in reasonable
agreement with adhesion force measurements, since the increase of
adhesion force due to effects of the impact velocity can be compensated
by a reduction due to the surface roughness. Our results stress that,
when performing adhesion force measurements with W, the velocity at
which the dust is deposited on the surface as well as the surface
roughness are critical parameters to the outcome of the experiment.
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