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Investigation of dose uniformity on the inner races of bearings
treated by plasma immersion ion implantation
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Plasma immersion ion implantati@g®lIl) is an effective technique for the surface modification of
industrial components possessing an irregular shape. We have recently used Plll to treat a real
industrial ball bearing to enhance the surface properties of the race surface on which the balls roll.
The implantation dose uniformity along the groove is assessed using theoretical simulation and
experiments. The two sets of results agree very well, showing larger doses near the center. However,
the highest dose is not observed at the bottom or center of the groove, but rather offset toward the
side close to the sample platen when the bearing is placed horizontally. The minimum dose is
observed near the edge or corner of the groove and our model indicates that it is due to the more
glancing ion incidence as a result of the evolution of the ion sheath near the corner. The dose
nonuniformity along the groove surface is about 40% based on our experimental dal299©
American Institute of Physic§S0021-89789)06013-7

I. INTRODUCTION placed horizontally o a 2 mmthick copper platen having the
same diameter. The platen was connected to the sample stage
in the vacuum chamber by an aluminum rod 6 mm in diam-
eter and 500 mm long to establish electrical contact. To

beam implantation techniques is its ability to rapidly treat ' nIMIze the influence of the sample stage, a glass shroud
was used to cover the rod. The vacuum chamber was

objects possessing an irregular shapdoreover, as there _
) P 9 g e Bumped down to a base pressure of B0 *Pa before a

are almost no dimensional changes after implantation, the. T . !
nitrogen plasma was ignited using a filament source. The

technique is a very effective way to enhance the surface ) o . . :
. . . C : experimental conditions are summarized in Table I. The im-
properties of mechanical parts having strict dimensional tol-

erances such as precision bearing#e viability of the PIII planted stainless steel sheets were analyzed using Auger

technigue in an industrial environment hinges on the unifor-‘alectron SPEClrOSCOPYAES) to obtain the nitrogen depth

mity of the implantation dose along the working surface. Forpmf'le and calculate the implantation dose at the five loca-

a ball bearing, the balls can be implanted quite uniformly to‘uons along the groove surface.

achieve a better surface sturdiness and lower friction, but
uniform implantation along the inner and outer races is mucHll- THEORETICAL SIMULATION

more ComplicatEd. In the work described in this artiCIe, we The impiantation uniformity is investigated by simulat-
conduct a systematic investigation on the implantation dosghg the temporal sheath expansion using a two-dimensional
uniformity on the arc race of a real ball bearing experimen-yid model. The target is immersed in a plasma with density
tally and using theoretical simulation. The work is aimed at an, and potentiaky=0. The plasma density is assumed to be
better understanding of the treatment process for industriadpatially uniform before each voltage pulse. At titse0, the
bearings as well as the plasma sheath evolution in the vicingrget potential is switched froma=0 to a negative potential

Plasma immersion ion implantatidilll) is a burgeon-
ing non-line-of-sight technique for the surface modification
of industrial components:® One of the advantages over ion

ity of a groove. ¢é= ¢, . An ion-matrix sheath is subsequently induced. When
t> w;el (inverse electron plasma frequencions are accel-
Il. EXPERIMENT erated by the electric field and implanted into the target until

the applied voltage pulse is over. The evolution of ion den-
sities n;, ion velocity v;, and electric potentialp can be
%nodeled using cold, collissionless fluid ions, Boltzmann

An industrial bearing with an inner ra¢€hinese model
310 shown in Fig. 1 was treated in a multipurpose plasm
immersion ion implante? . The interior diameter of the 9Cr18 electrons and Poisson’s equatfon? In cylindrical coordi-
stainless steel bearing was 50 mm. Before implantation, ﬁv?\ates, the two-dimensional equations of ion continuity and

2mm><3r_nm _stalnless ste_el sheets were affixed along th‘lanotion, Poisson’s equation and Boltzmann relation are
groove with silver conductive glue for Auger measurements.

They are labeled 1 through 5 in Fig. 2. The bearing was dn 1 ¢ d
y ? ? ? T4 = = (RN + = (nUy) =0, @)
Jdr RJIR 0Z
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TABLE I|. Experimental parameters of the PIIl treatment process.

Implantation voltage —20kV
Pulse width 10us
Pulse repetition rate 300 Hz
Gas pressure 221072 Pa
Filament discharge current 1A
Filament discharge voltage N0V
Measured plasma density x30°cm™3
Measured electron temperature 1.4 eV
Implantation time 3h

UR=Vi [Umaxs  Uz=Viz/Vmax T=lwp, (4)

wheresy= \—2gy¢d;/eng is the planar ion ion-matrix sheath

FIG. 1. Photograph of the treated bearing. The five “white” square spots oWidth, v s =+ —2e¢/m is the velocity that an ion would

the bottom show the locations where the five 2 ®Bmm stainless steel

gain if it fell through a potential drop¢;, and @,

sheets were originally affixed. The five sheets were subsequently measured , /noezlsom is the ion plasma frequency.

by Auger to obtain the projected ranges and retained desesFig. 7.
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The dimensionless variables are
R=xlsy, Z=1zlsy, ¢=d¢lp:, n=n;/ng,

Plasma ¢=0,n=n=n,

(2b)
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FIG. 2. Schematic of the experimental setup and simulation regliomen-

sions in mm.

The simulation regions are depicted in Fig. 2. The initial
conditions aren=1 andug=u,=0 everywhere. The bound-
ary conditions aref=1 on the targetyy=0 in the plasma,
dylar=0 at the center symmetry axis of the race, and
dyldz=0 on the lower boundary of the simulation region
because it is far from the race and can be treated as a one-
dimensional case.

The equations are solved by the finite difference method.
The simulation parameters are chosen based on the real ex-
perimental parametersny=3.5x10°cm 3, ¢,=—20kV,
kT.=1.5eV, and nitrogen plasma. Hensg=25.1 mm and
w;i1=0.0678,us. We choose a grid spacing=AR=AZ
=35 50=0.784mm and a time step dfr=1/64. The simu-
lation region is chosen to besg in height and 5, in the
radial direction, so that the sheath will remain inside it
throughout the entire simulated time duration. The simula-
tion is conducted to a final time=10us (7=147). Because
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 the linear interpolating method with
an error of 0 b?).

IV. RESULTS AND DISCUSSION
A. Simulation results

Figure 3 shows the potential distribution of the ion-
matrix sheath formed at=0. The +=0.9 potential contour
nearly conforms to the target with a low curvature radius, but
the »=0 contour has almost acquired a domed shape.

The working surface of the bearing is the arc groove on
which the balls roll. Therefore, we only need to discuss the
results in the groove. Figure 4 depicts the distribution and
temporal evolution of the ion incident angle relative to the
normal (for the groove, the normal direction is the radial
direction. As expected, ions striking the area near the
groove corner impact at the most glancing angle. Initially,
the angle of incidence along the groove surface has small
values(i.e., close to normal incidengexcept close to the
edge that has an angle of incidence of about 20° from the
normal. In addition, the impact angle distributions at the up-
per and lower side are almost symmetrical in the beginning.
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FIG. 5. Simulated distribution of incident ion dose along the bearing inner
race surface at three different times.

D(r,z)=fotpni(t,r,z),vu(t,r,z)dt

:Jtpni(t,r,z)\/(vizr(t,r,z)+vi2Z(t,r,z)cos¢9dt,
0

5
3 4 wheret, is pulse duration and;, is the ion velocity normal
R=r/sq to the target surface. The results are exhibited in Fig. 5. In
calculating the dose, we have not taken into account any
FIG. 3. Equipotential contours of the ion-matrix sheath formeti=d. sputtering loss. As the sputtering loss depends on the impact
angle, that is, more sputtering at glancing incidence, the net
retained dose may deviate from the incident dose. However,
However, it should be noted that in the early stage of sheaths shown by our experimental data discussed in the next
expansion, ions may not be accelerated by the full potentiakection, the difference is not big. A larger ion dose is ob-
and even though the angle of incidence is near normal, thgerved near the groove center compared to the edges. Inter-
implantation depth may be smaller than that during the lattegstingly, the area with the largest ion dose is not the center of
stage of the sheath expansion. As the sheath expands, th& groove but offset toward the side of the sample platen.
incident ions become more and more oblique, except negbue to the sample plate and rod, many ions from below
the center of the groove. When= 30, the incident angle at cannot reach the upper side of the groove, thus giving rise to
the upper corner has reached nearly 70°. At a later time, thwer doses on the upper half. The ion dose along the groove
ion impinging near the corner becomes nearly parallel to thgecomes more nonuniform with time because the areas close

surface thereby resulting in more sputtering than implantato the edges receive progressively a larger number of glanc-
tion. The lower side is bombarded with ions impacting at aing incident ions.

smaller angle due to the influence of the sample platen.
The incident ion dos®(r,z) can be calculated by inte- g gyperimental results
grating the ion flux at the target surface:

Figure 6 displays the nitrogen depth profiles of the five
samples measured by AES. Samples 2 and 3 show the deep-
est projected rangeR,, at about 56 nm. Samples 5 and 1

—— 14

Tg A | a2 have the smallest projected range at about 12 nm. Our ex-
$ B | —a perimental results indicate that Fhe projepted range is smaller
> ——s5 toward the edge and agree with the simulation results de-
© —B— 10 scribed in the previous section. A closer look at the depth

< . .

= ——130 profiles also reveals that samples 4 anfupper sid¢ have

% —¥%—1=50 smaller projected ranges than those on the lower side
g —A—1=100 (samples 1 and)2 The results are also in good agreement

S ——=147 with our simulation. The penetration depth of the implanted

ions depends on the energy and incident angle of the ions.
When the ion impact angle becomes more oblique, the im-
plantation is naturally shallower.

FIG. 4. Variation of the simulated incident angle distributidfrem nor- The retained doses in the samp!es are plotted in Fig. 7.
mal) along the groove surface with time. Sample 2 has the largest retained dose, about 2.2

Arc length from the lower edge of groove (mim)
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80 Our simulation and experimental results agree very closely
—4—sample 1 ) ) . . . .
] and illustrate the practical uniformity achievable on indus-
70 —@—sample 2 . . -
trial bearings with inner grooves.
60 4 —k—sample 3
50 —HB—sample 4 V. CONCLUSION

—6—sample 5 Our experimental and theoretical simulation results re-
veal ion dose and projected range variation along the work-
ing surface of a bearing inner race. In the groove, the maxi-
mum ion dose is not in the middle or bottom of the arc
groove but slightly displaced toward the side of the sample
platen if the bearing is laid horizontally on the sample stage.
) ‘ The edges show lower doses as well as shallower projected
0 200 400 600 800 1000 1200 1400 1600 ranges. The more oblique incic_;l_ent angle near the edge of
groove spurs enhanced sputteriig., lower retained doge
Depth (Angstrom) and results in shallower projected ranges. Due to the hori-
FIG. 6. Experimental nitrogen depth profiles acquired from the five stainles€ONtal placement of the bearing on the sample platen, the
steel sheets shown in Figs. 1 and 2 by Auger electron spectroscopy deptipper side of the groove receives a smaller ion dose com-
profiling. pared to the lower side. The variation along the groove sur-
face is about 40% based on our Auger results. An obvious
means to minimize the difference between the upper and
x107ions/cnf.  The minimum retained dose, 1.2 lower half of the bearing is to stack several bearings on top
X 10"ions/cn?, is calculated from sample 5. Similar to our _of each other to normalize the effects. However, _this will
simulation results, the retained dose near the groove edge' crease the c_urrent de_ma_md on the power modulat|0r_1 as the
also much smaller than that near the center. In addition, thiPt@l implantation area is increased. Better conformality can
maximum retained dose is observed not on the bottom of th!SC Peé achieved by increasing the plasma density at the
arc trench(sample 3, but in the area close to supporting same nitrogen pressg(a high pressure will reduce the. ion
plate (sample 2. The distribution of the retained dose is not Mean free path and increase collisions thereby reducing the
symmetrical about the center of the groove. Samples 4, §€tion impact energy This can be accomplished by using a
(Upper sidg have smaller retained dose values compared t(13nore'eff|C|ent ion source but' care mus.t be taken not to com-
samples 1 and dower sid8. It can therefore be inferred that Promise the plasma uniformity excessively.
the upper edge is the most challenging location to maintaimCcKNOWLEDGMENTS
implantation uniformity. The maximum retained dose non-
uniformity is calculated to be about 40% along the groove
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