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ABSTRACT

Stable isotopic tracer in combination with TOF-SIMS
(time-of-flight secondary ion mass spectroscopy) is
proposed as a versatile tool for investigation of tribo-
chemistry. This unique technique is based on tracing 2H
(deuterium, D)- labeled and/or 13C-labeled hydrocarbon
moiety that exist on rubbed surface. Two examples are
given in this article: 1) A monomolecular film of
perdeuterio-octadecanoic acid was deposited on Si(100)
flat specimen. The tribological properties of the
monomolecular film were evaluated by a ball-on-flat type
tribo-test. Lifetime for low friction is influenced by the ball
material. The transfer of the carboxylic acid from the flat
specimen onto the ball surface was found to be
beneficial for prolong the lifetime. 2) GMO (glycerol
mono-oleate) in synthetic hydrocarbon provides
extremely low friction at steel-DLC (diamond like carbon)
contact. 13C-labeled GMOs were employed to
investigate the state of the additive on the DLC surface.
Direct interaction of the additive on the DLC surface was
suggested by TOF-SIMS analysis.

INTRODUCTION

Surface analysis is a useful method to study tribo-
chemistry. For example, boundary film that is generated
by the tribo-chemical reaction of anti-wear additives has
been studied using EPMA and XPS [1]. These tech-
niques mainly focus on hetero atoms such as phos-
phorus, sulfur, zinc, or molybdenum that exists on rubb-
ed surface. On the other hand, the major com-ponents in
lubricants are hydrocarbons and their derivatives.
Unfortunately, hydrocarbon moieties on a surface are
difficult to identify by the usual surface analysis, mainly
for the following two reasons: 1) Chemi-cal resolution is
unsatisfactory to identify a variety of organic
compounds. 2) Organic contaminants that exist
everywhere make detection of the target molecule
difficult.
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Isotopes are defined as atoms having the same atomic
number but a different mass number. They exhibit
different physical properties but the same chemical
ones. Both radio-active isotopes and inactive ones
(namely, stable isotopes) are found in natural resources
[2]. Some of them are applied as tracers to study
metabolism or terrestrial ecosystem [3]. In the field of
tribology, applications of radio isotopes of hetero-atoms
have been reported to trace boundary film formation [4]
and wear measurements [5,6]. While radio isotopes are
easy to detect at low concentrations, the possibility of
radiation damage has limited their usage by legislation.

Time-of-flight secondary ion mass spectroscopy (TOF-
SIMS) is one of the surface sensitive analytical methods
[7]. The outline of the analysis is based on mass
spectrum of compounds that exist on the surfaces.
Advantages of this method in tribo-chemistry are high
sensitivity, high spatial resolutions, and excellent
chemical resolutions if fragmentation of the target
molecule was well studied. Both organic and inorganic
compounds on the surfaces are detectable by TOF-
SIMS. Applications of TOF-SIMS in tribo-chemistry have
been reported [8-17]. In addition, isotopes can be
identified by the high-mass-resolution technique of TOF-
SIMS [18].

This article deals with our work on the role of hydro-
carbon moiety in tribo-chemistry. The target molecules
were labeled by stable isotopes such as D (deuterium,
2H) or '*C. A monomolecular film, one of the well-studied
models of boundary lubrication, was chosen in this fun-
damental study. Applicability of the stable isotopic
tracers in studying additive mechanism is also shown
herein.
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Nomenclature

Abbreviation Details
GMO Glycerol monooleate (see also Figure 1)
13C-ODA 1-3C-Octadecanoic acid (see also Figure 1)
2d-ODA 2,2-Dideuteriumoctadecanoic acid (see also Figure 1)
35d -ODA Perdeuteriooctadecanoic acid (see also Figure 1)
GMO Glycerol monooleate (see also Figure 1)
c-GMO Carbonyl-labeled glycerol monooleate (see also Figure 1)
g-GMO Glycerol-labeled glycerol monooleate (see also Figure 1)
D Deuterium, ?H
DLC Diamond like carbon
EPMA Electron probe microscope
M Formular weight
m/z Mass-to-charge ratio
PAO Poly(alpha-olefin)
TOF-SIMS Time-of-flight secondary ion mass spectroscopy
XPS X-ray photoelectron spectroscopy
EXPERIMENTAL

2.1 Chemicals

2,2-Dideuteriooctadecanoic acid (2d-ODA),
octadecanoic acid-1-"*C (13C-ODA),
pentatriacontadeuteriooctadeca-noic acid (35d-ODA)
were selected as stable isotopic tracers for the
preliminary work. Two labeled GMOs, namely 13C-
labeled at the glycerol moiety (g-GMO) and 13C-labeled
at the carboxylic acid moiety (c-GMO) were examined.
Octadecanoic acid (ODA) and glycerol mono-oleate
(GMO) were references for the labeled compounds. All
chemicals are reagent grade. Structures of these
compounds are given in Figure 1.

2.2 Preparation of monomolecular film

A monomolecular film of the labeled carboxylic acid for
tribo-test was deposited on Si(100) flat surface using a
computer-controlled Langmuir trough under air. The
conditions of the film preparation are listed in Table 1.

2.3 Tribo-test

The tribological properties of monomolecular film were
acquired by a ball-on-flat type tribo-tester under
reciprocating motion. Balls made of steel, sapphire and
glass were rubbed against a silicon-flat covered with the
monomolecular film. Friction force was monitored
throughout the test. The lifetime of the monomolecular
film was defined as duration of steady state friction
provided by the monomolecular film before friction force
rose, as shown in Figure 2. The test conditions and
properties of specimen are listed in Table 2 and Table 3,
respectively.

SAE Int. J. Fuels Lubr. | Volume 1 | Issue 1

Full document details: SAE 2008-01-2464

A cylinder-on-plate reciprocating type tribo-tester was
also employed to evaluate the tribological properties of
GMO in synthetic hydrocarbon. The test conditions are
described in Table 4. DLC on the flat specimen was
deposited by the published procedure [19].

2.4 Surface analysis

AFM and TOF-SIMS of the rubbed surfaces were
conducted to study the mechanism of lubrication. The
conditions are listed in Table 5 and Table 6,
respectively. The specimen rubbed with GMOs in PAO
was rinsed with hexane prior to TOF-SIMS analysis. It
should be noted that ultrasonic cleaning of the specimen
sometimes results in removal of the boundary film
composed of GMOs.

Table 1 Conditions for monomolecular film preparation

Concentration of sample, mmol-dm™ | 2.0

Presureof built-up,mN-m-! 130

Table 2 Conditions of ball-on-flat type tribo-test

Applied load, mN 40
e ______________________________________________________________
2
g Frequency, Hz 20.0
e
«© )
g- Amplitude, mm 1.5
B e DT
g Temperature, C 2025
N
Humidity, % 2060
i
H _ Material steel, sapphire, glass
IR 7 E i B
£ Diameter,mm 1.0
U [
o
7o Material Si(100)
81 =
I R T |
[
i size,mm 10 X 10
| |
‘g Ball material steel | sapphire | glass
3 =J O | SEPE. R
Q 1 1
% Hertzian contact diameter, um 1 H 10 H 13
Y S R RN
| |
2 Hertzian maximum stress, GPa 062 | 071 | 047
I I
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Table 3 Properties of tribo-material for ball-on-flat type

tribo-test
Major I Young's i Poisson's ratio | Surfaceroughness 1  surfacefree
component E modulus, GPa E E Ra,nm E energy,mJ‘m'2

Silicon (flat) si 130 028 012 734

Loneen e PR O U IS NS NSt i
Steel (ball) Fe P20 ) 030 ; 31 ; 60.7

Itk S IS kN ISRt N RO K
Sapphire (ball) Al203 420 H 0.32 1 10 | 732
Glass (ball) sice ! 209 H 026 H 34 H 730

Table 4 Conditions for cylinder-on-flat type tribo-test

) Applied load, N 4.0E+ 02
[}
E Stroke, mm 3.0
% Frequency, Hz 50
_5 Qil volume, “L 1.0E+ 02
® i o
E’_ Oil temperature, C 80
(@) Test duration, minutes 30
Material SuUJ2 (JIS)
- E Contents: C (0.95-1.10%), Si (0.15-0.35%), Mn (< 0.5%), P
g —; (< 0.025%), S (0.025%), Cr (1.30-1.60%) and Fe (balance)
g size, mm ¢ 156%x 22mm
Q Material
o
:tg PVD arc-ion plated, hydrogen-free type DLC
deposited on SUJ2 at thickness of 0.5 , m

Table 5 Conditions for TOF-SIMS analysis

Instrument Physical Electronics
TFS-2100 (TRIFT-I1)

Resolution at m/z26.98 (Al) M/AM > 5000
Primaryion bunched Ga*
.................................................... Impactenergykev 15
...................................... loncurremforonepmsenA 2
......................................................... Pu|seWIdthns 7
............................................... BunChmglmervalsps 960
................................................. Pu|sefrequenckaZ 11
Themeasured mass range, m/z 1-3000

Total ion doses in measurements, ions <cm * <1x10"
Detected secondary ions positive and negative
Areaof analysis for chemical mapping, 1 m? 60X600r 120X120
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Table 6 Conditions for AFM analysis

Instrument Seiko Instruments, SPI3800N
Measurement mode tapping

Areacfanalysis, xm | oxiw0
Cantilever SI-DF20
Elastic module of cantilever, N/m 15.1

where D means ?H, * means °C

35d-ODA

Figure 1 Structure of film precursors and additives

Start of tribo-test Risein friction force
/ u
1
i ) Lifetime of boundary film R

Test duration

Figure 2 Typical friction trace during the tribo-test
(model)

RESULTS AND DISCUSSION
3.1 Preparation of monomolecular film

Figure 3 shows the diagram of molecular area
and surface pressure while preparing monomolecular
film from ODA or 35d-ODA on silicon-flat surface. The
limiting area for these acids was in the range of 0.22-
0.23 nm2, which are slightly density-packed in
comparison with the data in the literature, 0.24 nm2 [20].
A semi-empirical molecular orbital simulation gives the
conformation of 35d-ODA as a cylinder of 2 nm in length
and 0.4 nm in diameter [21]. From these results, surface
coverage by the acid was calculated in the range of 55-
57%.
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