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In Chapter 1, background on this research was described. The prevention of wear and seizure
and the reduction of friction in boundary lubrication where the distance between two sliding
surfaces is close and contact between solids is partially generated are still major problems. One
of the solutions is a modifier contained in lubricating oil. By modifying the solid surface or
adsorbing to the solid surface, the modifier reduces friction and prevents wear and seizure.
Especially, in the boundary lubrication in which the single molecule adsorption film influences
the friction reduction characteristic, the adsorption of the modifier to the solid surface directly
leads to the performance improvement of the lubricating oil. That is, knowing and controlling

the modifier adsorption film is the key to controlling boundary lubrication.

On the other hand, even today, it is not easy to characterize adsorbed modifiers of nanometer-
scale thickness. The mass and chemical structure of the adsorbed modifier and the thickness of
the adsorption film have been evaluated in the previous study. However, these analyses are
based on the assumption that the modifier is uniformly adsorbed. It is expected that the
adsorption is not uniform in the actual sliding part, and an operand method capable of
evaluating the non-uniformity is required. Frequency modulation atomic force microscope
(FM-AFM) has a spatial resolution in the order of sub nanometers, which is on the atomic and
molecular size, in both ‘the in-plane and vertical directions, and can detect unevenness at the
molecular level of the adsorption film. In addition, it has a force detection sensitivity of the
order of 10 pN, and can capture not only a solid modifier adsorption film but also a modifier
adsorption layer existing in a liquid state at a solid-liquid interface. In this study, we tried to

visualize the adsorption film of the modifier using FM-AFM, and succeeded.

In Chapter 2, the adsorption of orthophosphoric aqid oleyl ester (C18AP) on the iron oxide
film was evaluated, which is commonly used as an antifriction agent. As the base oil, poly-a-
olefin (PAO) was used, which is also widely used. The antifriction agent forms a tribofilm of
the reaction secondary product on the solid surface to prevent seizure and wear. The formed
reaction coating is hard enough to be recognized as a solid and can be analyzed with a
conventional atomic force microscope(AFM)/scanning probe microscope(SPM). However, the
precursor adsorption film formed by the physical or chemical adsorption of modifier molecules

on the solid surface as a preliminary step for this reaction was so soft and required the force
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sensitivity of the order of 10 pN achiéved in FM-AFM to detect the layer induced force response.
The adsorption layer of C18AP contained in PAO, the base oil, to the oxidized iron film was
evaluated. The formation state of the C18AP adsorption layer was evaluated by changing the
concentration of C18AP. According to the dynamic response measurement of the ZX cross
section, C18AP was adsorbed with its phosphoric acid end anchored to the films. There was
fluctuation of the C18H35 chains of C18AP in the lubricant. The force maps reflected the time-
averaged density distribution of the fluctuating chains and monotonically decayed to zero force
at a tip-to-surface distance of 2 nm when a monomolecular layer of C18 AP was completed. The
oxidized iron film was intermittently covered with CISAP @olecules in the lubricants
containing C18AP concentrations of 0.2 and 2 ppm; it completely covered at 20 and 200 ppm.
The oxidized iron film that was completely covered with the C18AP layer produced topographic
images with reduced sharpness according to its fluctuating, dynamic boundary with the
lubricant. And in addition to analysis with FM-AFM, the dynamic friction coefficient of the
sliding steel-lubricant-steel interfaces was evaluated using the friction tester. As the results, the
dynamic friction coefficient decreased with increasing the coverage of the monomolecular
C18AP on the iron film. These experimental results indicate that nanometer-scale distribution
of élSAP precursor adsorption film on the oxidized iron film is related with the friction‘
characteristics of sliding surfaces, and it proved that the nanometer-scale analysis is valuable

- for the control of the modifier adsorption layer at the lubricating interface.

In Chapter 3, the adsorption films of carboxylic acids were evaluated such as stearic acid and
oleic acid, commonly used as oiliness agents, onto iron oxide single-crystalline wafers. As the
base oil, PAO was used, which is also widely used. The adsorption film formed by the oiliness
agent is also expected to be soft enough not to be recognized as a solid, as is the case with the
precursor adsorption film formed by the extreme-pressure agent and the antifriction agent, and
the detection required the force sensitivity of the order of 10 pN achieved in FM-AFM. As in
Chapter 2, topography and dynamic response measurements of the ZX éross section were used
to evaluate. In the topographic measurement, it was found that adsorption of the carboxylic acid
onto the wafer is enhanced by pseudo slidiﬁg caused from the interaction force generated when
the probe was scanned on the surface of the wafef. In frequency-shift mapping on ZX plane, by

.comparing the analytical results of five carboxylic acids with different molecular structures,
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their adsorption on the wafer was elucidated on a molecular scale. The carboxylic acid was
chemically adsorbed with its polar group to the wafer and inhibited the direct contact of PAO
with the wafer by forming a monolayer on the surface of the wafer. In case of single chain
carboxylic acid, the carboxylic acid in the lubricant formed the liquid layered structure on the
monolayer with a layer-to-layer distance of 0.56 - 0.75 nm. This is the first time that the
behavior of carboxylic acids at the solid-liquid interface has been identified in the order of

molecular scale.

In addition, the temperature dependence of the oleic acid adsorption onto the iron oxide
single-crystalline wafer was verified by measuring the frequency-shift maps at temperatures
from 25 degrees centigrade to 65 degrees centigrade. The repulsive force from the fluctuating
tail of the oleic acid adsorbed to the wafer, became thinner with increasing temperature, and
disappeared at 60 degrees centigrade. On the other hand, the dynamic friction coefficient of the
sliding carbon steel-lubricant—iron oxide single-crystalline wafer interfaces, which was
determined using the ball on disk friction tester at each temperature from 25 degrees centigrade
to 150 degrees centigrade, increased at 150 degrees centigrade compared with it from 25
degrees centigréde to 90 degrees centigrade. These results indicated that the adsorption of oleic
acid to the wafer is activated at a temperature much lower than the temperature at which the
effect is lost. The mechanical probing with F M-AFM provides a new knowledge in a molecular

scale that cannot be found only from friction phenomena in the macroscopic dimensions.

In Chapter 4, it was confirmed for the first time that KPFM works normally in PAO-based
lubricant. In addition, it was detected that the surface potential of the sliding part simulated
with the AFM probe was different from that of the non-sliding part. This indicates that sliding
in a lubricating oil using a nonpolar organic solvent as a base oil changes the charged state of
the iron oxide shingle-crystalline wafer surface. In the present experiment, PAO containing only
oleiczacid was used, but several kinds of modifiers are added to the actual lubricants to improve
the performan’ce, which makes the behavior of the modifier more complicated. It is very useful
in designing a modifier formulation to know which modifier preferentially forms an adsorption
film and provides a good effect, when multiple modifiers are mixed. The KPFM proposed as a

new analytical method adds an index of electrical characteristics in addition to topographic and



mechanical response. This can be of great help in identifying the type of modifier and the

amount adsorbed.

In Chapter 5, this research was summarized. In this study, the behavior of the modifier
molecule in the lubricant at the solid-liquid interface was identified at the molecular resolution
by the excellent spatial resolution and force sensitivity of FM-AFM. Not only an adsorption
film hard enough to be recognized as a solid, but also an adsorption film existing as a liquid
was captured. The relationship between the adsorption film and the macroscopic frictional
properties was confirmed, and it was clarified that the behavior of the modifier at the molecular
level affected the macroscopic frictional properties in no small way. FM-AFM and KPFM can
be expected as new methods to accelerate the development of lubricants by clarifying the
behavior of lubricants at friction interfaces on a molecular scale and providing a theoretical

basis for lubricant design.
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