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Hydrocarbon oil with low vapor pressure has been used as a lubricant in high-vacuum conditions. Decomposition of the oil

under boundary lubrication conditions was studied by investigating desorption of hydrogen and hydrocarbons, generated by

tribochemical reaction occurred on nascent surface of 52100 steel during the sliding process in a ball-on-disk type sliding tester.

Gaseous products by tribochemical decomposition were monitored by a quadrupole mass spectrometer (Q-MS), which would

reveal the decomposition mechanism of hydrocarbon oil. It is found that tribochemical reactions of hydrocarbon oil occurred on

active sites on steel generated by sliding, the desorption amount of hydrogen and gaseous hydrocarbons increased linearly with

sliding velocity, and parabolically with load. A critical load for the activation of decomposition of the hydrocarbon oil on bearing

steel was found to be about 1.1 N. In this paper, the decomposition mechanism of hydrocarbon oil was also explored.
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1. Introduction

Tribochemistry is generally defined as the chemical
reactions that occur between the lubricant/environment
and the material surfaces under boundary lubrication
conditions. It is regarded that there are two main causes
for tribochemistry: (1) thermal and pressure effects at
mechanical contacts, i.e., high temperature and pressure
at the contact area, (2) enhanced activity of contacting
surfaces, for example, nascent surfaces and emissions
[1–5]. Under boundary lubrication conditions, the sur-
face layers on solids such as metal oxides and organic
contaminants are removed by mechanical stimulation,
resulting in the formation of nascent surfaces. There are
many kinds of active sites on the nascent surfaces such
as cation, anion, radical sites, and defects [6–10]. We
have studied many chemical reactions on the nascent
surface of metals such as steel, nickel, gold, and ceramics
such as Si3N4, Al2O3. The nascent surface has high
activity to catalyze and accelerate the decomposition of
organic compounds. The adsorption activity is depen-
dent on the fundamental electronic structure of both the
metal and compound [3,9–11]. But the decomposition of
actual lubricants on nascent surface was rarely con-
firmed.

As well known, atomic hydrogen produced by
decomposition of lubricants interacts with steel to induce
subcritical crack growth leading to ductility diminution

and causes hydrogen embrittlement [12,13]. Hydrogen
embrittlement of metals will cause trouble in the gas and
oil industry where high concentrations of hydrogen are
present. Especially in outer space, many moving
mechanical assemblies (MMAs) for space applications
rely on a small, initial charge of lubricant for the entire
mission lifetime, often in excess of 5 years [14]. The
lubricants used in this field are synthetic hydrocarbon oils
with low vapor pressure [15–17]. Tribological failure of
MMAs occurs when the lubricant degrades or evaporates
and therefore loses its ability to lubricate tribological
contacts, for example raceways contacting with bearing
balls. Moreover, contamination by low molecular weight
products generated from the lubricant degradationwill be
harmful to the vacuum systems.

In this work, decomposition of hydrocarbon oil on
the nascent surface of bearing steel under boundary
lubrication conditions in high-vacuum was studied, and
the decomposition mechanism was discussed.

2. Experimental section

In this study, ball and disk specimens were made of
bearing steel 52100. The diameter of the ball was
6.35 mm. The disk was 24 mm in diameter and 7 mm in
thickness. The disk was polished and its surface rough-
ness was controlled to Ra 0.02 lm. The specimens were
cleaned for 10 min in an ultrasonic bath with petroleum
ether and hexane respectively before sliding test.
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Synthetic hydrocarbon (1, 2, 4-Tris (2-Octyl-1-
Dodecyl) Cyclopentane) oil intended for precision
applications in aerospace or high-vacuum environments
was selected as lubricant. It was marked as Pennzane�

(Nye 2001A), and fully described in Ref. [18]. Main
physical properties of the oil are shown in Table 1.

Schematic diagram of the test apparatus used in this
study is illustrated in figure 1. A ball-on-disk type slid-
ing tester was installed in a high-vacuum chamber with a
base pressure of <2� 10)5 Pa. The pressure was
achieved by a turbo molecular pump. The lubricant oil
was coated on the disk with the average thickness of
10 lm. During the rubbing test, the pressure in vacuum
chamber was measured by a Bayard-Alpert ion gauge,
and intensities of the molecular and fragment ions
coming from reaction products were monitored by a
quadrupole mass spectrometer (Q-MS). All the tests
were carried out on the same friction track by using the
same ball at room temperature. To examine the effect of
mechanical conditions on decomposition of hydrocar-
bon oil, experiments were performed at the sliding
velocity of 0.02, 0.03, 0.04, 0.05, and 0.06 m/s, respec-
tively. The load was changed by the order of 2, 4, 8, 12
and 16 N at each of the constant sliding velocity as
mentioned above. Details of the experiments have been
reported elsewhere [9–11].

Figure 2 shows a typical chart from a mass spec-
trometer. For the first 3 min, the sliding tester was left at
rest and it was confirmed that the baselines of ion
intensities were stable. For the next 6 min, the sliding test
was carried out and the intensity changes were recorded.
For the last 6 min, the sliding tester was left at rest and
the stability of the baselines was confirmed again.

3. Results and discussion

3.1. Desorption of gases during sliding process

Figure 3 shows desorption of hydrogen during sliding
experiment. Initially, no obvious gas desorption was
observed except for hydrogen when the ball was sliding
on the disk. Then hydrogen desorption decreased
gradually. Subsequently it increased sharply and became
stable after about 20 h of sliding. In addition to
hydrogen, evolution of gaseous hydrocarbons, such
fragment ions as CH3

+, C2H3
+, C2H4

+ and C3H7
+,

were detected after 20 h of sliding time repeated as
shown in figure 2.

From figure 2, we can find that intensities of those
ions increased immediately when sliding test was started
and then became constant after a few seconds. Once the
sliding process was terminated, it returned to the initial
value within several seconds. In the case of hydrogen,
the intensity increased and decreased gradually.

The above results indicate that chemical reactions
were initiated at sliding contacts. The surface of the steel
disk was covered with a layer composed of oxides,
chemisorbed water, and organic contaminants, which
were less active than nascent surface. Hydrogen evolu-
tion at the initial stage did not originate from a catalytic
decomposition of lubricant, but from the thermal

Table 1.

Properties of sample oil.

Kinematic viscosity

(cSt)

100 �C 14.6

40 �C 108

)40 �C 80, 500

Viscosity index 137

Flash point 300 �C
Vapor pressure 25 �C, 3.999� 10)9 Pa

Evaporation 100 �C, 24 h, none

Load 

Turbo molecular pump 

Disk

Ball

Ion gauge 

Q-MS
Rotor Vacuum chamber 

Lubricant oil

Variable leak valve 

Figure 1. Schematic diagram of the test apparatus for investigation of

chemical nature of nascent surface.

0 200 400 600 800 1000
0

2

4

6

8

530 540
 

Io
n 

in
te

ns
ity

 (
10

-1
0 )

Time (s)

H+

2 C
2
H+

4

C
3
H+

7

CH+

3

C
2
H+

3

Figure 2. Variation of ion intensities during sliding process after slid-

ing experiments repeated for 20 h (Load – 8 N, Velocity – 0.02 m/s).
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Figure 3. Desorption of hydrogen during surface contamination

removals (Load – 8 N, Velocity – 0.02 m/s).
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decomposition of surface hydroxyl groups and chemi-
sorbed water. With removal of the contaminant,
desorption of hydrogen decreased until about 7 h. While
contaminant and oxide layer were removed and the
nascent surface with active sites were generated by
friction for 7 h, desorption of hydrogen increased
remarkably and reached a constant value as shown in
figure 3. Hydrogen and gaseous hydrocarbons desorbed
as tribochemical reaction products simultaneously as
shown in figure 2. Differences of intensity change of
hydrogen and gaseous hydrocarbons possibly due to
hydrogen penetration into steel [13].

3.2. Desorption amount of reaction products

From figure 2, we can find that all the molecular
ion intensities of the reaction products increased
exponentially due to desorption with sliding time, and
then came to a steady state, at which the formation
rate of nascent surface was balanced by the dimin-
ishing rate of active sites with adsorbed molecules.
According to equation (1), desorption rate (Rd, mol-
ecules/s) of reaction products by mechanical activation
can be estimated from the pressure change (DP) due
to desorption [9,10].

Rd ¼ CDP=kT ð1Þ

where, C is a conductance at the gas outlet of the vac-
uum chamber; DP is pressure change due to desorption
at the steady state and is proportional to the intensity
change of the molecular and fragment ions; k is Boltz-
mann�s constant; and T is absolute temperature.

Desorption amount (Ad) was obtained from the hat-
ched area shown in figure 4. It can be calculated by the
following equation.

Ad ¼
Z

Rddt ¼ AP � C=kT ð2Þ

where, Ap is the peak area of partial pressure change
during sliding.

The dependence of desorption amount of hydrogen
on mechanical conditions is shown in figure 5. It can be
deduced that desorption amount of hydrogen by
mechanical activation increased proportionally with
sliding velocity at any load tested in this study. On the
other hand, desorption amount increased in a parabolic
relation with load.

Figure 6 shows the dependence of desorption amount
of hydrogen on the cube root of load. It can be seen that
all curves are linear, intersecting with the axis of the
cube root of load at the same point of 1.1 N. Therefore,
this point is named as a critical load for the activation.
In other words, no hydrogen desorption would happen
if load was below 1.1 N.

Figure 7 presents the dependence of the desorption
amount of methane on mechanical conditions. It can be
seen that desorption amount of methane on nascent
surface of bearing steel increased proportionally with
sliding velocity, and parabolically with load. Figure 8
shows the dependence of desorption amount of methane
on the cube root of load. Critical load for the activation
is also observed at load of 1.1 N. For other gaseous
hydrocarbons, such as C2H3

+, C2H4
+, and C3H7

+,
similar results were observed.
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Figure 4. Schematic model of gas evolution during friction test.
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Figure 5. Dependence of desorption amount of hydrogen on mechan-

ical conditions (a) sliding velocity (b) load.
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These phenomena can be explained as follows: When
a ball slides on a disk, the relation between contact
radius and load can be shown as following equation.

d ¼ 2
3WR

2E0

� �1=3
ð3Þ

where, d is the contact diameter, W is the load, R is the
ball radius, E¢ is the modulus of elasticity.

If 2 3R
2E0

� �1=3
is defined as c, equation (3) will be

described as:

d ¼ cW1=3 ð4Þ

During sliding process, total area (S) of nascent surface
generated by friction can be calculated by the equation
(5).

S ¼ d � v � t ð5Þ

where, v is the sliding velocity, t is the sliding time.
From equations (4) and (5), total area of nascent

surface can be calculated as follows,

S ¼ cW1=3vt ð6Þ

The generation rate of active sites is proportional to the
sliding velocity [9]. Desorption amount must be pro-
portional to the total area of nascent surface corre-
spondingly. This relation is shown as follows,

Ad / cW1=3vt ð7Þ

which means,

Ad /W1=3; and Ad / v ð8Þ

The relations of equation (8) are clearly shown in
figures 5–8.

3.3. Decomposition mechanism of hydrocarbon oil
on bearing steel surface

The temperature rise at sliding contact may be one of
the important factors for the activation cause of the
decomposition reaction. As shown in figure 2, the
decomposition reaction continued for a few seconds
after the sliding process was terminated. Since the tem-
perature rise should cease after the termination of slid-
ing, the main part of the decomposition could not be
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Figure 7. Dependence of desorption amount of methane on mechan-

ical conditions (a) sliding velocity (b) load.
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also should be attributed to the catalytic activity of the
fresh metal surface [10]. The main part of hydrogen
evolution was observed after friction tests were contin-
ued for more than 7 h as shown in figure 3. It may need
7 h to form enough active sites on nascent surface for
the reaction. After the experiments, wear scar was
observed and it was about 180 lm in width.

A possible process of tribochemical reaction and
decomposition of hydrocarbon oil on the nascent sur-
face of bearing steel is proposed as described in figure 9.
First, active sites on the nascent surface are generated by
rubbing. It is expected that defects are generated on
nascent surfaces by mechanical contacts. It is well
known that surface defects act as an active site for cer-
tain reactions [19]. We have reported that aromatic
compounds and olefins decomposed on nascent gold
surface even at room temperature [1]. Second, the
adsorption of hydrocarbon oil followed by C–C bond
rupture leads to unzipping of molecule chain in contact
with the nascent surface and the molecular weight of the
oil molecule is reduced [20]. As a result, hydrogen and
gaseous hydrocarbons are formed. It is clear that mol-
ecules decompose by the catalysis of the active sites.
Since saturated hydrocarbon molecules cannot chemi-
sorb even on nascent steel surface at room temperature
[3], the decomposition should be affected by heat gen-
erated at the contact. Organic deposits formed on nas-
cent surface will be removed easily even at low friction
force, and the corresponding load is the critical load for
the activation which is mentioned above.

In a certain decomposition mechanism, distribution
of products may be uniform. The ratio of desorption
amount of different ions represents desorption mecha-
nism. Figure 10 shows the dependence of ratio of
desorption amount of methane to hydrogen on
mechanical conditions. It is found that the ratio of
desorption amount of methane to hydrogen was not
limited by sliding velocity and load in this study. For
other gaseous hydrocarbons, similar results were
obtained. This means that desorption mechanism of
products generated from decomposition of hydrocarbon
oil at mechanical contact of steel was not affected by
mechanical conditions in this study.

4. Conclusions

Tribochemical reactions of hydrocarbon oil on the
nascent surface of bearing steel 52100 under boundary
lubrication conditions were investigated. Active sites
were generated on the nascent surface of bearing steel
after the removal of surface oxide layer during the
rubbing process. Tribochemical decomposition of
hydrocarbon oil occurred on those active sites. Hydro-
gen and gaseous hydrocarbons desorbed as tribochem-
ical reaction products. The desorption amount of
hydrogen and gaseous hydrocarbons increased linearly
with sliding velocity, and parabolically with load. A
critical load for the activation of decomposition of
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Figure 9. Decomposition mechanism of hydrocarbon oil on the nascent steel surface.
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hydrocarbon oil on bearing steel was about 1.1 N. The
ratio of desorption amount of gaseous hydrocarbon to
hydrogen was independent of sliding velocity and load,
which substantiated desorption mechanism of products
generated by decomposition was not affected by
mechanical conditions in this study.
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