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We present experimental data on the production of anomalously low friction by electron
bombardment of a molybdenum-disulfide surface. It is indicated that the effect and its mechanism are
identical when the molybdenum disulfide is bombarded by electrons and by accelerated helium atoms.

The authors have previously observed that when sur-
faces of polyethylene, molybdenum disulfide, and
graphite are bombarded by a beam of helium atoms of
energy 2 keV their friction becomes anomalously
low, %21 We have attempted to realize this phenomenon
by bombarding an MoS, surface in vacuum by a 2-keV
electron beam. The experimental setup is shown in Fig.
1. It consists of a steel vacuum chamber in which is
placed a friction unit consisting of an immobile spheri-
cal indentor of ShKh-15 steel and a disk of the tested
material, which rotates in a metallic frame. The load
and the friction force were measured with strain gauges
by a standard scheme, 7 The disk was rotated in vacu-
um by a magnetic clutch. The experiments were per-
formed at a friction-unit temperature 20°C, at a load
ranging from 50 to 150 g on an indentor of 0.5 cm diam,
and at a slip speed 20 cm/sec. The investigated disks
were prepared of M-801 material produced by the fol-
lowing technology: an annular disk of metallic molybde-
num, 5 mm thick with outside diameter 55 mm and in-
side diameter 50 mm, was exposed to sulfur vapor at
600°C, as a result of which a molybdenum-disulfide
layer up to 10 p thick was produced on the surface of
the metal, We chose this technology for the purpose of
obtaining sufficiently pure molybdenum disulfide on the
surface,
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FIG. 1. Experimental setup: 1 ~ vacuum chamber, 2 — magnetic
clutch, 3 - indentor with measuring apparatus, 4 —tested
specimen, 5—nitrogen screen, 6 —electron gun.
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The friction unit was surrounded by a copper screen
cooled with liquid nitrogen.

An electron gun consisting of a heated cathode, a
drawing grid, an accelerating grid, and a secondary-
electron collector produced a beam of 10 mm diameter,
2 keV energy, and current up to 1 mA, The beam was
applied to a disk-surface section positioned 180° away
from the indentor along the friction track. The depth of
penetration of the electrons into the material was esti-
mated from the formula!

h=3250(M/p)(E/Z%), Q)

where M is the molecular weight of the bombarded ma-
terial, p is the density, E is the electron energy in
keV, Z is the atomic number of the element, and
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For compounds, particularly MoS,;, Z and M in
formula (1) are replaced respectively by the sums of
the atomic numbers and atomic weights of the individual
elements.

The range of 2-keV electrons in molybdenum disul-
fide, estimated from this formula, is approximately
2000 A. The dose intensity averaged the thickness of
the bombarded layer can be estimated from the equation
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FIG. 2. Change of friction coefficient following bombardment
of molybdenum disulfide friction surface by electrons (1) and
by fast helium atoms (2).
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where E is the energy of the electron beam in keV, [ is
the current density in A/cm?, h is the depth of penetra-
tion in cm, and p is the density in g/cm?.

Inasmuch as only a fraction of the surface of the ro-
tating disk is bombarded during the rotation, the time-
averaged dose intensity is I'=1I(d/nD), where d is the
diameter of the electron beam and D is the diameter of
the friction track.

In the friction experiments, we measured the temper-
ature of the indentor by means of a thermocouple, one
of the junctions of which was placed inside of the inden-
tor 0.3 mm away from the friction surface. In ordinary
friction we observed slight heating of the indentor, with-
in 5°C. When anomalously low friction set in, this heat
rise disappeared completely. At an average electron-
beam power on the order of 1 W/cm?, at the typical
thermal conductivity of the metallic disk, and at a very
small thickness of the molybdenum disulfide layer
(1073 cm), the heat rise of the surface due to the bom-
bardment was quite negligible even in the case of rather
low thermal conductivity of the molybdenum disulfide
(A= 3x10™ cal/cm-deg C**!), and did not exceed 1°C.

The experiment consisted of the following: The tested
disks were wiped with alcohol and placed in the chamber,
which was evacuated to 5X107 Torr. The copper screen
was cooled with liquid nitrogen to approximately 80 °K.
The motor was then turned on, a load was applied to the
indentor, and the indentor was allowed to wear into the
rotating disk until a stable friction coefficient was estab-
lished. The electron gun was then turned on and the sur-
face of the rotating disc was bombarded by the electron
beam, The friction coefficient was then registered as a
function of the current and of the bombardment time.
The results of one of the typical experiments are shown
in Fig. 2. At an indentor load 100 g, after the bearing
surfaces have been “broken in”, the stable friction co-
efficient in vacuum range from 0. 04 to 0, 05. When the
electron then was turn on (gun current 500 pA, beam
cross section diameter 1 cm, energy 2 keV, correspond-
ing to a dose intensity 5X10* W/g or 5X10° rad/sec),
the friction coefficient dropped to an anomalously low
value, below the 0.002 sensitivity limit of the apparatus.
When the electron beam was turned off, the friction co-

120 JETP Lett. Vol. 20, No. 4, August 20, 1974

efficient increased slowly (within a time 10—15 min, and
even more slowly in individual experiments), to a val-
ue 0,03, When atmospheric pressure was restored in
the chamber after obtaining the anomalously low friction
effect, the friction coefficient jumped almost instantan-
eously to values 0.05—0, 06.

For comparison, Fig. 2 shows one of the plots of the
friction coefficient against time, obtained earlier by
bombarding the friction surface of molybdenum disul-
fide with a beam of helium atoms at approximately the
same dose intensity as in the ease of the electron beam.

The similarity in the character of the anomalously
low friction following bombardment with electrons and
with fast atoms indicates that the effect is universal.

The mechanism whereby the extremely low friction
is produced is not quite fully understood (partly because
the detailed microscopic mechanism of external friction
is still not clear for real solids in general). However,
our recent electron-diffraction investigations of the
MoS, surface after the attainment of ultralow friction
points to a strong orientation of the MoS, crystals, and
mass-spectral observations of the partial pressure of
water in the course of the described bombardment has
shown that the latter leads to a removal of the hydroxyl-
containing groups from the surface. On the whole, this
is evidence that, at any rate, the adhesion component of
the interaction, which causes the external friction, can
become greatly weakened by a surface treatment that
leads to ultralow friction.
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