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EFFECT OF ION-PLATED FILMS OF GERMANIUM AND SILICON ON
FRICTION, WEAR, AND OXIDATION OF 52100 BEARING STEEL
by Donald H. Buckley and Talivaldis Spalvins

Lewis Research Center

SUMMARY

An investigation was conducted to determine the influence of ion-plated films of ger-
manium and silicon on the friction, wear, and oxidation behavior of 52100 bearing steel.
Experiments to determine friction and wear behavior were conducted with a pin-on-disk
specimen configuration. Ion-plated surfaces were examined in dry sliding and lubricated
with a mineral oil. After sliding friction and wear experiments, the disks - unplated and
plated in silicon and germanium - were oxidized in an oven.

The results of this study show that the wear of 52100 bearing steel is reduced when
an ion-plated film of silicon or germanium is applied to the surface. This wear reduc-
tion was observed in dry sliding and when a mineral oil was present to lubricate the sur-
face. With germanium an optimum film thickness of about 400 nanometers (4000 A) was
most effective. Simple oxidation of unplated and plated surfaces showed that both silicon
and germanium inhibit oxidative attack of the 52100 bearing steel.

INTRODUC TION

The normal procedure for the reduction of the adhesion, friction, and wear of bear-
ings and bearing material is to apply a lubricant film, usually a liquid, to the surface. .
Where corrosion is a problem, the normal step taken is to incorporate a corrosion in-
hibitor in the liquid lubricant.

In recent years, ion plating has become a very effective method for applying solid
film lubricants to bearing surfaces (refs. 1 and 2). The ability of the process to provide
a diffuse or graded interface can furnish surface films that protect bearing surfaces from
adhesion, high friction, and wear as well as supply a barrier to corrosive attack of the
bearing steel. Such films can be used in conjunction with conventional liguid lubrication
systems to improve overall system performance if the film material has the right
properties.



Current studies with the elemental semiconductors silicon and germanium in both
bulk and thin-film form suggest that these materials have many properties that make
them promising candidates as protective coatings for bearing steel surfaces (refs. 3
and 4).

The objective of this investigation was to examine the effectiveness of ion-plated
films of silicon and germanium in reducing the adhesion, friction, wear, and corrosion
of 52100 bearing steel in contact with itself. The 52100 bearing steel was studied in dry
and lubricated sliding with and without silicon and germanium films, Pin-on-disk fric-
tion experiments were conducted in a controlled nitrogen environment at a sliding veloc-
ity of 150 meters per minute, a load of 1.27 kilograms, and an ambient temperature of
23° C. Ion-plated films 85 to 2500 nanometers (850 to 25 000 A) in thickness were
examined.

MATERIALS

The rider specimens used in this study were 52100 bearing steel with a 0. 5-
centimeter spherical radius on one end, The disks were also of 52100 bearing steel with
a diameter of 6.5 centimeters and a thickness of 1.5 centimeters.

The silicon and germanium were electronic grade. They were used in lump or chip
form for incorporation in ion plating. The mineral oil was United States pharmaceutical
grade. It was vacuum degassed by pumping on a flask of the oil with a mechanical pump.

APPARATUS

The apparatus used in this investigation is shown schematically in figure 1. It con-
sisted essentially of the disk specimen and the hemispherical rider specimen. The disk
specimen was mounted directly to the end of a drive shaft of a electric motor, The disk
sat in a metal pan 8. 0 centimeters in diameter, The pan served as the Iubricant
reservoir,

The rider specimen was contained in an arm that was gimbal mounied to a support
beam. The end of the arm opposite that containing the rider specimen was mounted by
means of a flexible linkage to a strain-gage assembly for friction force measurement.
Friction force was continuously recorded during the experiment on a strip-chart record-
er. The rider specimen was deadweight loaded against the disk surface. This was ac-
complished with a weight suspended from the arm containing the rider specimen,

The entire friction apparatus was enclosed in a clear plastic box in which a slightly
positive nitrogen pressure was maintained. This nitrogen was obtained from gasified
liquid nitrogen and was consequently of high purity.
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EXPERIMENTAL PROCEDURE

The disk specimens were ion plated by placing them in a vacuum system, evacuating
the same, and then back filling the chamber with argon gas to a pressure of approxi-
mately 2.0 N/mz. With a potential of 4.5 keV on the disk, it was sputter cleaned.
Silicon and germanium were then evaporated from a tungsten boat into the argon plasma,
Using a 4. 5-keV potential improved the likelihood of obtaining a diffuse or graded inter-
face. Coating film thickness was measured with an optical interference microscope.

The 52100 steel rider and disk specimens (Rockwell C hardness of 62 to 65) were
polished with levigated alumina paste, rinsed with tap water followed by distilled water
and finally ethyl alcohol, and blown dry with dry nitrogen. Nitrogen was bled into the
chamber for 20 minutes before the friction experiment was begun. The specimens were
then mounted in the apparatus and sliding was commenced with the full load on the rider.
The experiment was run for 1 hour.

Upon completion of the experiment the rider specimen was removed from the appa-
ratus and the wear scar diameter measured. Even with the best of the films and lubri-
cant, a wear scar was detected and measured.

RESULTS AND DISCUSSION

Friction and wear experiments in dry sliding were conducted with ion-plated films
of silicon and germanium on 52100 bearing steel. An arbitrary film thickness of 400
nanometers (4000 A) was selected. The film should be thick enough to provide a protec-
tive coating for the steel but not so thick as to exhibit the bulk properties of the elemental
semiconductor, Friction and wear results for both coated and uncoated steel are pre-
sented in figure 2. The data of figure 2 represent the average of two points. The fric-
tion force was reproducible to within 1 percent and the wear data to within 8 percent.

An examination of the results of figure 2 shows that the greatest reduction in wear
occurred with the germanium film. A 15-fold reduction in wear occurred when germa-
nium as compared with the uncoated specimen. While a reduction in wear was observed
with silicon, the wear to the rider was still greater than was observed with germanium,

The friction coefficient with both silicon and germanium films was less than with the
unlubricated 52100 bearing steel. The reduction was, however, not marked.

The silicon and germanium films used to obtain the results in figure 2 were 400
nanometers (4000 A) thick. As stated earlier, this film thickness was arbitrarily se-
lected. Experiments were therefore conducted to determine the optimum film thickness
to achieve minimum friction and wear. Since the germanium films afforded the greatest
surface protection in figure 2, they were selected for thickness evaluation.



In figure 3, friction and wear are plotted as a function of germanium film thickness.
Wear decreased with increasing film thickness to a film thickness of 400 nanometers
(4000 A). Beyond 400 nanometers (4000 ) the wear remained unchanged, Friction,
however, continued to decrease with increasing thickness of the germanium film,

Examining the 400-nanometer (4000-11) film rhicroscopically revealed a smooth con-
tinuous film in the wear track with some wear debris collected on the surface as shown
in the photomicrograph of figure 4. With thicker films (figs. 5 and 6), cracks began to
form in the film, In figure 5, cracks can be seen in the center of the wear track.
Thicker films (fig. 6) exhibited plastic deformation of the germanium in addition to the
formation of cracks in the film,

Conventional Iubricants, such as mineral oils, appreciably reduce the friction and
wear of 52100 bearing steel. To determine if germanium or silicon films would still im-
prove friction and wear perfor mance under lubricated conditions, sliding experiments
were conducted with mineral oil lubrication of the uncoated and ion-plated surfaces. The
results obtained in these experiments are presented in figure 7. The results of figure 7
indicate that in mineral oil the friction coefficient is essentially the same, 0. 08 for all
three surfaces. The presence of the ion-plated germanium and silicon films does not af-
fect friction results. -

The germanium and silicon films did have an effect on wear. With both silicon and
germanium, wear was less than for the uncoated 52100 steel. As in dry sliding, the ger-
manium film was superior to the silicon film.

Another advantage in the use of silicon and germanium films, aside from improved
wear behavior, is their ability to provide corrosion protection. This is especially im-
portant with a material such as 52100 steel, which is prone to corrode fairly readily.
Disks from friction and wear experiments were placed in an oven of ordinary air at
200° C for 100 hours. Upon removal the uncoated disk had a thick brown oxide film
on its surface, as shown by the dark grey disk in figure 8. The film was thicker in
the wear track and black in color. Neither the germanium- nor the silicon-plated disks
had iron oxide films on their surfaces. The appearance of these two surfaces was un-
changed after exposure in an oven. Both ion-plated surfaces had thin oxide films of
their respective semiconductor films. Thus, the semiconductor films provided corro-
sion (oxidation) protection for the bearing steel surface.

CONCLUSIONS

Based on the experimental results obtained in this investigation with ion-plated films
of silicon and germanium on 52100 steel, the following conclusions were made:




1. Ion-plated films of silicon and germanium reduce wear to 52100 bearing steel
both in dry sliding and when the surfaces are lubricated with a mineral oil.

2. Germanium is more effective as a wear-reducing film than is silicon.

3. An optimum film thickness for minimum wear without undesirable crack forma-
tion in the film is 400 nanometers (4000 A),

4. Both silicon and germanium films provide a measure of resistance to surface
oxidation,

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, December 13, 1976,
506-16.
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Figure 2. - Coefficient of friction and rider wear for 52100 steel uncoated
and with ion-plated films of silicon and germanium, Sliding velocity,
15 meters per minute; load, 1. 27 kilograms; dry sliding at 230 ¢.
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Figure 3. - Ceefficient of friction and rider wear for 52100 steel sliding
on itself with ien-plated germanium films of various thicknesses.
Sliding velocity, 15 meters per minute; load, 1.27 Kilograms; dry
sliding at 23° C.

Figure 4. - Photomicrograph of wear scar on 52100 steel disk coated with 400-nanometer
(4000-A) thick film of germanium.




Figure 5. ; Photomicrograph of wear scar on 52100 steel disk coated with 700-nanometer
(7000-A) thick film of germanium.

Figure 6. —oPhotom'icrograph of wear scar on 52100 steel coated with 2500-nanometer
(25 000-A) thick film of germanium.
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Figure 7. - Ceefficient of friction and rider-wear for 52100 steel lubricated
with mineral oilf both with and without ion-plated films of elemental semi-
conductors. Sliding velocity, 15 meters per minute; load, L. 27 kilograms;
dry and lubricated sliding at 23° C.
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Figure 8. - Oxidation of 52100 steel disks.
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