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Abstract

Plasma immersion ion implantation (PIIT) is a proven surface treatment technique and can be used to prolong the working
lifetime of industrial components. However, the lateral implantation dose uniformity may not be very good, particularly for
samples with an irregular shape. In this work, we focus on the PIII treatment of the inner and outer races of industrial bearings.
The sheath expansion around the inner and outer races is simulated using a time-dependent, two-dimensional fluid model. The
angular and spatial distributions of the incident ions along both the exterior and interior groove surfaces are derived. It is found
that the ion dose is the highest on the bottom or center of the groove for both the inner and outer races. The minimum ion dose
is near the corner of the groove as the ions impinge at a more glancing incident angle as a result of the ion-matrix sheath
evolution. Compared with the exterior groove, the interior groove receives a smaller ion dose in the same implantation time. Our
results also indicate that the spatial ion dose uniformity can be improved by reducing the implantation pulse width. © 1999

Elsevier Science S.A. All rights reserved.
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1. Introduction

Plasma immersion ion implantation (PIII) is a proven
technique for the surface modification of materials [1-
4]. Because there is no line-of-sight restriction, it is an
excellent technique to treat industrial components pos-
sessing an irregular shape. Moreover, as there are almost
no dimensional changes during implantation, PIII is an
effective means to enhance the surface properties of
mechanical parts having strict dimensional tolerances
such as precision bearings [5]. Consequently, it is the
ideal last treatment process for industrial components.
For a ball bearing assembly, the surface property of the
balls can be improved by conventional beam-line ion
implantation with good rolling manipulation or PIIL
However, uniform implantation into the races of the
inner and outer pieces is much more complicated because
the working surfaces are not flat. In this work, a
theoretical investigation is conducted to investigate the
implant dose uniformity along the interior and exterior
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grooves shown in Figs. 1 and 2. It is aimed at formulat-
ing a theoretical model to simulate the sheath evolution
in the vicinity of the industrial bearing as well as to
identify the various factors influencing the PIII treat-
ment process.

2. Model and simulation details

We base our work on a common industrial bearing
(model 310) with an interior diameter of 50 mm as
shown in Fig. 1. When the diameter of the piece and
the width of the groove are more than the Debye length,
we can assume that the component is initially uniformly
filled with a charge-neutral plasma in which the density
of electrons and ions are both n, and the potential ¢ is
initially zero everywhere. At time r=0, the sample
potential is switched from ¢ =0 to a negative potential
¢=¢, to induce the formation of an ion-matrix sheath.
The electrons are repelled from the target and ions are
initially at rest for the ion mass is much larger than the
electron mass. When t>w,,' (inverse electron plasma
frequency), ions are accelerated by the electric field and
implanted into the target until the applied voltage pulse
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Fig. 1. Dimensions (mm) and simulated regions of the (a) inner piece
and (b) outer piece of a bearing.

is over. The evolution of the ion density »;, ion velocity
v;, and potential ¢ can be modeled using cold, colli-
sionless fluid ions, Boltzmann electrons and Poisson’s
equation [6-11]. In cylindrical coordinates, the two-
dimensional equations of ion continuity and motion,
Poisson’s equation and Boltzmann relation are:
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where e is the charge (it is assumed that the ions are
singly charged) and m is the ion mass. It is noted that
the Bohm sheath criterion, pre-sheath requirements,
matrix sheath, and steady state Child Law sheath are
basically derived from ion continuity and Poisson’s
equations [12]. Therefore, the fluence of ions accelerated
in the pre-sheath towards target and ions uncovered by

the expanding sheath is already considered by numeri-
cally solving the dynamic two-dimensional equations
[Egs. (1)=(3)]. It is more convenient to make Eqs. (1)—
(3) dimensionless by introducing the following variables:

Z=z/so, Y =9/, n=n:/ng, Ug
:Uir/vma)w uZ=viz/vmaxa T:twpi (4)

where s, =V —2¢€,6,/en, is the planar ion ion-matrix
sheath width, v_,, =V —2e¢,/m is the velocity that an
ion would gain if it fell through a potential drop ¢,
and wpy; = Vnye? feom is the ion plasma frequency. The
equations become:
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The simulation regions for the interior and exterior
grooves are depicted in Fig. 1(a) and (b). The initial
conditions are n=1 and ug=u,=0 everywhere. The
boundary conditions are =1 on the target, =0 in
the plasma, dy/0r=0 at the central symmetry axis, and
dy/0z=0 on the lower boundary because it is the
symmetry plane of the target.

The equations can be solved by the finite difference
method. The simulation parameters are selected to reflect
typical PIII conditions: 7n,=3.5x10°cm™> ¢,=
—20kV, kT.=1.5eV, and N, plasma, and conse-
quently, so=25.1 mm and w,;'=0.0678 ps. We choose
a grid spacing h=AR=AZ=1/325,=0.784 mm and a
time step of At=1/64. The simulation region is chosen
to be 6s,=15.06 cm in height and 85,=20.08 cm in the
radial direction, so that the sheath will remain inside it
throughout the entire simulated time duration. The
simulation is conducted to a final step =100 (=
6.78 us). According to the implantation condition, the
Child Law sheath is 15.14 cm. At t=80, i.e. t=5.42 ps,
the dynamic sheath has expanded to around
3s=7.53cm from the bearing (see Section 3).
Therefore, the total simulation time is smaller than the
duration of a supersonic sheath expansion. Since the arc
boundary of the groove is a curved surface, not all of
the boundary grid points are exactly on the target
boundary. Hence, the values of the boundary grid points
along the groove are calculated by linear interpolation
with an error of 0 (h?).
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Fig. 2. Evolution of the normalized potential contour lines around the (a) inner piece and (b) outer piece of a bearing.

3. Results and discussion

The temporal evolution of the potential contour lines
around the exterior and interior grooves is shown in
Fig. 2(a) and (b) for t=0, 20 and 80. At t=0, it shows
the potential distribution of the ion-matrix sheath. For
the exterior groove, the interior radius of the inside
piece is equal to sy, and so the ion-matrix sheath has
overlapped in the center. However, for the interior
groove of the outer piece, the ion-matrix sheath has not
overlapped because its interior radius is about 1.6s,.
According to Sheridan [13,14], the ion-matrix overlap
radius s, in a cylindrical bore is \/2s,. Therefore, our
results are consistent. As the sheath propagates, the
conformality of the potential contour with the target
surface degrades, and when =80, the field lines have
almost taken a dome shape for both the exterior and
interior grooves.

The working surfaces are the arc grooves on which
the balls roll. Hence, we only need to derive the results
on the two groove surfaces. Fig. 3(a) and (b) display
the temporal evolution of the ion density around the
two grooves. As shown in Fig. 3(a), the ions within the
race are almost depleted when =20, but this does not
affect the implantation into the exterior groove. Hence,
the exterior groove undergoes implantation at all times.

On the other hand, according to Fig. 3(b), implantation
into the interior groove of the outer piece does not fare
as well as the number of ions within the race becomes
less with time. At 7>20, the ions within the race are
almost exhausted. When t=280, only a few ions originat-
ing from above the sample impinge into the interior
groove surface, and there is minimal implantation.

Fig. 4 depicts the distribution and temporal evolution
of the ion incident angle relative to normal (for the
groove, the normal direction is the radial direction). For
the exterior groove on the inner piece shown in Fig. 4(a),
ions strike the area near the groove corner (or edge) at
a glancing angle. Initially, the angle of incidence along
the groove surface has small values (relative to normal).
As the sheath expands, the incident angle becomes more
oblique, except near the center of the groove. When 7=
20, the incident angle at the groove corner reaches nearly
70°. At a later time, ions impinge nearly parallel to the
surface, thereby resulting in more sputtering than
implantation near the corner. For the interior groove of
the outer piece [Fig. 4(b)], the incident angle near the
groove corner is also larger than that at the groove
bottom or center. The incident angle along the groove
surface i1s small in the beginning, but increases rapidly
with time. For instance, when t=10, the incident angle
near the groove corner has reached 90°. Hence, after
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Fig. 3. Evolution of the normalized ion density contour lines around the (a) inner piece and (b) outer piece of a bearing.

that, there is very little implantation near the groove
corner. As the sheath expands, a larger area of the
groove experiences glancing ion implantation. In fact,
when 7> 50, the incident angle at the groove center is
larger than 60° and the implantation efficiency is quite
low. It can thus be inferred that a longer implantation
pulse does not necessarily increase the implantation
dose.

The incident ion dose D(r,z) can be calculated by
integrating the ion flux into the target surface:

D(r, z)= J!p

0

T

ni(to v, Z)UiJ_(t, r, Z)dt=J‘ ’

0

n(t, r, Vo (t, r, 2) + 02 (1, 1, z)cos O dz (8)

where ¢, is the pulse duration and v, is the ion velocity
normal to the target surface. The results are exhibited
in Fig. 5. A larger ion dose is observed near the groove
center compared to the edge for both the exterior and
interior grooves. When t=20, the ion implant dose is
quite uniform along both groove surfaces. However, as
the pulse time increases, it begins to deviate because of
the larger incident angle near the groove. Comparing

Fig. 5(a) and (b), the ion dose along the exterior groove
is more uniform than that on the interior groove. In
addition, for the same pulse duration, a higher ion dose
is implanted into the exterior groove. For the interior
groove on the outer piece, the ions within the piece are
depleted quickly. The ions coming from the top or other
half have a large vertical (z-direction) velocity compo-
nent and very few of them are implanted into the groove.
This explains why the interior groove of the outer piece
has a smaller ion dose than the exterior groove of the
inner piece. Hence, if a high dose into the interior groove
is intended, the total implantation time must be longer.
In addition, a shorter pulse duration yields better spatial
uniformity.

4. Conclusion

Our results reveal ion dose variation along the work-
ing surface of the outer and inner pieces of a ball
bearing. In both the exterior and interior grooves, the
maximum ion dose is achieved near the bottom or center
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Fig. 4. Variation of the incident angle distributions (from normal)
along the groove surface with time for the (a) exterior groove of the
inner piece and (b) interior groove of the outer piece.

of the arc groove and the minimum dose is observed
near the corner. This is due to ions bombarding at a
more glancing angle near the edge as a result of the
evolution of the ion sheath. Under the same PIII condi-
tions, the exterior groove of the inner piece receives a
higher dose and better uniformity compared to the
mterior groove of the outer piece of the bearing. This
shows that the PIII treatment of the interior groove is
more difficult. A longer total implantation time is
needed. Our data also suggest that shorter implantation
pulses will yield more uniform implantation along the
grooves of industrial ball bearings.
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