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Abstract—Plasma immersion ion implantation (PIII) is an effec-
tive technique to improve the surface properties of industrial com-
ponents possessing an irregular shape, such as ball bearings used
in the aerospace industry. The implant uniformity and efficiency
along both the inner and outer races of a ball bearing assembly is
investigated experimentally and theoretically. We study the sample
placement as well as different PIII processing conditions. The use
of a three-dimensional (3-D) model to investigate the influence of
the sample stage on the implantation efficiency and dose unifor-
mity is described. Based on the experimental results, under typical
PIII conditions, the dose variation along the outward-facing groove
of the inner ring of the ball bearing assembly is 60%, whereas that
along the inward-facing groove of the outer ring is 51%. By using a
shorter pulsewidth and higher plasma density, the nonuniformity
is improved to about 35%, which is acceptable to the aerospace in-
dustry. The experimental observations are in agreement with simu-
lation results, and the improvement can be attributed to the better
conformability of the plasma sheath to the race surface. Our results
demonstrate the viability of PIII to enhance the surface properties
of both the inner and outer rings of industrial ball bearings.

Index Terms—Bearings, implantation uniformity, plasma
immersion ion implantation, sheath simulation.

I. INTRODUCTION

PLASMA immersion ion implantation (PIII) is a nonline-of-
sight technique for the surface modification of industrial

components [1]–[4]. One of its advantages over conventional
ion beam implantation is the capability to efficiently treat irreg-
ular-shaped samples without complex sample or ion beam ma-
nipulation. Moreover, as almost no dimensional changes exist
after PIII treatment, the technique excels in the enhancement of
the surface properties of mechanical parts having strict dimen-
sional tolerances. It is also an effective alternative technique to
improve the performance of components used in space when
conventional coatings and surface treatment technology may en-
counter difficulties in the vacuum environment. Consequently,
it is an excellent treatment process for precision bearings used
in satellites.

Implant uniformity is an important factor not only affecting
the efficacy of the treatment process, but also the acceptance of
PIII by the industry. As a result, theoretical and experimental
studies have been performed on specimens of various shapes
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Fig. 1. Photograph of the inner and outer rings of the ball bearing assembly.
The “white” square spots shows the locations where the silicon samples were
originally affixed. The silicon samples were subsequently measured by Auger
electron spectroscopy to disclose the implant in-depth distributions and retained
doses.

[5]–[12]. Malik et al. [9] determined the implanted nitrogen
concentration into a wedge-shaped target to study the influence
of the target edges on the energy and spatial distribution of the
implanted ions. Hartmannet al. [10], [11] investigated the PIII
homogeneity of wedge-specimens (V- and D-shaped) with dif-
ferent angles, and Mandlet al.[12] measured and calculated the
PIII dose distribution on cylindrical samples, such as drill bits
possessing different diameters. The results of these studies re-
veal that the PIII dose varies substantially with different target
shapes. Hence, an independent investigation must be conducted
for each kind of samples. For ball bearings used in aerospace
applications, the working surfaces are the races on which the
balls roll. The arc surfaces are difficult to treat because of the
nonplanar geometry, especially the inward-facing race on the
outer ring. In addition, the use of conventional lubricants and
coatings may not be compatible with the vacuum and high UV
environment in space. In this respect, surface modification by
means of ion implantation employing a plasma immersion mode
possesses some distinct advantages. In this work, we conduct
a comprehensive study on the implantation process into the arc
surfaces of both the inner and outer pieces of such a ball bearing
assembly. The effects of instrumental parameters, such as the
pulsewidth and plasma density on the implantation process, are
also investigated. To understand the experimental results, simu-
lation is conducted using two- and three-dimensional (2-D and
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Fig. 2. Schematic of PIII experimental setup, simulation region, and
sample placement (dimensions in millimeters) for the (a) inner ring with the
outward-facing race and (b) outer ring with the inward-facing race.

3-D) fluid models to study the relationship between the plasma
sheath evolution and implant dose uniformity.

TABLE I
EXPERIMENTAL PARAMETERS OF THE

THREE PIII TREATMENT PROCESSES

II. EXPERIMENTAL

A 9Cr18 stainless steel (AISI440) ball bearing (model
310) with an interior diameter of 50 mm was processed in a
a multipurpose plasma immersion ion implanter [13]. As shown
in Fig. 1, the ball bearing assembly comprises two rings. The
smaller ring with the race facing outward is the inner piece,
whereas the bigger ring with the race surface facing inward
constitutes the outer piece. During normal operation, rotating
actions are sustained by metal balls rolling between the two
grooves. Hence, the surface properties of the race surfaces, such
as hardness and lubricity, are thus critical to the performance
of the ball bearing. To study the implant dose variation along
the two race surfaces, pieces of silicon (2 mm3 mm) were
affixed using conductive silver paint onto the arc surfaces, as
exhibited in Fig. 2(a) and (b). For best results, we placed the
two rings in the vacuum chamber in different orientations. As
shown in Fig. 2(a), the inner ring of the assembly with the race
facing outward was placed horizontally on a copper plate 2
mm thick having the same diameter as the ring. The plate was
erected from the sample stage by a 6-mm diameter, 500-mm
long aluminum rod. This configuration has been shown to
yield the best implant uniformity while not draining excessive
current from the power modulator [14]. The outer ring of the
bearing with the race facing inward was placed vertically on
a metal support with an arc trench erected from the sample
stage, as shown in Fig. 2(b). To minimize the influence of the
sample stage and decrease the total implantation current, a glass
shroud was used to cover the stage. Before the experiments,
the vacuum chamber was pumped down to a base pressure
of 8 10 Pa. A nitrogen plasma was ignited using a glow
discharge filament source. Experiments were conducted under
three different conditions to investigate the influence of the
pulsewidth and plasma density on the implant uniformity. The
experimental conditions are summarized in Table I. The plasma
density was experimentally measured by a Langmuir probe
before each PIII experiment. After PIII, the silicon samples
were analyzed using Auger electron spectroscopy (AES) to
acquire the nitrogen depth profiles as well as to calculate the
implantation doses at various locations along the two groove
surfaces. The Auger analysis was performed using a Physical
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Fig. 3. Equipotential contours of the ion-matrix sheath formed att = 0 around
the bearing outer ring at different angles,� [Fig. 2(a)].

Electronics PHI-610 instrument. The primary electron energy
was 3 keV, and the impact angle was 30. Sputtering was
achieved using an argon ion beam. The sputtering rate of 30
nm/s was estimated based on analysis of previous samples,
but because the sputtering rate is not expected to be uniform
throughout the profile, the Auger depth scales are not accurate,
but sample-to-sample comparison is more valid. The retained
doses are calculated by integrating the area under the quantified
profiles (by archival relative sensitivity factors), and they are
approximate as well.

Fig. 4. Simulated incident ion doses along the groove surface of the bearing
outer ring for different angle and pulsewidths.

III. T HEORETICAL SIMULATION

PIII into the two bearing rings is investigated by modeling the
temporal sheath expansion using a fluid model. To better reflect
the real situation, the supporting rod is included in the simu-
lation model. For the bearing inner ring shown in Fig. 2(a), a
2-D model is adequate to simulate the PIII sheath properties on
account of its axial symmetry. However, for the bearing outer
ring illustrated in Fig. 2(b), no apparent symmetry exists, and
so a 3-D model in cylindrical coordinates is adopted. It should
be noted that the computational power and capacity required
by 3-D simulation are large, and very few 3-D simulation re-
sults have hitherto been reported. However, in reality, most real
samples and sample stage are 3-D and we have adopted a 3-D
approach in this work. In the typical sub-mTorr pressure range
used in PIII, the average mean free path is much larger than
the sheath thickness, and so the PIII process can be described
by a collisionless, cold plasma fluid model. The evolution of
the ion densities , ion velocity , and electric potential
can be modeled using cold, collisionless fluid ions, Boltzmann
electrons, and Poisson’s equation [8], [15]–[19]. In cylindrical
coordinates, the 3-D equations of ion continuity and motion,
Poisson’s equation, and Boltzmann relationship are

(1)
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Fig. 5. Normalized potential distribution around the bearing outer ring for different implantation pulsewidths and plasma densities.

(2a)

(2b)

(2c)

(3)

The normalized dimensionless variables are

(4)

where
istheplanarion-matrixsheathwidth;

is the velocity that an ion would gain
if it fell through a potential drop ;

is the ion plasma frequency.
For the 2-D model in cylindrical coordinates [14], [21], we

let , and in (1)–(3). The simulation regions for
the inner and outer rings are depicted in Fig. 2. The initial con-
ditions are and everywhere. The boundary
conditions are on the target and in the plasma. In
Fig. 2(a), at the central symmetry axis of the ring,
and at the lower boundary of the simulation re-
gion because it is far from the ring and can be treated as a 1-D
case. In Fig. 2(b), at the - symmetry plane of the

ring. On the - plane, the left boundary is the symmetry plane
of the ring, and so . The arc boundary is
and at this boundary. For the 2-D model, the po-
tential along the axis can be calculated using Hospital’s
rule [20]. However, for the 3-D model, the calculation of the
potential along the axis is much more complicated. In
the work, the potential along this axis is determined using a fi-
nite difference method in rectangular coordinates and deriving
the average values along the plane at different angles. To verify
the validity of our 3-D model, the PIII process of a symmetrical
3-D target (that is, a 2-D one in reality) is simulated and com-
pared with the results obtained by a 2-D model using Hospital’s
rule [20]. The two sets of results are consistent. The simulation
parameters are the same as the actual experimental parameters
described in Table I. The simulation is conducted to a final time
of s.

IV. RESULTS AND DISCUSSION

A. Simulation Results

Fig. 3 shows the potential distribution of the ion-matrix
sheath formed at around the bearing outer ring at different
angles ( ) using the PIII experimental parameters described
in case 1 of Table I. It is found that when the angle is more
than 25 , the potential distribution is hardly influenced by the
supporting rod. Hence, the region influenced by the supporting
rod is only within . Moreover, the supporting rod only
affects the sheath distribution around the exterior wall of
bearing ring. Our results show that no influence on the sheath
distribution exists around the groove of the outer ring.

Fig. 4 displays the simulated ion dose distribution along the
groove of the outer ring at different angles and pulsewidths. The
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Fig. 6. Normalized potential distribution around the bearing inner ring for
different implantation pulsewidths and plasma densities.

ion dose is almost the same at different angles. Therefore, the
supporting rod has almost no adverse affects and is in fact ben-
eficial to the PIII treatment of the groove surface of the outer
ring as it eliminates sample stage effects. Fig. 4 also shows that
when the pulsewidth is increased, the lateral ion dose uniformity
along the groove surface becomes worse.

Fig. 5 exhibits the potential distribution around the bearing
outer ring at at different pulsewidths and ion densities.
When s and cm , the sheath expan-
sion is the largest and the sheath is the thickest. When s
and cm , the sheath thickness is the smallest.
Thus, it can be observed that the conformality of the sheath to
the target surface is better when using a shorter pulsewidth and
higher plasma density. Better conformality leads to more uni-
form ion implantation into the groove surface of the bearing.

Fig. 7. Simulated incident ion doses along the groove surface of bearing inner
and outer rings for different implantation pulsewidths and plasma densities: (a)
inner ring with the outward-facing race and (b) outer ring with the inward-facing
race.

Fig. 6 depicts the potential distribution around the bearing
inner ring at different pulsewidths and plasma densities. Results
similar to those obtained on the outer ring are obtained. That is,
a longer pulsewidth and lower plasma density result in larger
sheath expansion and worse conformality to the target surface.

The simulated ion dose distribution along the groove surface
of the inner and outer rings under different PIII conditions are
plotted in Fig. 7(a) and (b), respectively. It can be readily ob-
served that the uniformity along the inner and outer race is worst
when s and cm when the sheath ex-
pansion is largest.

B. Experimental Results

Fig. 8 displays the Auger nitrogen depth profiles of the five
silicon samples affixed to the race of the inner ring [Fig. 2(a)]
implanted under the three conditions shown in Table I. In all
three cases, the samples near the lips (samples #1 and #5) have
smaller projected ranges. Moreover, the variation of the pro-
jected ranges is not symmetrical about the center. The samples
closer to the supporting copper platen show larger projected
ranges. The projected range of sample #4 is smaller than that
of sample #2 and the same is true comparing sample #5 with
sample #1. The results are in agreement with our previous
simulation study [21]. Ions strike the area near the groove
edge at large incident angles relative to the normal, resulting in
shallower implantation in these locations. Comparing the three
processing conditions, although the nitrogen depth profiles
are different, the maximum penetration depth does not differ
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Fig. 8. Nitrogen depth profiles of the five silicon samples affixed on
the groove surface of the bearing inner ring shown in Fig. 2(a). The three
processing conditions shown in Table I are used: top (Case 1), middle (Case
2), and bottom (Case 3).

significantly, because of the same implantation voltage used
in the three experiments and the low pressure, collisionless
conditions.

Fig. 9 shows the nitrogen depth profiles of the silicon sam-
ples placed along the race of the outer ring [Fig. 2(b)] for the
three processing conditions. As the race surface is sufficiently
far away from the supporting Cu plate and the sample holder,
minimal variation occurs along the groove surface, for example,
between the upper and lower ends. In addition, our sample
placement configuration has a vertical symmetry, and we thus
only need to measure three samples [samples #1, #2, and #3
shown in Fig. 2(b)] to assess the PIII uniformity along the
arc surface. The groove center (sample #3) shows the largest
projected range. Comparing the samples implanted using the
three conditions, the one treated using a higher plasma density
an smaller pulsewidth has the largest projected range. Under the
low plasma density and large pulsewidth conditions (case 2),
the sheath expands more rapidly, and the ion incident angle is

Fig. 9. Nitrogen depth profiles of the three silicon samples affixed on the
groove surface of the bearing outer ring shown in Fig. 2(b) (samples #1, #2,
and #3). The three processing conditions shown in Table I are used: top (Case
1), middle (Case 2), and bottom (Case 3).

larger, giving rise to shallower implantation and consequently
higher sputtering loss or a lower retained dose.

The retained doses measured from the samples placed along
the inner ring [Fig. 2(a)] and implanted using the three condi-
tions are shown in Fig. 10. In all three cases, the retained dose
is higher near the groove center. The variation of the retained
dose is not symmetrical about the groove center. The upper side
(samples #4 and #5) shows higher retained dose values. The ob-
servation is in agreement with the simulation results. The re-
gions close to the lips (samples #1 and #5) implanted using a
short pulsewidth and high plasma density (case 3) have high re-
tained doses compared with the other conditions, and the distri-
bution is more uniform along the groove surface. In case 3, the
maximum dose variation is 38%, and in cases 1 and 2, the max-
imum dose deviation is 55% and 60%, respectively. Our results
show that PIII using a shorter pulsewidth and high plasma den-
sity yields better uniformity. Another interesting observation is
that in cases 1 and 2, sample #2 has a slightly larger retained
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Fig. 10. Experimentally determined retained doses of the five silicon samples
affixed on the groove surface of the bearing inner ring shown in Fig. 2(a). The
three processing conditions shown in Table I are used: top (Case 1), middle
(Case 2), and bottom (Case 3).

dose than sample #3, but the contrary is true in case 3. Our data
show that the larger sheath thickness as a result of the longer
pulsewidth leads to a higher number of ions implanted into the
lower side of the bearing.

Fig. 11 shows the retained dose distribution along the race
of the outer ring [Fig. 2(b)] for the three processing conditions.
Not surprisingly, the groove center (sample #3) shows the
largest retained dose, and the edge (sample #1) has the smallest
retained dose. The samples implanted using a higher plasma
density and smaller pulsewidth (case 3) show the largest
retained dose values. The maximum variations in the retained
doses along the race are 35%, 51%, and 33% for cases 1, 2,
and 3, respectively. The high plasma density, small pulsewidth
conditions lead to more efficient and uniform implantation.
The retained dose values are lowest in case 2, and it is probably
because of the larger sheath expansion under the low plasma
density, long pulsewidth conditions. In this situation, the ions
in the vicinity of the races are depleted quickly because of

Fig. 11. Experimentally determined retained doses of the three silicon
samples affixed on the groove surface of the bearing outer ring shown in
Fig. 2(b) (samples #1, #2, and #3). The three processing conditions shown in
Table I are used: top (Case 1), middle (Case 2), and bottom (Case 3).

the low density, and the sheath edge consequently propagates
at a high velocity. With a rapidly expanding sheath, ions are
drawn in from the outside region and implanted at oblique
angles. Hence, even though these ions arrive at the groove
surface, many of them are not implanted deep enough and can
subsequently be sputtered away.

Comparing the two rings, the retained dose on the inward-
facing race surface of the outer ring is lower for the same pro-
cessing conditions and implantation time. Our results thus show
that implantation into the race facing inward is less efficient and
more difficult. To achieve the same implant dose, the implanta-
tion time must be longer, and a shorter pulse duration and higher
plasma density should be used.

The simulation results show that with a longer pulsewidth and
lower plasma density, the sheath thickness is larger when the
pulse ends. The thicker sheath does not conform to the target
shape as well as a thinner one and, in fact, attains a dome shape
in the end. The sheath edge, thus, does not reflect the actual
shape of the races, and the incident angle becomes more oblique,
especially in the areas closer to the bearing lips. Glancing angle
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implantation not only gives rise to a smaller projected range,
but also results in more severe sputtering as well. It should be
mentioned that the effects are less serious in the center of the
grooves, but nonetheless, both our experimental and simulation
results suggest the use of a shorter pulse duration as well as
higher plasma density for more uniform and efficient implan-
tation.

V. CONCLUSION

Our experimental results reveal retained dose and projected
range variations along the two races of a ball bearing assembly.
For the outward-facing race of the inner piece, a higher retained
dose is observed near the groove center, but the exact location
depends on the implantation conditions. The groove edges re-
ceive a lower dose, and the implantation depth is shallower. Be-
cause of the horizontal placement of the bearing on the sample
plate, the upper side of the groove receives a smaller ion dose
compared with the lower side. For the inward-facing race of the
outer ring, the maximum retained dose is also observed in the
middle of the groove. A high plasma density, small pulse dura-
tion condition yields better implant uniformity. Our simulation
results based on a fluid model point to the advantage of the better
conformality of a thinner plasma sheath. The nonuniformity is
improved to 35% and generally acceptable to the aerospace in-
dustry.
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