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Chapter 1 General introduction



1.1 Back ground

Most machines include sliding parts that perform relative motion while supporting
the load. In the sliding part, repeated frictional motion is conducted, and wear and
seizure are often generated. In order to reduce friction, lubrication has long been used,
in which a third material (lubricant) having a small shear resistance is interposed
between solids performing frictional motion to suppress direct contact between the
solids. By reducing friction and preventing wear and seizure, the life of the machine is
extended and energy is saved. According to the JOST report published in 1966, the
economic effect of optimizing duplication is about 3% of Japan's GNP, which is not

small at all.

Lubrication is classified into three types according to its form: hydrodynamic
lubrication, mixed lubrication, and boundary lubrication. Hydrodynamic lubrication is
a state in which a lubricant film sufficiently thicker than the surface roughness is
formed between two sliding surfaces and the friction surfaces are completely
separated. The condition in which the distance between two sliding surfaces is close
and contact between solids is partially generated is called boundary lubrication.
Boundary lubrication has been accepted as a typical lubrication system since W. B.
Hardy proposed it in 1925'. Figure 1.1.1 shows an image of boundary lubrication. The
state in which both hydrodynamic lubrication and boundary lubrication are mixed is
called mixed lubrication. Figure 1.1.2 shows Stribeck curve. Hydrodynamic
lubrication has high load capacity and low friction compared to other lubrication
modes. In addition, it has high damping property, excellent anti-seizure property and
anti-fatigue fracture property, and is the most ideal sliding mode. However, in an
actual machine, it is difficult to realize hydrodynamic lubrication in all sliding parts,

and a method to reduce friction is required even in boundary lubrication. In boundary



lubrication, the distance between two sliding surfaces is small, and it is required to
reduce friction with a film of a monolayer! or multi-molecular layers of at most few
layers®. In these circumstances, the adsorbed layers and liquid covering the layers

form an easily sheared film to minimize adhesion and wear.?

Sliding

Partial Contact

Lubricant

Sliding

Figure 1.1.1 Image of boundary lubrication. the distance between two sliding surfaces

is close and contact between solids is partially generated.

Hydrodynamic
lubrication

Mixed lubrication

Boundary

lubrication

Coefficient of friction

Viscosity X velocity / load

Figure 1.1.2 Stribrck curve which shows that friction coefficient is a non-linear
function of the contact load, the lubricant viscosity and the lubricant entrainment

speed.



As one of the representative lubricants which realize the friction reduction of the
sliding part which takes the boundary lubrication form, there are lubricating oils such
as engine oil. The lubricating oil consists of a base oil which is a nonpolar organic
solvent and a modifier which is a polar compound. Because the prevention of wear
and seizure and reduction of friction in boundary lubrication cannot be sufficiently
achieved only by the performance of base oil, modifiers are used as a countermeasure.
This modifier reduces friction and prevents wear and seizure by modifying the solid
surface or adsorbing to the solid surface. Controlling the adsorption of modifiers to
the solid surface at the boundary lubrication is the key to smooth sliding and stable
friction. Modifiers are classified into extreme pressure agents, antifriction agents, and
oiliness agents according to their operating environments and mechanisms. For
example, a modifier classified as an extreme pressure agent or antifriction agent
prevents seizure and wear by forming a tribofilm of reaction secondary products on a
solid surface. Although there is no clear difference between the extreme pressure
agent and the antifriction agent, the extreme pressure agent is mainly used when the
sliding part has high temperature, high contact pressure and high sliding speed, and
the antifriction agent is mainly used when the sliding part has high contact pressure
and low sliding speed, as distinguished by the operating environment. On the other
hand, a modifier classified as an oiliness agent forms a molecular layer by physical
and chemical adsorption on a solid surface, and reduces friction by preventing direct
contact between solids. It is used when the temperature of the sliding part is not too
high compared with room temperature. Figure. 1.1.3 shows the simplest schematic
diagram of the function of extreme pressure agent, antifriction agent (a) and oiliness

agent (b).



Tribofilm of reaction secondary products

Lubrication oil

(a) extreme pressure agent, antifriction agent

Lubrication oil

Modifiers

Solid

(b) oiliness agent

Figure 1.1.3 A schematic diagram of the function of (a) extreme pressure agent,
antifriction agent and (b) oiliness agent. Modifiers contained in the lubricants form an

adsorbed film on the metal surface to prevent direct contact between metals.

There have been many studies on modifiers. Since it was the first priority to
attempt the life extension of the machine by suppressing abrasion and seizure, the
research on the film formation by the extreme pressure agent was mainly carried out

° However, recently, by development of new materials,

at the beginning.*
improvement of surface treatment technology, improvement of machining accuracy,
etc., seizure has become less a problem than before. Then, the interest has also shifted

to how to reduce the friction on the assumption that the seizure does not occur at



present. The modifier adsorption film greatly contributes to the reduction of friction,
and knowing and controlling the modifier adsorption film is the key to controlling
lubrication. 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. There have been many studies evaluating the friction reduction effect
of a modifier adsorption film'®!2, However, few studies have visualized how modifier
molecules are adsorbed on solid surfaces. Visualizing the adsorption film of the
modifier with molecular resolution means that it is possible to directly analyze how
the modifier is adsorbed on the solid surface, which will help to clarify the formation
mechanism of the adsorbent film. And, if the effect of the adsorption film structure at
the molecular level on the macroscopic lubrication characteristics can be evaluated by
considering the adsorption state of the modifier together with the actual lubrication
performance, mixing of the modifier with higher performance and the thinnest
concentration which brings about the effect on the lubrication can be designed with

the theoretical reason.

On the other hand, even today, it is not easy to characterize adsorbed modifiers of
nanometer-scale thickness. They are always buried in lubricant—solid interfaces.
Electron-based methods for surface analysis do not function there. In situ, hopefully
operando methods working in lubricants should have been developed, since weakly
adsorbed modifiers leave the surface when the surrounding lubricant is removed. The

mass of adsorbed modifiers was determined with microbalance sensors.!>!'* Infrared

15-17 9

absorption, Raman scattering,'® and sum-frequency generation'® provided
vibrational spectra of adsorbed modifiers to estimate their chemical structure. The

layer thickness of deuterium-labeled modifiers was evaluated in a sub-nanometer



precision by fitting neutron reflectivity as a function of scattering vector length.2%2! In
these methods, the mass of mass of adsorbed modifiers, their chemical structure, and
the thickness of the adsorption film were clarified. In actual sliding parts, it is
expected that the adsorption is not uniform, but at present, there is only an analysis
method based on the assumption that the adsorption is uniform. Recently, Hirayama et
al. applied Frequency-Modulation Atomic Force Microscopy (FM-AFM) for
visualizing palmitic acid modifier layers on copper films immersed in a
hexadecane-based model lubricant’’. Okubo et al. evaluated the thickness of
adsorption films composed of trimethylolpropane trioleate on the diamond-like
carbons immersed in a PAO-based model lubricant using FM-AFM.*. AFM/Scanning
Probe Microscope (SPM) is a useful microscope that provides new knowledge in
nanoscale analysis. It has a spatial resolution on the order of nanometers in the
horizontal direction and on the order of sub nanometers in the vertical direction, and it
can detect unevenness at the molecular level of the adsorption film in either direction.
Conventional AFM/SPM has been used to evaluate the thickness of the adsorption
film** and the mechanical response of the polymer brush?*. The FM-AFM which has
superior spatial resolution and force sensitivity compared with the conventional
AFM/SPM has been operable only in ultrahigh vacuum?®2¢. However, in recent years,
drastic noise reduction of the detection circuit system has been realized®’, and at
present, it has been operated even in air and liquid. Since the FM-AFM has a
10-pN-order force sensitivity, not only a solid adsorption film of modifier but also a
liquid-like adsorption film of modifier at the solid-liquid interface can be captured. In
addition to high force sensitivity, FM-AFM has a special resolution of atomic and
molecular size. Especially, in boundary lubrication where the monolayer of the
modifiers influences the lubrication performance, it is a great advantage that the

adsorption film can be observed with molecular resolution.
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For example, extreme pressure agents and antifriction agents form a tribofilm of
reaction secondary products on a 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 AFM/SPM or other analysis method such as AES, XPS
and TEM. However, the precursors formed by the physical or chemical adsorption of
modifier molecules on the solid surface as a preliminary step to this reaction are so
soft that they require a 10-pN-order force sensitivity achieved in FM-AFM for
detecting the layer-induced force response. The adsorption film formed by the oiliness
agents is as soft as the precursor adsorption film formed by the extreme-pressure
agent or the antifriction agent. Precursor adsorption films formed by phosphate esters,
typical antifriction agents, are analyzed in Chapter 2, and those formed by carboxylic

acids, typical oiliness agents, in Chapter 3.

In an actual lubricating oil, a plurality of kinds of modifiers are mixed to improve
performance. 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. SPM can measure a variety of physical quantities in
addition to the mechanical responses described above. In Chapter 4, the possibility of
analyzing the adsorption of modifiers using surface potential distribution is discussed,

which is one of the physical quantities measured by SPM.

FM-AFM can be expected as a new method to accelerate the development of
lubricants by clarifying the behavior of lubricants at the friction interface on a

molecular scale and providing a theoretical basis for the design of lubricants.

11



1.2 Methods
1.2.1 SPM
1.2.1.1 Introduction and principle of SPM

Scanning probe microscope (SPM) is a microscope that can make images of
various physical property by scanning a small probe near the sample surface and
detecting an atomic force acting between the probe tip and the sample surface. The
most typical function is Atomic Force Microscopy (AFM)*° that measures a
three-dimensional topography of the sample surface by detecting the atomic force
acting between the probe and the sample surface. In addition to AFM, there are
various functions such as Scanning Tunneling Microscopy (STM)3!: 3 which
measures a three-dimensional topography of the sample surface by detecting the
tunneling current, Lateral Force Microscopy (LFM) which makes the image of a
friction distribution by detecting lateral force, Kelvin Probe Force Microscope
(KPFM) which makes the image of surface potential distribution by detecting electro
static force, and Magnetic Force Microscope (MFM) which makes the image of
magnetic information distribution by detecting magnetic force. KPFM was used in

this study and will be discussed in detail in Chapter 4.

Figure. 1.2.1 shows a structure diagram of SPM. In the SPM measurement, a
micrometer-sized cantilever is used for the force detection. There is a small probe on
the end of the cantilever. And laser beam is irradiated from a laser diode. After
passing through a lens, the laser beam is vertically turned down by a beam splitter and
reflected on the back side of the cantilever. The reflected laser beam is turned left with
a mirror and goes into the photodetector. The sample is set on a tube piezo scanner,

and below the cantilever.

12
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Figure 1.2.1 Structure diagram of AFM
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Figure 1.2.2 A schematic diagram of displacement of the tip apex.
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Figure 1.2.2 shows a schematic diagram of an optical setup for detecting the tip
displacement. When the cantilever bends upward, the reflected beam shifts upward in
the photodetector. When the cantilever bends downward, the reflected beam goes
down in the photodetector. Displacement of the tip apex as small as in the order of

nanometers can be detected using this simple optical setup.

1.2.1.2 Control method of AFM scanning

Although there are several basic scanning methods in AFM, the dynamic mode is
currently the mainstream. In dynamic mode, the cantilever is mechanically oscillated,
and the cantilever oscillation is changed by the interaction force between the probe tip
and the sample surface. The change in the cantilever oscillation is detected by the
optical setup described above. Dynamic mode is classified into amplitude-modulation

(AM) and frequency-modulation (FM) according to the control method.

In AM control, the cantilever is mechanically oscillated at a frequency (operating
frequency) close to its resonance frequency. When repulsive or attractive force is
applied on the probe tip, the oscillation amplitude at the operating frequency
decreases. This is illustrated in Figure 1.2.3. Whether the force applied to the probe
tip is repulsive or attractive, the oscillation amplitude decreases. Therefore, in AM, it
cannot be determined whether the force acting on the probe tip is attractive or

repulsive.

Figure 1.2.4 shows a scanning to observe topography of the sample surface. The
topography is traced with regulation of the tip—surface distance by keeping the
amplitude at a prefixed setpoint. Holding the oscillation amplitude at the fixed
setpoint means that the atomic force acting between the probe tip and the sample
surface is kept constant. The atomic force changes depending on the distance between

atoms and the type of atom. Therefore, scanning with the constant atomic force means

14



measuring the topography and atomic image of the sample surface. AM-AFM has
spatial resolutions of few nanometers in the XY direction and sub nanometers in the Z

direction.

the frequency (operating frequency)
close to its resonance frequency

Resonance peak
g A
i)
5
> AA
I
o
=
Z ., JFN .
a
=
S
=
3]
wn
© >

frequency

Monitoring the oscillation amplitude of the cantilever.

When attractive force acts, AA<0
When repulsive force acts, AA<0

Figure 1.2.3 In AM-AFM, the cantilever is mechanically oscillated at the frequency
close to its resonance frequency. Then the change in the oscillation amplitude caused

by the atomic force is monitored
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When the distance
G between the probe and the sample surface
changes

The oscillation amplitude is changed
by the atomic force which changes depending on the distance

’\
e

-
S

’ /2'_

O

The tube piezo scanner moves the sample

to keep the oscillation amplitude constant.

Figure 1.2.4 When the oscillation amplitude is changed by the atomic force, the tube

piezo scanner moves the sample to keep the oscillation amplitude constant.
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In FM control, the cantilever is mechanically oscillated at its resonance frequency.
The oscillation amplitude is feedback regulated to keep a fixed length. Cantilever
oscillation is modified by force pushing a nanometer-sized tip at the oscillating end,
and the resonance frequency of cantilever oscillation shifts accordingly. When
repulsive force is applied on the tip, the resonance frequency increases. When
attractive force is present on the tip, the resonance frequency decreases. By
monitoring the shift of resonance frequency, the force as weak as 10 pico newton can

be determined, even in liquid. This is illustrated in Figure. 1.2.5.

In order to detect a smaller frequency shift, it is important that the Q value of the
resonance peak of the cantilever oscillation is large. Therefore, it was originally used

26-28 where the Q value of the resonance peak is larger than in gas and

in a vacuum
liquid. However, in recent year, it has been possible to greatly reduce noise in the

detection circuit®’, and to operate in air and liquid.

The topography is traced with regulation of the tip—surface distance by keeping the
frequency shift at a prefixed setpoint as shown by Figure 1.2.6. Holding the frequency
shift at the fixed setpoint also means that the atomic force acting between the probe
tip and the sample surface is kept constant, as same as the oscillation amplitude is
kept constant in AM-AFM. In FM control, to maintain the following three conditions,

triple feedback loops are constructed.

1. The frequency of the cantilever oscillation is adjusted to be equal to the

resonant frequency
2. The amplitude of the cantilever oscillation is kept constant

3. The position of the sample in the vertical direction is adjusted so that the

resonance frequency shift A f is constant.

17



In AM control, the only one feedback loop for adjusting the vertical position of the
sample is operated so that the oscillation amplitude of the cantilever at a specific
frequency is constant. Therefore, AM-AFM has a simpler device configuration, works
more stably, and is easier to operate than FM-AFM. On the other hand, the advantage
of FM-AFM is that the change in the cantilever oscillation caused by smaller atomic
force can be detected, because the frequency shift can be detected more sensitive than
the oscillation amplitude. As a result, FM-AFM has a spatial resolution of

sub-nanometers in all directions. Its resolution is higher than AM-AFM.

:{ A le
ﬂ Resonance peak
)
-
-~
-
<
Q
o
Do
o]
v
=
8
El
=
2
R
R3]
S
=
frequency

The oscillation amplitude is kept constant.
Monitoring the frequency shift.

When attractive force acts, Af< 0
When repulsive force acts, Af> 0

Figure 1.2.5 In FM-AFM, the cantilever is mechanically oscillated at its resonance
frequency. Then the change in the frequency shift caused by the atomic force is

monitored.
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Figure 1.2.6 When the frequency shift is changed by the atomic force, the tube piezo

scanner moves the sample to keep the oscillation amplitude constant.
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Another definite advantage of FM-AFM is imaging local density distribution of the
liquid modified over the solid by mapping the force distribution in the ZX plane.*® In
force mapping in the ZX plane, the oscillating cantilever is scanned vertically from
the bulk liquid to the solid surface. The shift of resonance frequency is recorded as a
function of the vertical coordinate to make one frequency-shift-distance curve. Then
the tip laterally shifted and another vertical scan is conducted. By repeating the
vertical scans on a plane perpendicular to the liquid-solid interface, force on the tip is
mapped on the plane. Figure.1.2.7 shows a schematic diagram of force mapping in the
ZX plane. Christoph Marutschke et al. reported a case about measuring the liquid
structure of water in contact with Calcite by AM-AFM?>*, but the data were less clear
than those measured by FM-AFM?3%37. Besides, Hagen Songen et al. suggested three
AFM equations that can be universally applied to analyze any dynamic AFM data*’.
Using these equations, a signal change reflecting the liquid structure of water in
contact with Calcite could be clearly extracted from the signal measured by AM-AFM,
but it required complicated calculations. Therefore, FM, which can be clearly
evaluated from measured raw data, is more advantageous for measuring liquid

structures.

A further advantage of FM-AFM is that forces can be determined from the
frequency shift. The relationship between frequency shift and force is defined by

Equation 1.2.1:38

1 3
F(z) = 2k foo 1+ Ay Q(t) Ay @ ., 1.2.1
z) = 2k, — — 2.
z 8 mn(t—z) J2(t—2z) dt

where k is the spring constant of the cantilever, F is the interaction force between the

tip and the sample, A is the amplitude of the cantilever oscillation, and z is the closest

20



distance between the tip and the sample, ores is its unperturbed resonant frequency,

Ao is the change in the resonant frequency, and (2(z) = A®(z)/®res.

Cantilever
& mw—rm> o> 7
1
i
]
1
|
: AfMap
z 1 _
i
1
i< ]
S 1 '
Shift of Resonance Frequency
Af [Hz] v

Figure 1.2.7 A schematic diagram of force mapping in the ZX plane
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1.2.2 Pendulum-type friction tester

A pendulum-type friction tester designed by Norimune Soda is one of the
representative instruments used to measure a dynamic friction coefficient. Figure
1.2.8 shows the configuration of the pendulum tester. In the pendulum type friction
tester, a fulcrum of a pendulum is used as a boundary friction surface, and the
oscillation amplitude of the pendulum is damped by the friction moment at the
fulcrum of the pendulum. Figure 1.2.9 shows the fulcrum of the pendulum. Four balls
(B) are fixed in an oil tank (A) by two, and a roller pin (C) fixed to the fulcrum of the
pendulum is placed on the balls, and the testing machine is assembled so as to
constitute four-point contact between the balls and the roller pins. The oil tank is
filled with lubricating oil. Then the pendulum is moved away from a certain angle and
oscillated naturally. The dynamic friction coefficient is calculated from the number of

oscillation and the deflection angle in the damping process by Equation 1.2.2:

n
k=1(Ao — Ayg)
w=Cx STy 1.2.2

where n is the number of recorded oscillations in each measurement run. Ao is the
initial amplitude of the pendulum oscillation, and A4« is the amplitude of the nth
oscillation. C is a constant determined by the length of the pendulum and the weight

of the fulcrum.
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Figure 1.2.8 Configuration of the pendulum-type friction tester. The dynamic friction

coefficient is calculated from the damping of the pendulum oscillation amplitude by

the friction moment at the fulcrum of the pendulum.
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Figure 1.2.9 Fulcrum of the pendulum. Four balls (B) are fixed in an oil tank (A) by
two, and a roller pin (C) fixed to the fulcrum of the pendulum is placed on the balls,

and the testing machine is assembled so as to constitute four-point contact between

the balls and the roller pins.



1.2.3 Ball on disk friction tester

Like the pendulum-type friction tester described in the previous subsection 1.2.2, a
ball-on-disk tester is a typical tester for measuring the dynamic friction coefficient.
Figure 1.2.10 shows the configuration of a ball-on-disk friction tester. The ball is set
in a ball holder, and the holder is fixed to the tip of the arm. A disk is under the ball,
and the sample is fixed on the disk. The arm is lowered, and the ball is pushed down
to the position shifted from the rotation center on the sample. By attaching weights to
the arm, the vertical load applied to the ball is adjusted. Then the disc is rotated, the
arm is deflected in the horizontal direction by the frictional force between the ball and
the sample. The deflection is detected by a displacement sensor to measure the
frictional force. The dynamic friction coefficient is calculated by dividing the

dynamic friction force by the normal load.

Arm

Ball holder |

Figure 1.2.10 configuration of the ball-on-disk friction tester.
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Chapter 2 Poly-a-olefins containing
phosphoric acid ester over sputtered

iron films
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2.1 Introduction

At the lubrication interface, the modifier molecules form a tribofilm on the solid
surface and prevent direct contact between the solids, thereby contributing to
reduction of friction and prevention of wear. Controlling the adsorption of modifier
molecules on the solid surfaces is very important in improving the performance of

lubricants.

In this chapter, a representative hydrocarbon lubricant in commerce, poly-a-olefin,
is modified with different quantities of a phosphoric acid alkyl ester, one of frequently
used modifiers as antifriction agent in real lubricants.! 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 AFM/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
sensitivity of the order of 10 pN achieved in FM-AFM to detect the layer induced
force response. The presence or absence of modifier layers are probed on iron films
using FM-AFM. The vertical as well as lateral distribution of the layers is visualized
by mapping layer-induced force on the probing tip. Furthermore, the dynamic friction
coefficient of steel-lubricant—steel interfaces is separately determined with a friction
tester. The macroscopic friction property as a function of modifier quantity is

compared with the nanometer-scale distribution of the modifier layers.
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2.2 Materials
2.2.1 Lubricants

Non-polar poly-a-olefin (PAO) was modified with orthophosphoric acid oleyl ester
(C18AP). The chemical structure of the two compounds is illustrated in Figure 2.2.1.
PAO (Ineos, Durasyn164) containing decene trimers (C3oHe2) as the major component
was purified with activated clay. The purified liquid possessed a dynamic viscosity of
4 mm? s7! at 100 C°. CI8AP (Johoku Chemicals, JP-518) was a 1:1 mixture of the
monoester and diester of the phosphoric acid. The modifier concentration was

adjusted at 0.2, 2, 20, and 200 ppm to simulate that in real lubricants, ca. 200 ppm.
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Figure 2.2.1 Lubricant. (a) decene trimer as the major component in the poly-a-olefin
(PAO) used in this study. The longest (C20) alkyl chain is depicted in the all-trans

conformation. (b) orthophosphoric acid oleyl ester with n=1 or 2 (C18AP).



2.2.2 Iron films

Metallic iron was sputtered on silicon wafers to produce 50-nm thick films. The
films were naturally oxidized in air at RT. Highly oriented pyrolytic graphite was
compared with the iron films as a benchmark of solid with little or no chemical
affinity to the phosphoric acid ester. Figure 2.2.2 presents the topographic images of
the iron films observed in water. The scanning area is 500nm x 500nm, and bright
colors represent higher parts and dark colors show lower parts. The surface roughness
of the iron oxide film has Ra value is about 1.4 nm and Rz value is about 18 nm,

which is flat enough to evaluate the interface between lubricants and the iron oxide.

| 10.00
[nm]

0.00
200.00 nm 500.00 nm x 500.00 nm

Figure 2.2.2 The topographic images of the iron films observed in water. The surface
of the iron oxide film is flat enough to evaluate the interface between lubricants and

the iron oxide.
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2.3 Results and discussion
2.3.1 Analysis by FM-AFM
2.3.1.1 Methods

Frequency-modulation detection of force on the probing tip was enabled with a
SPM-8100FM microscope (Shimadzu). In topographic imaging of iron films, the
resonance oscillation of a silicon cantilever (Nanoworld, PPP-NCHAuD) was
mechanically excited with a piezo-actuator. The nominal spring constant of the
cantilevers was 42 N m’!. The oscillation amplitude was regulated at a preset
amplitude (4). When a lubricant-induced conservative force was loaded on the tip, the
resonance frequency of cantilever oscillation (f) shifted accordingly. The topography
of the scanned film was traced with regulation of the tip—surface distance by keeping
the frequency shift (4f) at a prefixed setpoint. The resonant frequency of the
cantilevers was 100-140 kHz, and the quality factor of oscillation resonance was 2—3
in the lubricants. A typical spectrum of thermally induced cantilever oscillation is
shown in Figure 2.3.1. Observed spectral density is presented with dots, and a
Lorentzian function fitted the observed data was shown in red line. The application of
the Lorentz function to the observed spectral density is described in detail in Section
2.7.1. An iron film or graphite wafer was fixed in a quartz petri dish placed on the
microscope stage driven by a piezoelectric scanner. The dish was filled with the
lubricant of 500 pl and then the cantilever assembly was put on top. Imaging scans

were conducted at RT.
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Figure 2.3.1 A typical spectrum of cantilever oscillation in PAO. Observed spectral
density is presented with dots. A Lorentzian function (red line) fitted the observed

data with a quality factor of 2 and a background spectral density of 18 fm Hz!?

2.3.1.2 Iron film topography

Figure 2.3.2 presents the topographic images of the iron films observed in (a) pure
PAO and (b) PAO containing 200 ppm of C18AP, which was the highest concentration
evaluated in this study. The spherical grains were recognized in the images. The
lateral and vertical dimensions of the grains were between 5 and 20 nm and between 1
and 3 nm, respectively. The grain sizes were identical in both the films. However, the
grain topography was sharper in image (a) as compared with image (b) in Figure 2.3.2.
The reduced sharpness in image (b) could not be attributed to the different shapes of
the probing tip, although different cantilevers were used for acquiring the two
topographic images. A second set of images that were obtained in the presence and
absence of CI8AP is shown in Figure 2.7.1 in the Supporting Information. The grains

in the C18 AP-containing lubricant again exhibited features with reduced sharpness.
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The reproducible results suggest that the iron films were most likely covered by soft
material such as adsorbed C18AP, which resulted in the grain topography being less
sharp than that of the uncovered films. A magnified view of a portion of the
topographic image is shown above each image to be easily able to compare the

sharpness of the grain contours between the images.

SW

Distance/nm 65 0  Distance/nm 695

Height / nm

Figure 2.3.2 The topography of the iron films observed in the lubricants. The
concentrations of CI8AP were (a) 0 and (b) 200 ppm. Image size: 90 nm?
peak-to-peak amplitude of cantilever oscillation: 2.0 nm, and frequency-shift set
point: +83 Hz. The cross sections determined along the A-B and C-D lines are shown

in the corresponding lower panels.
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2.3.1.3 Force mapping

The difference in the topographic sharpness seen in Figure 2.3.2 suggests that the
C18AP layers were deposited on the iron films. In the presence of C18AP on the films,
the phosphoric acid end should be in contact with the naturally oxidized iron films,
with an expansion of the CisHss chains into the lubricant liquid. In this subsection, the
mechanical response of the expanding chains is probed and mapped on the planes that

are perpendicular to the iron films to verify C18AP deposition.

Figure 2.3.3 shows the frequency-shift maps that were observed in the lubricants
containing different concentrations of CI18AP. The oscillating cantilever was scanned
vertically from the bulk lubricant to the iron film. The frequency shift as a function of
the wvertical coordinate was simultaneously recorded to obtain one frequency
shift-distance curve composed of 250 pixels at one lateral position. We aborted the
vertical scan when frequency shift reached a predetermined threshold (+600 Hz for
the acquired maps in Figure 2.3.3); the cantilever was retracted into the lubricant by
10 nm to prevent extensive tip-to-surface contact. We repeatedly acquired 256 or 512
vertical scans along a 20 nm long lateral coordinate. One frequency-shift map was
subsequently constructed on a plane perpendicular to the iron film with an acquisition

time of 26 (51) seconds for 256 (512) scans per frame.

The observed frequency-shift map can be considered to be an approximate
distribution of the lubricant-induced repulsive force on the tip. A repulsive force
causes a positive frequency shift, though the relation between the force and frequency
shift is nonlinear.? A large (small) value of frequency shift is denoted by a bright
(dark) blue color in Figure 2.3.3, while areas outside the scanned range are shown in
black. The brightest region at the base of each map represents the boundary between

the lubricant liquid and iron film. The repulsive force on the tip increased
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monotonically when it was moved deeper into this region, signifying tip-to-surface
contact. The envelope of the brightest region was corrugated to trace the topography
of the iron films. The lateral and vertical dimensions of the corrugation were typically
10 nm and 1-2 nm, respectively. The corrugations along these dimensions were

consistent with the topographic images shown in Figure 2.3.2.

The frequency shift, i.e., the force on the tip, was uneven in the vicinity of the iron
film. Fourteen frequency shift-distance curves were obtained between the two dashed
lines and averaged, as shown in the upper right panel of Figure 2.3.3. The zero
tip-to-surface distance in the frequency shift-distance curve was defined at the
coordinate of the vertical tip where frequency shift exceeded the threshold, +600 Hz.
The averaged frequency shift-distance curve was then converted to a force-distance
curve using the Sader-Jarvis formula? and is shown in the lower right panel of Figure
2.3.3. The signal-to-noise ratio in the converted curve showed a force sensitivity on

the order of 10 pN in the PAO.

It was technically not easy to average the whole set of frequency shift curves in a
map. The iron film surface, where tip-surface distance was defined to be zero, was not
flat. The vertical scans were aborted in force mapping when frequency shift exceeded
the preset value. However, the force on the tip was not constant at the aborted
positions since the force is given by a weighed integration of frequency shift as
formulated by Sader and Jarvis.? We recognized by visual inspection that the feature
in the cross sections was almost homogeneous along the lateral coordinate even on the
corrugated film surface. On this recognition, averaging a limited number of frequency
shift curves, 14 curves in Figure 2.3.3, provided a reasonable way to improve the

statistical reliability of representative curves on the examined interface.
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Alternating dark and bright layers appeared in the map (Figure 2.3.3(a)) when we
used pure PAO, suggesting that the film was covered by two or three PAO liquid
layers. The distance between the neighboring maxima in the corresponding force
curve was in a range of 0.6-0.7 nm. The liquid PAO layers were suggested to be
separated by this distance over the iron film. The liquid-induced force pushing or
pulling the tip apex is attributed to the local liquid density, though force—density
relation is not straightforward. In a solvent-tip approximation,** the liquid molecules

surrounding the apex generate the force in the form of free-energy gradient.

Liquid layers separated by 0.6—0.7 nm have been found in the force maps of
organic liquids and assigned to the linear hydrocarbon chains that lie flat over the
solid surface. n-Dodecane and n-hexadecane liquid in contact to a CHs-terminated
thiolate monolayer resulted in liquid layers separated by 0.56-0.58 nm.’
n-Hexadecane exhibited a layer-to-layer distance of 0.6 nm and 0.6-0.4 nm on Cu
films® and graphite wafers,”® respectively. Oxygenated chains such as n-decanol,®!°
n-dodecanol,!" and tetraglyme (CH3(OCH2CH2)sOCH3)'? produced liquid layers
separated by 0.5-0.6 nm on graphite. The carbon chain branching of the PAO used in
this study is illustrated in Figure 2.2.1. The branched chain showed a layer-to-layer
distance (0.6—0.7 nm) that was slightly larger than that observed in the linear-chain
compounds mentioned above (0.4—0.6 nm). This result is not surprising as a heavily
branched hydrocarbon such as 2,6,10,15,19,23-hexamethyltetracosane (squalane) has
previously produced liquid layers separated by 0.6 nm on graphite.'* A recent AFM
study!'# reported averaged layer distances of 0.42 and 0.47 nm in a larger PAO, decene

tetramers, on graphite and steal, respectively.
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Figure 2.3.3 Lubricants over the iron films. The cross-sectional frequency shift
distribution was mapped on a plane that was perpendicular to the film surface in the
lubricants containing C18AP at (a) 0, (b) 0.2, (¢) 2, (d) 20, and (e) 200 ppm. The
amplitude of the cantilever oscillation was 0.4 nm. The aspect ratio of the lateral and
vertical scales has been tuned unity in the maps. A large (or small) positive frequency
shift is depicted using a bright (or dark) blue color. Fourteen frequency shift-distance
curves situated between the two dashed lines were averaged, with the results shown in
the left panel. The averaged frequency shift-distance curves were converted to force—

distance curves as depicted in the right panel.
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The layered force distribution weakened and in cases even disappeared when
C18AP was added to PAO. The PAO layers intermittently remained in the map
(Figure 2.3.3(b)) at a C18AP concentration of 0.2 ppm, while the layered feature
almost disappeared in the map (Figure 2.3.3(c)) at a concentration of 2 ppm. The
repulsive force on the tip monotonically decayed with increasing tip-to-surface
distance in the areas where the layered feature disappeared. Here, the laterally
heterogeneous layers of the lubricant modifier were visualized on a nanometer-scale
resolution in space. The layered structure was completely removed by adding C18AP
concentrations of 20 and 200 ppm, as shown in the maps in Figures 4(d) and (e).
Multiple frequency-shift maps obtained to confirm that the layered structure was
completely removed by adding C18AP concentrations of 20 and 200 ppm were shown

in Figure 2.7.2 and Figure 2.7.3 in the Supporting Information, respectively.

The monotonically decaying force component increased with an increase in the
C18AP concentration. The decay length, which was defined as the tip-to-surface
distance resulting in zero force, was estimated to be 0.6, 0.9, and 2.0 nm
corresponding to C18AP concentrations of 0.2, 2, and 20 ppm, respectively. A further
increase in the concentration to 200 pm caused little extension in the decay length.
This resulted in the two force curves at 20 and 200 ppm being identical. The identical
force curves were a reflection of the C18AP layer that fully covered the iron films.
Here we assume that the acid esters were anchored at the phosphoric acid end on the
naturally oxidized iron films. Each adsorbed C18AP contains one or two CisHss
chains that extend into the lubricant liquid. The chains could not be as closely packed
like the alkyl chains of alkylthiolates on a gold film because the C18AP used in this
study was a mixture of the monoester and diester. The loosely packed chains have to

be flexible and fluctuating in the lubricant. The force on the tip was fluctuating when
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it was in contact with a fluctuating chain. The accumulation time at each vertical
coordinate was typically 30 us in our force mapping scans. Hence, the observed
frequency shift represented the time-averaged force on the tip, and in turn reflected
the time-averaged density distribution of the fluctuating chains. The observed curves
decayed to zero force at a tip-to-surface distance of 2.0 nm at high C18AP
concentrations. This distance is consistent with the CisH3s chain length depicted in
Figure 2.2.1, wherein the two terminal carbon atoms are separated by 1.9 nm. The
observed length saturated at 2.0 nm, which suggests that there was a monomolecular
C18AP layer on the iron films. The under saturated layers generated at 0.2 and 2 ppm
exhibited short decay lengths. The CisHss chains in the unsaturated layers can be
tilted to enable contact with the film surface to gain van der Waals energy. The tilted
chains presented thin layers.

The molecular behavior of the lubricants estimated from the frequency-shift map is
illustrated in Figure 2.3.4. The illustration of a molecule colored in yellow was drawn
assuming that the molecule has an all-trans formation. In the case of all-trans, if the
molecular structure of PAO is viewed sideways, it is the same as that of a single-chain
hydrocarbon, such as hexadecane. Therefore, it is no wonder that PAO molecules
form layer structure with layer-to-layer distances of 0.6-0.7 nm. In practice, however,
there may be other forms than all-trans, and various forms may coexist. There is an
energy difference of 0.8 kcal/mol (= 3kJ/mol) between all-trans formation and gauche
formation of butane'>. The thermodynamic behavior of molecules can be expressed by
the Boltzmann distribution, so if the energy in the case of all-trans is E and the
temperature is 300K, then the abundance ratio of all-trans to gauche can be calculated

as follows.

all trans E E+3000 3000
= e Rx300 =- e Rx300 = eRx300 = 4.36 23.1

gouache
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Where R is molar gas constant, R = 8.314 [ﬁ]

According to this result, in case of butane, all-trans accounts for 80% and gauche
accounts for 20% in lubrication oil at 300K, the number of molecules forming the
all-trans in the lubricating oil was not so large. In PAO, the abundance ratio of
all-trans formation decreases because there are more c-c bonds than in butane. On the
other hand, there is an experimental fact that the layer-to-layer distances were 0.6-0.7
nm. The moving velocity of the molecules relative to the scanning velocity of
FM-AFM is overwhelmingly fast, so that the time-averaged information appears in
the frequency-shift maps. Therefore, the layered feature with layer-to-layer distances
were 0.6-0.7 nm suggests that many of the PAO molecules took the all-trans
formation at that moment. There are several other examples in which liquid molecules
lie parallel to the solid surface® !°. Molecules with structures that generate chemical
bonds with the solid surface, such as carboxylic acids and phosphates, may stand
upright on the solid surface, but molecules without such structures are oriented to
maximize the area of contact with the solid per molecule to increase the stability of
each molecule. In the second layer, the molecules are oriented so as to maximize a
contact area per molecule between molecules constituting the first layer and
molecules constituting the second layer. In this repetition, a plurality of layers is
formed. For this reason, it is predicted that molecules took all -trans formation in
order to maximize the area of contact with the solid or the other molecules. The
reason why the PAO molecule having a three-dimensional structure forms a layered

structure having an interlayer distance of 0.6-0.7 nm is the same.
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Figure 2.3.4 The molecular behavior estimated from the frequency-shift map

The alkyl chains in the alkylthiolate monolayers prepared on a gold film were
closely packed to solidify the monolayers. The solidified monolayer created a static
boundary with the organic solvents that could be traced during topographic imaging
with FM-AFM.> We assume that the C18AP layers on the iron films were not
solidified. Force mapping facilitated the quantification of the vertical and lateral
distribution of the C18AP layers having a fluctuating, dynamic boundary with the
liquid PAO. Fukuma and coworkers demonstrated the feasibility of AFM-based force
mapping for estimating the time-averaged density distribution of the lipid head
groups'’ and biofouling-resistant moieties'® in water. Hirayama et al.® extended their

method to include a hexadecane-based model lubricant that is more viscous than
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water. In an earlier study by Moustafa et al.,!” a bimodal AFM was exploited to
visualize the lateral distribution of weakly adsorbed organic aggregates over graphite
surfaces. Our present study provided the lateral and vertical distribution of the ester

modifiers in the poly-a-olefin liquid.

A recent mapping study on a liquid ester lubricant with no modifier?® reported the
deposition of soft layers on a diamond-like carbon film following rubbing in a friction
test, which was most likely a result of the tribochemical reactions of the lubricant. In
the present study, the modifier distribution in a real lubricant was observed. The
relation between the observed distribution of the modifier and the macroscopic

friction property is examined in the final section of this paper.

Force mapping in the lubricants was further examined using graphite wafers to
support the interpretation of C18AP layer deposition on the iron films. Graphite was
considered to have little chemical affinity to the phosphoric acid ester. Figure 2.3.5
shows the frequency-shift maps that were observed in the absence and presence of
C18AP. The freshly cleaved graphite wafer showed atomically flat terraces in the
topographic images (not shown). The map (Figure 2.3.5(a)) captured in pure PAO
shows that the envelope of the brightest colored region, which represents the physical
topography of the wafer, was straight as expected. Three liquid layers appeared with
layer-to-layer distances of 0.6—0.7 nm. The layered PAO liquid was seen both on the
graphite and iron films. Figure 2.3.5(b) shows the frequency-shift map acquired in the
presence of C18AP at 200 ppm. Three bright layers parallel to the graphite surface
were still identifiable, indicating that the lubricant liquid was directly exposed to the
graphite. The force mapping results shown in Figures 2.3.3 and 2.3.5 support our
interpretation that the iron film was partially or fully covered by the C18AP layers

depending on the concentration of C18AP in the bulk lubricant.
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Figure 2.3.5 Lubricants over graphite. The frequency-shift maps were obtained for
the lubricants with C18AP concentrations of (a) 0 and (b) 200 ppm. Fourteen
frequency shift-distance curves situated between the two dashed lines were averaged,
with the results shown in the upper right panel. The averaged frequency shift-distance
curves were converted to force-distance curves, as depicted in the lower right panel.

The cantilever oscillation amplitude: (a) 0.6 nm and (b) 0.4 nm.

In addition to the layered feature, a monotonically decaying force was to a limited
extent identified in the C18 AP-containing lubricant. The decay length was estimated
to be ca. 2 nm though overlapped with the oscillatory force. A limited amount of
C18AP might have been adsorbed on the graphite surface and/or the probing tip apex

to produce the monotonically decaying force overlapping the oscillatory force coming
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from PAO layers. Comparing ordinary silicon tips with tips coated or made of
carbonaceous materials would be functional to interpret the monotonically decaying

force recognized on graphite.
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2.3.2 Evaluation of the friction coefficient by a pendulum-type

friction tester
2.3.2.1 Methods

The dynamic friction coefficient at the sliding steel-lubricant—steel interfaces was
evaluated using a pendulum-type friction tester (Narita Seiki).?! A steel pendulum was
freely oscillated with the fulcrum dipped in the lubricant (See the table of contents
graphic). One oscillation was typically completed in 4 s. The amplitude of the
pendulum oscillation was dampened because of the lubricated friction on the fulcrum.
The initial amplitude Ao was set at 0.5 radian, and the decayed amplitude Ax was
recorded on the basis of the number of completed oscillations & until Ax < 0.1. The
friction coefficient &, which was averaged over one measurement ranging from Ao to

An, can be expressed by Equation 2.3.2:

Yk=1(40 — Ap)

23.2
=1k

n=Cx

where 7 is the number of recorded oscillations in each measurement run. Using our
tester, we calibrated the constant C to 3.2 according to the pendulum length and
weight of the fulcrum. The friction coefficient increased with repeated oscillation
cycles. Hence, a maximum of 20 measurement runs was conducted to trace the time
course of the coefficient. The experiment with the pendulum-type friction tester was

conducted by Teppei Tsujimoto of JXTG Nippon Oil & Energy Corporation.

2.3.2.2 Friction coefficient at different modifier concentrations

Figure 2.3.6 shows the evaluated coefficients in the lubricants containing C18AP
concentrations of 0, 2, 20, and 200 ppm. The raw amplitudes Ak recorded in the

individual runs are reported in Table 2.7.1, Table 2.7.2, Table 2.7.3, and Table 2.7.4
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in the Supporting Information. The coefficient for pure PAO was 0.11 in run 1,
rapidly increased to 0.34 in runs 4 - 13, and continued to increase up to 0.40 in runs
14-20. The friction increased with the sliding cycles in the modifier-free PAO, which
resulted in the adhesion of the sliding steel surfaces. The coefficient for a C18AP
concentration of 2 ppm similarly increased in runs 1 - 13 and subsequently remained
constant between 0.33 and 0.34 in runs 14 - 20. The limited amount of C18AP caused
a noticeable change in the friction at the sliding interface. The friction further
decreased when the C18AP concentration increased to 20 ppm. The initial coefficient
(0.12) was constant until run 5, increased in runs 6 - 17, and remained almost constant
between 0.26 and 0.28 in runs 18 - 20. The addition of CI18AP at 200 ppm, which was
the largest concentration investigated, stabilized the coefficient between 0.11 and 0.10
in runs 1 - 10. The stable, low friction that was observed at this concentration is
characteristic of the lubricants that have been successfully modified with polar

compounds.

Compare the macroscopic friction results with the nanometer-scale force mapping
results described in the previous section. In the absence of the modifier, layered PAO
liquid was present on the iron film. The steal surfaces sliding in the fulcrum should
also have been exposed to PAO and hence adhered. The time course of the friction
coefficient was modified partially at a lower concentration (2 ppm), at which
concentration the layered PAO feature almost disappeared in the force map on the
film. The force map at 20 ppm showed a full coverage of the C18AP monolayer on
the film. The macroscopic friction decreased in the lubricant with this modifier
concentration. The force map was insensitive to further addition of C18AP, while the

friction coefficient still descended at 200 ppm.
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Figure 2.3.6 The friction coefficient of the steel-lubricant—steel interfaces that were
evaluated using a pendulum-type friction tester. Lubricants containing C18AP

concentrations of 0, 2, 20, and 200 ppm were tested.

The following Langmuir adsorption isotherm is used as one of the isothermal

adsorption equations?2.

o= K¢ 23.3
"1+ Kc e

where @is coverage, K is equilibrium constant and c is concentration of the modifier.
This equation is derived on the basis of the following assumptions.
1. There are uniform adsorption sites on the solid surface, and only one molecule
is adsorbed at each adsorption site.
2. Consider only monolayer adsorption.

3. There is no interaction between the adsorbed molecules.
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4. The heat of adsorption does not depend on the coverage of modifiers on the

solid surface.

Figure 2.3.7 (a) shows the graph where the horizontal axis represents concentration,
the vertical axis represents coverage, and K is 1, 3, 5, 10, 20 ppm’!, respectively.
Figure 2.3.7 (b) shows an enlarged view of the area where the concentration ranges
from 0 to 200 ppm. Each concentration (0.2 ppm, 2 ppm, 20 ppm, 200 ppm) examined
in this study was indicated by a dashed red line and red circle in Figure2.3.7. Both
experiments with FM-AFM and the pendulum-type friction tester in this study showed
that C18AP was scarcely adsorbed at a concentration of 0.2 ppm, partially adsorbed at
2 ppm and the surface was completely covered with C18AP monolayer at 20 ppm and
200 ppm. Assuming that the adsorption of C18AP on the iron oxide film follows
Langmuir adsorption isotherm, if K is 1 ppm™!, the coverage at concentration of 2 ppm
and 20 ppm is too small. And if K is 10 ppm™ or 20 ppm’, the coverage at
concentration of 2 ppm is too large. From the adsorption state at each concentration

used in this study, K was estimated to be about from 3 ppm™! to 5 ppm.
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Figure 2.3.7 Graph with concentration on the horizontal axis and coverage on the
vertical axis drawn from Langmuir adsorption isotherm. The equilibrium constant K

is assumed to be 1, 3, 5, 10, 20 ppm’, respectively.

We infer that the two sets of experimental results are qualitatively related, even
though one was observed at the sliding steel-lubricant—steel interface and the other at
the static lubricant—iron boundary. A C18AP monolayer that completely covers the
surface of a solid in a static environment is a requirement for the modification of the
friction property in the sliding condition. The excess modifier in the bulk lubricant
may have been additionally required to produce phosphorus-containing tribolayers on

the sliding fulcrum interface, leading to the stable low friction achieved at 200 pm.

Our approach that proposes force mapping with FM-AFM provides a unique
opportunity for characterizing modifier-containing lubricants. The presence of
PAO-induced layers indicates that the solid surface under investigation was directly
exposed to the lubricant. The surface was covered with flexible moieties of the

modifier fluctuating in the lubricant liquid when the force on the probing tip
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monotonically decayed as a function of the tip-to-surface distance. The vertical
distribution of the monotonically decaying force was a reflection of the thickness of
the modifier layer deposited on the surface. The dynamic friction coefficient at the
real sliding interfaces having macroscopic dimensions responded to the
nanometer-scale distribution of the modifier layer when mechanically probed by the

AFM tip.

One potential advantage of the AFM-based method for modifier characterization is
the nanometer-scale resolution of the lateral coordinates over the solid surface. The
other operando methods mentioned in Section 1.1 Back ground provide the mass,
chemical structure, or layer thickness of the deposited modifier averaged over a
millimeter-sized lubricant—solid interface. Real modifier layers can be heterogeneous,
particularly in the presence of two or more modifiers. Rubbing the layers may induce
further heterogeneity to produce tribolayers. AFM-based force mapping is a
standalone technique for /locally characterizing the lubricant modifiers in the buried

interfaces.
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2.4 Young's modulus calculated from the force curve

In this subsection, the Young's modulus of the CI8AP adsorption layer was
evaluated from the measured force curve. Attempts to calculate Young's modulus by
applying a theoretical contact model to force-sample deformation curves obtained

from force curves have been made in previous studies®>?°

, and Young's modulus was
calculated from the force curve measured in Contact Mode. The force curve in the
contact mode is effective for a sample with a Young's modulus of several MPa to
several hundred MPa, because it can detect the force in the order of uN. On the other
hand, the Young's modulus of the precursors C18AP layer formed by physical or
chemical adsorption on the iron oxide film as a preliminary step to form the reaction
coating was predicted to be smaller. Therefore, this method was applied to the force
curve measured by frequency modulation in order to evaluate the Young's modulus of
the precursors C18AP layer. Because the force curve measured by the frequency

modulation is superior in the force sensitivity compared with the force curve in

Contact Mode, it was expected that a smaller Young's modulus could be evaluated.

In order to calculate Young's modulus, a theoretical contact model is applied to a
force curve measured with AFM. An appropriate theoretical model must be chosen
from the shape of the indenter and the shape of the measured force curve. Typical
theoretical contact models used in this method are Hertz, DMT?®, Sneddon?’, and
JKR?-3% model. The shape of indenter is assumed as sphere in Hertz and JKR model,
and cone in Sneddon model, respectively. The Hertz and Sneddon models do not
consider the effect of the adsorption force between the probe and the sample. In JKR
model, Young's modulus is calculated from the adsorption force between the probe

and the sample.
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In this experiment, in order to evaluate the interface between the PAO containing
C18AP and the iron film, the force curve was measured in the lubricating oil.
Therefore, the adsorption force between the probe and the sample was not shown in
the force curve. And the probe shape was a cone. Therefore, Sneddon model was
applied to the force curve. Figure 2.4.1 shows a schematic diagram of a conical

indenter in contact with a plane assumed in Sneddon model.

Indenter

Sample

Figure 2.4.1 Schematic diagram of a conical indenter in contact with a plane assumed in

Sneddon model.

As shown in Figure 2.4.1, when the conical indenter comes into contact with the
surface of the plane sample under the force F, the sample deformation 6 is given by

Equation 2.4.1:

2
F = ;E*(tana)&2 2.4.1

where E* is the composite Young’s modulus and a is the half-vertex angle of the
conical indenter. The composite Young’s modulus £* is calculated by Equation 2.4.2
using the Young’s modulus £; of the indenter, the Young’s modulus E> of the sample,

Poisson's ratio v; of the indenter, and the Poisson's ratio vz of the sample.
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—_— = + 2.4.2

Assuming that the Young’s modulus of the cantilever is much larger than that of the

sample, Equation 2.4.2 is approximated as Equation 2.4.3:

E
E=—2 24.3

Putting Equation 2.4.3 into Equation 2.4.1 yields:

_ 2 E;tana

= > 62 2.4.4

In order to calculate the Young’s modulus from the measured force curve, the force
curve was converted into a load-deformation curve (F-6 curve), and the F-d curve of
the Sneddon theoretical model was fitted to the /-6 curve obtained from the force
curve. In this case, we assumed that C18AP layers adsorbed on the iron film is
sufficiently soft and the Z displacement was equal to the sample deformation. The
force curve measured at the interface between PAO containing 200 ppm C18AP and
the iron film was used for this analysis. Since the material of the cantilever used is Si
with Young’s modulus of about 185 GPa, and the adsorption film of CI18AP is
expected to be sufficiently soft, it is reasonable to apply Equation 2.4.4. First, the

logarithm of both sides of Equation 2.4.4 is:

2E,tana
10g10 F=2 10g10 o+ 10g10 2 2.4.5
m(1 - v})

In Equation 2.4.5, F and d have a linear relationship, and the regression line can be
calculated by applying the least squares method to the experimental results. Figure

2.4.2 shows logio(Force)-logio(Deformation) graph calculated from the experimental
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results, and its regression line. The theoretical slope of the regression line is 2, and If

the intercept of the regression line is b, £2 can be calculated as follows:

m(1 - v3,

E, = 10 2.4.6

2tana

Here, the force curve measured in PAO containing 200ppm C18AP shown in
Figure2.3.3(e) was used for this analysis. As the results, b was 8.1769 and E> was 545

MPa in this analysis.
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Figure 2.4.2 logio(Force)-logio(Deformation) graph calculated from the experimental

results, and its regression line.

Figure 2.4.3 shows the F-6 curve obtained from the force curve and the theoretical
curve obtained by putting intercept b calculated from the regression line in Figure
2.4.2 into Equation 2.4.6. The experimental values are in good agreement with the
theoretical curves, so it can be concluded that the Sneddon model was applied
appropriately in order to evaluate Young's modulus. On the other hand, Young's

modulus of about 500 MPa is equivalent to that of high density polyethylene and
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polytetrafluoroethylene. Considering that the oscillating cantilever can move into the
C18AP adsorption layer while oscillating, the Young's modulus calculated from the
force curve is expected to be higher than the actual value. This is thought to be due to
the influence of the iron film. In the end, the actual Young's modulus was not
confirmed in this study. However, from the experiments up to the previous subsection,
it was found that there was a liquid adsorption layer composed of C18AP. The
Young's modulus of this layer was determined, even though it was recognized that
there was a defect in the evaluation method. Considering the effect of the iron film
below CI8AP adsorption layer on this result, the Young's modulus of CI8AP

adsorption layer may be able to be evaluated.
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Figure 2.4.3 F-0 curve obtained from the force curve and the theoretical curve
obtained by putting intercept b calculated from the regression line in Figure 2.4.2 into

Equation 2.4.6.

Nuria Gavara et al. reported on the correction of the influence from the hard

substrate in estimating the Young's modulus of the thin sample using atomic force
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microscopy tips.?! The influence from the hard substrate can be corrected by the

following equation.

_ 2 Etana
- m1-0.52
2tana é ) ) &2 &3
x{1+1.7795 p; E +16(1.7795)“(tan a) ﬁ +0 ﬁ 2.4.7

where F is the applied force, J'is sample deformation, « is the half-vertex angle of the

conical indenter, / is the thickness of the sample, and Poisson's ratio v was assumed

to be 0.5.

The F and ¢ data sets in the F-d curve shown in Figure 2.4.3, transformed from the
force curve measured in PAO containing 200 ppm of C18AP, were substituted into
Equation 2.4.7 to calculate Young's modulus E>. The film thickness was assumed to
be 2 nm. The relationship between the sample deformation and Young's modulus is
shown in Figure 2.4.4. When the sample deformation is small, the Young's modulus is
close to that calculated by the Sneddon model. As the sample deformation approached
the film thickness of 2nm, the Young's modulus decreased to about 100 MPa, the

same as the rubber.
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2.5 Conclution

We demonstrated the feasibility of using FM-AFM for mechanically probing a
lubricant—solid interface, C18AP-containing PAO covering the iron films. We
mapped the lubricant-induced force on the probing tip two-dimensionally on a plane
that was perpendicular to the lubricant—iron interface and thus achieved a force
sensitivity and spatial resolution on the order of 10 pN and 10 pm, respectively. We
propose the following conclusions after interpretation of the observed force maps. The
PAO was directly exposed to the naturally oxidized iron film in the absence of the
C18AP modifier, and it exhibited a few liquid layer parallel to the film surface with a
layer-to-layer distance of 0.6—-0.7 nm. C18AP, if any in the lubricant, was adsorbed
with its phosphoric acid end anchored to the films. There was fluctuation of the
CisHss 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 C18AP was
completed. The PAO liquid layers were intermittently removed in the lubricants
containing C18AP concentrations of 0.2 and 2 ppm; they completely disappeared at
20 and 200 ppm. The 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. The dynamic friction coefficient of the sliding
steel-lubricant—steel interfaces, which was separately determined using the friction
tester, decreased with increasing the coverage of the monomolecular CI8AP on the

iron film.

The mechanical probing with FM-AFM combined with friction test offers a
promising technique for bridging nanometer-scale lubricant distribution and sliding

friction in the macroscopic dimensions.
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2.7 Supporting Information

2.7.1 The application of the Lorentz function to the observed spectral

density

By fitting the Lorentz function to the power spectrum of the cantilever acquired by
the spectrum analyzer, the oscillation amplitude of the cantilever under measurement

with FM-AFM and the noise level of the system can be obtained.

Assuming that the thermal oscillation of the cantilever is a harmonic oscillation, the

motion equation is as follows.

mawy

mz + z+mwiz = f(t) 2.7.1

where f(?) is the force that causes thermal oscillation, m is the mass of the cantilever, k
is the spring constant, wo 1s the resonance angular frequency of the cantilever, and Q
is the Q value of the cantilever. Fourier transform of both sides of Equation 2.7.1

gives the following equation.

Z(w) 1
Flw)

Mo = H(w) 2.7.2
m(@} — w?) + 90w
Further, the spectrum density of the displacement |Z(®)|* and the transfer function

H(w) satisfy the following relation according to the first fluctuation-dissipation

theorem:

4k,T
1Z(w)|2 = ——2

Im[H(w)] 2.7.3

where ks is the Boltzmann constant, T is the temperature, and Im[H(®w)] is the

imaginary component of H(w). Putting Equation 2.7.2 into Equation 2.7.3 yields:
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4kgT 1
Z(w) = 2.7.4

20 (1= (/g )") + (/g @)

Putting ®=2m1f"into Equation 2.7.4 yields:

2k, T 1

"0 + O0)

The spectrum density of the displacement ¢: in the displacement detection system

2.7.5

Z(f) =

2

of the AFM is the sum of the sensor noise density nsensor and the thermal noise density

Z(N:

2k, T 1

nz + 2.7.6
sensor k 2
- 01)) + Op0)

6, = "

In addition, the voltage noise density OV, the displacement detection sensitivity

Ssensor, and the displacement noise density o. have the following relationships.

8V = Seonsor®s 2.7.7

Assuming that the sensor noise density #zsensor in the measured frequency range is
white noise with a uniform intensity in all frequency bands, dV is calculated from

Euation 2.7.6 and Equation 2.7.7 as follows:

SV = \/Sgensorngensor + S.%enSOTZ(f)Z
1

= |8VZ 0r + 6V2 2.7.8

peak . (1 B (f/f0)2>2 + (f/fo)z

where
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2kzTQ

8Vpeak = Ssensor Tfﬂ 2.7.9

T[kfo

Ssensor = SVpeak ZkB—TQ 2.7.10

OVpeak and Q can be obtained by fitting Equation 2.7.8 to the measured thermal

oscillation spectrum using the Levenberg-Marquardt method. So Ssensor can be

calculated from Equation 2.7.10.
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2.7.2 Iron film topography in lubricants

O

Height / nm

o

Distance/nm 65 0  Distance/nm 65

Figure 2.7.1 The topography of iron films observed in lubricants. The concentration
of CI8AP was (a) 0 and (b) 200 ppm. Image size: 90 nm square. Peak-to-peak
amplitude of cantilever oscillation (4): 2.0 nm. Frequency-shift (Af) setpoint: +83 Hz.
Cross sections determined along the A-B and C-D lines are shown in the
corresponding lower panels. Image (a) was observed with the cantilever that was used
for determining the topographic image shown in Figure 2.3.2(a) of the main text.

Image (b) was determined with another cantilever.
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2.7.3 Force Mapping

10nm

Figure 2.7.2 Lubricants over the iron films. The cross-sectional frequency shift
distribution was mapped on a plane that was perpendicular to the film surface in the
lubricants containing C18AP at 20 ppm. The amplitude of the cantilever oscillation
was 0.4 nm. The aspect ratio of the lateral and vertical scales has been tuned unity in
the maps. A large (or small) positive frequency shift is depicted using a bright (or

dark) blue color.
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20nm

10nm

Figure 2.7.3 Lubricants over the iron films. The cross-sectional frequency shift
distribution was mapped on a plane that was perpendicular to the film surface in the
lubricants containing C18AP at 200 ppm. The amplitude of the cantilever oscillation
was 0.4 nm. The aspect ratio of the lateral and vertical scales has been tuned unity in
the maps. A large (or small) positive frequency shift is depicted using a bright (or

dark) blue color.

72



2.7.4 Friction test results

Table 2.7.1 Pendulum amplitudes in pure PAO.

A0 Al A2 A3 A4 A5 A6 A7 A8 A9

runl 0.500 0.460 0425 0390 0355 0320 0.285 0.250 0.220 0.185

run2 0.500 0.465 0425 0390 0.355 0315 0.280 0.240 0.205 0.170

run3 0.500 0.465 0430 0390 0350 0310 0.270 0.225 0.180 0.135

runé 0.500 0/460 0.420 0.380 0.340 0.300 0.255 0.205 0.155
runs 0.500 0.455 0415 0370 0.325 0270 0.215 0.150

run6 0.500 0.450 0.400 0.340 0.280 0.210 0.130

run? 0.500 0.440 0380 0.310 0.230 0.140
run8 0.500 0.430 0360 0.280 0.190

un9 0.500 0.425 0345 0.255 0.160

runlQ 0500 0.415 0330 0235 0.130
runll 0500 0.410 0.315 0215 0.105

runl?2 0.500 0.405 0305 0.195

runl3 0.500 0.395 0.290 0.180

runld 0500 0395 0285 0.165
runls 0500 039 0275 0.155
runl6 0500 0385 0270 0.150
runl7 0500 0385 0265 0.140
runl® 0500 0380 0260 0.135
0.500 0.380 0255 0.130

runl9

run20 0500 0375 0.250 0.120
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0.130
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Table 2.7.2 Pendulum amplitudes in PAO containing C18AP of 2 ppm.

runl

run?2

run3

run4

runs

run6

run’

rung

un9

runlO

runll

runl?2

runl3

runl4

runl5

runl6

runl?

runl§

A0

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

0.500

Al

0.455

0.465

0.465

0.460

0.455

0.450

0.440

0.435

0.430

0.420

0.415

0.410

0.405

0.400

0.400

0.395

0.395

0.395

A2

0.415

0.420

0.420

0.420

0.410

0.390

0.375

0.365

0.350

0.335

0.320

0.310

0.295

0.290

0.290

0.290

0.290

0.285

A3

0.380

0.380

0.385

0.380

0.255

0.330

0.305

0.285

0.265

0.245

0.225

0.205

0.185

0.185

0.185

0/180

0.180

0.180

A4

0.340

0.340

0.345

0.335

0.300

0.260

0.225

0.205

0.180

0.145

0.125

0.100

AS

0.300

0.305

0.305

0.290

0.235

0.185

0.145

0.120
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A6

0.265

0.265

0.265

0.240

0.170

0.170

A7

0.225

0.225

0.225

0.190

0.100

A8

0.190

0.185

0.180

0.135

A9

0.150

0.145

0.140

Al10 n

0.115

0.110

10
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Table 2.7.3 Pendulum amplitudes in PAO containing C18AP of 20 ppm.

A0 Al A2 A3 A4 A5 A6 A7 A8 A9 AI0 n

runl 0.500 0.465 0425 0390 0355 0320 0.280 0.245 0.210 0.170 0.135 10

run2 0.500 0.465 0.425 0390 0355 0320 0.280 0.245 0.210 0.170 0.135 10

run3 0.500 0.465 0.430 0.390 0355 0320 0.285 0.245 0.210 0.170 0.125 10

run4 0.500 0.465 0.430 0.390 0355 0315 0.280 0.240 0.195 0.150 0.105 10
runs 0.500 0.470 0.430 0.390 0350 0.310 0.270 0.230 0.180 0.135 9
run6 0.500 0.465 0.425 0385 0345 0305 0.260 0.215 0.170 0.120 9
run? 0.500 0.465 0.425 0385 0340 0300 0.250 0.205 0.155 0.110 9
runs& 0.500 0.465 0.420 0380 0.335 0.290 0.240 0.190 0.140 8
un9 0.500 0.465 0.420 0375 0330 0.280 0.235 0.175 0.120 8
runlO 0.500 0.465 0.415 0370 0320 0270 0.215 0.155 7
runll 0.500 0.455 0.410 0360 0305 0250 0.190 0.125 7
runl?2 0.500 0.455 0.405 0350 0.290 0.225 0.160 6
runl3 0.500 0450 0395 0330 0.265 0.185 0.110 6
runl4 0.500 0.440 0375 0305 0.225 0.145 5
runls 0.500 0.440 0365 0.285 0.200 0.115 5
runlé 0.500 0.435 0355 0.265 0.175 4
runl? 0.500 0.430 0.345 0.255 0.155 4
runl8 0.500 0.430 0.345 0.250 0.155 4
runl9 0.500 0.430 0340 0.245 0.150 4
run20 0.500 0.425 0335 0.240 0.140 4
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Table 2.7.4 Pendulum amplitudes in PAO containing C18AP of 200 ppm.

A0 Al A2 A3 A4 A5 A6 A7 A8 A9 Al0 AIll
runl 0500 0470 0435 0405 0370 0335 0300 0270 0235 0200 0.165 0.135
run2 0500 0465 0435 0400 0370 0340 0310 0275 0245 0215 0180 0.150
run3 0500 0465 0430 0400 0370 0340 0310 0280 0250 0220 0.190  0.160
rund 0500 0465 0430 0400 0370 0340 0310 0280 0250 0225 0.195 0.165
run5 0500 0470 0440 0405 0375 0345 0315 0285 0255 0225 0.195 0.170
run6 0500 0465 0430 0400 0370 0340 0310 0280 0250 0225 0.195 0.165
run7 0500 0465 0435 0405 0375 0345 0315 0285 0255 0225 0195 0.165
run®  0-500 0460 0430 0400 0370 0340 0310 0280 0250 0225 0.195 0.165

un9 0.500 0465 0435 0405 0375 0345 0315 0285 0255 0.225 0.195 0.170

runlQ 05300 0564 0435 0405 0375 0345 0315 0285 0255 0225 0.195 0.170

Al2 Al13 n
runl 0100 12
un2 0115 12
run3 0130 12

runé 0.135  0.105 13

runs 0.140  0.110 13

run6 0.140  0.110 13

run? 0.140  0.110 13
rung 0.135  0.110 13
0.140  0.110 13

un9

runlQ 0140 0.110 13
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Chapter 3 Poly-a-olefins containing
carboxylic acids over crystalline iron

oxide
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3.1 Introduction

The usefulness of imaging the adsorption layers of modifier molecules to solid
surfaces was demonstrated in Chapter 2. The phosphoric acid alkyl ester is a modifier
classified as an abrasion preventing agent, and forms a protective film comprising a
secondary compound by sliding to prevent wear. In Chapter 2, the precursor
adsorption films formed by the physical or chemical adsorption of modifier molecules
on the solid surface as a preliminary step in the formation of secondary compounds

were observed.

In this chapter, the adsorption film of oiliness agents, which are typical modifiers as
well as antifriction agents, were evaluated. Oiliness agents are effective at relatively
low temperatures (Around room temperature) and under low loads. Therefore, the
adsorption state of the modifier molecules can be captured in a more realistic
environment as compared with the case of the antifriction agent. The oiliness agent is
generally widely used modifiers and have been extensively studied to improve their
performance. Whether the modifier adsorption layer is monolayer or multi-layers has
also been discussed for a long time.">? And Hardy et al. have shown that the friction
reduction effect depends on the molecular weight of modifier molecules.* The results
of friction tests using an LB film substrate reported by F. P. Bowden et al. in 1950
show that the initial friction coefficient is the same regardless of whether the film is a
monolayer or a multi-layer film, and that the multi-layer film has higher wear
resistance®. In addition to the studies mentioned here, there have been many other
studies on the adsorption film of the oiliness agent and its friction-reducing effect.”®,
and several studies were introduced here. However, there is few analyses to visualize
it, although the adsorption layers of modifier molecules are an important point for

improving performance. In this chapter, a representative hydrocarbon lubricant in
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commerce, poly-a-olefin, is modified with different quantities of carboxylic acids,
some of frequently used modifiers as the oiliness agent in real lubricants. The
presence or absence of modifier layers are probed on iron oxide single-crystalline
wafers using FM-AFM. The vertical as well as lateral distribution of the layers is
visualized by mapping layer-induced force on the probing tip. Furthermore, the
temperature dependence of the modifier adsorption layers on the iron oxide
single-crystalline wafer is verified by probing under heating. Then the dynamic
friction coefficient of steel-lubricant—iron oxide single-crystalline wafer interfaces is
separately determined with a ball on disk friction tester. The macroscopic friction
property as a function of temperature is compared with the nanometer-scale

distribution of the modifier layers.
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3.2 Materials
3.2.1 Lubricants

Six kinds of model lubricants were prepared. Non-polar PAO was used as the base
oil. Five kinds of carboxylic acids (oleic acid, stearic acid, caprylic acid,
2-Ethylhexanoic acid, elaidic acid) with different molecular structures were used as
modifiers. The chemical structure of the lubricants component is illustrated in Figure
3.2.1. PAO (Ineos, Durasynl64) containing decene trimers (CsoHs2) as the major
component was purified with activated clay. The purified liquid possessed a dynamic
viscosity of 4 mm? s at 100 C°. Oleic acid, stearic acid and elaidic acid contain
eighteen carbon atoms. Stearic acid is a saturated fatty acid with a linear single chain
hydrocarbon. Oleic acid and elaidic acid has a double bond between carbon atoms
with cis and trans conformation, respectively. Caprylic acid is a linear fatty acid with
eight carbon atoms. 2-Ethylhexanoic acid has eight carbon atoms as same as caprylic

acid, but the structure is more complex.

One of the five carboxylic acids was added to the base oil with a fixed
concentration of 1 mmol/kg. In addition to these five lubricants containing an

modifier, pure PAO was also used as a lubricant in this study.
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(a) PAO (b) Oleic acid

T

OH
(c) Stearic acid (d) Caprylic acid
0 o]
/W\N\/\/V\J\()H MOH
(e) 2-Ethylhexanoic acid (f) Elaidic acid
0 0

"’))LOH ’W\’\MA’\JLOH

Figure 3.2.1 Lubricant. (a) decene trimer as the major component in the poly-a-olefin
(PAO) used in this study. The longest (C20) alkyl chain is depicted in the all-trans
conformation. (b) oleic acid, (c) stearic acid, (d) caprylic acid, (e) 2-Ethylhexanoic

acid, (f) Elaidic acid
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3.2.2 Iron oxide single-crystalline wafers

Fe203 (0001) single-crystalline wafers were used as a model of oxidized steal. The
iron oxide single-crystalline wafer has the crystal structure shown in Figure.3.2.2. A
topographic image of the crystalline wafer is shown in Figure.3.2.3. The crystalline
wafers provided atomically more flat topography than the iron film used for the
experiments discussed in Chapter 2, which was convenient for highly precise
measurements around the lubricant-metal interfaces. The crystalline wafers were
annealed in air at 1073 K for 1 hour to smooth the surface. The surface treatment of
the single-crystalline wafers was carried out by Akira SASAHARA of Kobe

University.

Top view Side view

0.23 nm

wu gel

Figure 3.2.2 The crystal structure of the iron oxide single-crystalline wafer
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Figure 3.2.3 Topographic image of the iron oxide single-crystalline wafer. The

crystalline wafers provided atomically flat topography
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3.3 Results and discussion
3.3.1 Analysis by FM-AFM in room temperature
3.3.1.1 Methods

Frequency-modulation detection of force on the probing tip was enabled with an
SPM-8100FM microscope (Shimadzu). In topographic imaging of iron oxide
single-crystalline wafers, the resonance oscillation of a silicon cantilever (Nanoworld,
PPP-NCHAuD) was mechanically excited with a piezo-actuator. The nominal spring
constant of the cantilevers was 42 N m!. The oscillation amplitude was regulated at a
preset amplitude (4). When a lubricant-induced conservative force was loaded on the
tip, the resonance frequency of cantilever oscillation (f) shifted accordingly. The
topography of the scanned wafers was traced with regulation of the tip—surface
distance by keeping the frequency shift (4f) at a prefixed setpoint. The resonant
frequency of the cantilevers was 100-140 kHz, and the quality factor of oscillation
resonance was 2-3 in the lubricants. A typical spectrum of thermally induced
cantilever oscillation is shown in Figure 2.3.1. An iron oxide single-crystalline wafer
was fixed in a quartz petri dish placed on the microscope stage driven by a
piezoelectric scanner. The dish was filled with the lubricant of 500 pl and then the

cantilever assembly was put on top. Imaging scans were conducted at RT.
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3.3.1.2 Iron oxide single-crystalline wafer topography

Figure 3.3.1 represents topographic images of the iron oxide single-crystalline
wafers observed in (a) pure PAO, (b) PAO containing oleic acid, (¢) PAO containing
stearic acid and (d) PAO containing caprylic acid. The topographic images are
consisted of 512 x 512 pixels, and bright colors represent higher parts and dark colors
show lower parts. First, scanning was performed in a narrow area from 200 nm x 200
nm to 500 nm % 500 nm, and then scanning was performed again at the same position
by expanding the scanning area to 500 nm x 500 nm to 1800 nm x 1800 nm. In (a)
pure PAO, there was no deposition on the scanned area. On the other hand, in (b)
PAO containing oleic acid and (¢) PAO containing stearic acid, something having a

height of 0.61 nm and 1.82nm was deposited on the scanned area.

The first scanning area by AFM.
There is no deposition on the
scanning area.

(b) (©) (d)

PAO containing oleic acid ~ PAO containing stearic acid ~ PAO containing caprylic acid

500nm

Figure 3.3.1 The topographic images of the iron oxide single-crystalline wafers
observed in lubricants. Lubricants were (a) PAO, (b) PAO containing oleic acid, (c)
PAO containing stearic acid, (d) PAO containing caprylic acid, peak-to-peak

amplitude of cantilever oscillation: 4.0 nm, and frequency-shift set point: +33 Hz.
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The cross sections determined along the A-B, C-D and E-F lines are shown below
the corresponding images in Figure3.3.2. The cross sections represent the average on
the white line including ten lines. In (d) PAO containing caprylic acid, thinner
deposits were observed compared to (b) and (c). These results suggest that the
deposition was derived from modifiers and a pseudo-sliding of AFM scanning

promoted adsorption of modifiers to the iron oxide single-crystalline wafers.

(a) PAO containing oleic acid (b) PAO containing stearic acid

200 nm 500 nm

.«JJ\ poc e N0.61 nm

7 d "k A
4 A\J'"A nvf’ \--‘vn oD

PUAVT kY i ot 1
o _J VTV \0.61l nm

L] 50 ] 150 200 25d 300 [} 200 A0 0 00 1000

1.82 nm :.: Mﬁéﬁm

Figure 3.3.2 The topographic images of the iron oxide single-crystalline wafers
observed in (a) PAO containing oleic acid, (b) PAO containing stearic acid, and the
cross sections determined along the A-B, C-D and E-F lines are shown below the
corresponding images. The height of deposition is 0.61 nm and 1.82nm in (a) PAO

containing oleic acid, and 0.61 nm in (b) PAO containing stearic acid.
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Next, it was confirmed how much this adsorption was promoted by the AFM
scanning. Figure. 3.3.3 shows the topographic images of the same position on the iron
oxide single-crystalline wafer measured in PAO containing stearic acid 10 times
continuously. The first image is at the upper left, the next image is below it, and the
column changes from the fifth image. The 3rd column includes the 9th and 10th
images. The topographic images are consisted of 512 x 512 pixels, and bright colors
represent higher parts and dark colors show lower parts. The scanning was performed
in 200 nm x 200 nm. The adsorption gradually increased from the first image to 10th

image.

After 10 scans, another 10 scans were performed. The result is shown in Figure
3.3.4. Comparing these images, it can be seen that the deposition greatly increased

from the first to the t10th image, but hardly increased from the 10th to the 20th image.
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Figure 3.3.3 The topographic images of the iron oxide single-crystalline wafer
measured 10 consecutive times at the same position. Peak-to-peak amplitude of

cantilever oscillation: 4.0 nm, and frequency-shift set point: +33 Hz.
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Figure 3.3.4 The topographic images of the same position on the iron oxide
single-crystalline wafer measured in PAO containing stearic acid 20 times
continuously. The first image is shown above, the 10th image is shown in the center,

and the 20th image is shown below. Peak-to-peak amplitude of cantilever oscillation:

4.0 nm, and frequency-shift set point: +33 Hz.
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Figure 3.3.5 shows a topographic image measured in the same position as previous
scans in a larger scan area 600 nm x 600 nm after 20 times scans. There is more
deposition only in the scanned area than the other areas. The height of the depositions
ranged from 0.58 nm to 1.96 nm shown in Figure 3.3.6. These results indicate that
AFM scanning promotes the adsorption of the modifier to the iron oxide wafer, and

the adsorption has an upper limit.

After twenty times scans

Figure 3.3.5 A topographic image measured in the same position as previous scans in
a larger scan area after 20 times scans. There is more deposition only in the scanned
area than the other areas. Peak-to-peak amplitude of cantilever oscillation: 4.0 nm,

and frequency-shift set point: +33 Hz.
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Topographic Image observed in PAO containing Stearic acid
after twenty times scans
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Figure 3.3.6 A topographic image observed in PAO containing Stearic acid after

twenty times scans, and cross section profiles determined along the A-B, C-D, F-F

and G-H lines are shown below the image. There were some depositions having a

height of 0.58 nm to 1.96 nm.
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The molecular behavior inferred from these topographic images is shown in Figure
3.3.7. The polar groups of the modifier molecules were chemically adsorbed on the
iron atoms of the iron oxide wafer. The parts where the modifier molecules were
densely adsorbed were observed as protrusions with the same height as the length of
the modifier molecules. In the areas where the modifier molecules were sparsely
adsorbed were observed as low protrusions. In addition, the adsorption of modifier

molecules is not uniform due to the effect of the atomic state of the wafer surface.

Modifiers were adsorbed densely

Modifiers were adsorbed sparsely

Figure 3.3.7 The molecular behavior inferred from these topographic images
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3.3.1.3 Force mapping

In previous subsection, the modifier molecules strongly adsorbed on the iron oxide
single-crystalline wafer were observed, and it was confirmed that the modifier
molecules adsorption to the iron oxide single-crystalline wafers was promoted by a
pseudo-sliding of AFM scanning. In this subsection, the mechanical response of the
expanding chains is probed and mapped on the planes that are perpendicular to the
iron oxide single-crystalline wafers to verify the modifier molecules flexibly adsorbed

on the iron oxide single-crystalline wafers.

Figure 3.3.8 shows the frequency-shift maps observed on the iron oxide
single-crystalline wafer immersed in (a) pure PAO, (b) PAO containing oleic acid, (c)
PAO containing stearic acid and (d) PAO containing caprylic acid. The oscillating
cantilever was scanned vertically from the bulk lubricant to the iron oxide
single-crystalline wafers. The frequency shift as a function of the vertical coordinate
was simultaneously recorded to obtain one Af-distance curve composed of 256 pixels
at one lateral position. The vertical scan was aborted when Af reached a
predetermined threshold (+600 Hz for the acquired maps (a), (b), +700 Hz for the
acquired maps (c), +300 Hz for the acquired maps (d) in Figure 3.3.8); the cantilever
was retracted into the lubricant by 5 nm to prevent extensive tip-to-surface contact.
256 vertical scans along a 10 nm long lateral coordinate were acquired repeatedly.
One Af map was subsequently constructed on a plane perpendicular to the iron oxide
single-crystalline wafer with an acquisition time of 26 seconds for 256 scans per
frame. Bright color represents large positive frequency shift. Dark blue color shows
small positive or even negative frequency shifts, while areas outside the scanned

range are shown in black.
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(a) PAO

(b) PAO containing oleic acid

10nm

(¢) PAO containing stearic acid (d) PAO containing caprylic acid

Figure 3.3.8 Lubricants over the iron oxide single-crystalline wafer. The
cross-sectional frequency shift distribution was mapped on a plane that was
perpendicular to the wafer surface in PAO containing (a) no modifier, (b) oleic acid,
(c) stearic acid, (d) caprylic acid. The amplitude of the cantilever oscillation was 0.4
nm. The aspect ratio of the lateral and vertical scales has been tuned unity in the maps.
A large (or small) positive frequency shift is depicted using a bright (or dark) blue

color.

The layer structure was observed in all cases. In each case, the layer-to-layer
distances were measured at four different positions, as shown in Figure 3.3.9. Four
frequency shift-distance curves shown in the panel below each image are the average
profile curve on the white lines containing 10 lines. Two layers were clearly
confirmed in each frequency shift-distance curve. The layer-to-layer distance on each

curve was measured, and the average of these four values is shown in table 3.3.1.
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(b) PAO containing oleic acid
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Figure 3.3.9 The cross-sectional frequency shift distribution and frequency shift

-distance curves in PAO containing (a) no modifier, (b) oleic acid, (c) stearic acid, (d)
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caprylic acid. The amplitude of the cantilever oscillation was 0.4 nm. The aspect ratio
of the lateral and vertical scales has been tuned unity in the maps. A large (or small)
positive frequency shift is depicted using a bright (or dark) blue color. Sixteen
frequency shift —distance curves shown in the panel below the images are the average
profile curve on the white lines containing 10 lines. The distance between the first and
second layer is written in red. The distance between the second and third layer is

written in green.

Table 3.3.1 The average of the layer-to-layer distances measured at four different

positions.
First - Second Second - Third
PAO 0.61 nm 0.59 nm
PAO containing oleic acid 0.75 nm 0.68 nm
PAO containing stearic acid 0.59 nm 0.59 nm
PAO containing caprylic acid 0.58 nm 0.56 nm

The layer-to-layer distances was about 0.6 nm in the observed map except for PAO
containing oleic acid. Layer-to-layer distances around 0.6 nm have been observed
earlier studies, where single-chain hydrocarbons like hexadecane were put on
atomically flat solids. The thickness of single-chain hydrocarbons is expected to be
0.6 nm. Therefore, the layer-to-layer distances of 0.6 nm suggested single-chain
hydrocarbons of PAO, stearic acid and caprylic acid molecules lying flat on the
surface. In PAO containing oleic acid, the layer-to layer distance was 0.72 nm and
tended to be longer than in the other lubricants. The reason for longer distance
between layers is that oleic acid molecules have a bent structure and are larger on the

short side of the molecule than stearic acid or caprylic acid molecules which have a
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linear chain. These results suggested that the layer structure was constructed not only
by PAO molecules but also by modifier molecules. The molecular behavior inferred
from the frequency-shift maps is shown in Figure 3.3.10. As illustrated in Chapter 2,
the illustrations of a molecule colored in yellow were drawn assuming that the
molecule has an all-trans formation. The local unevenness seen in the topographic
image was adsorption promoted by AFM scanning, i.e., pseudo sliding. Since these
frequency-shift maps were measured without sliding, it is not surprising that the

adsorption layers were uniformly distributed.

Snm (a) PAO (b) PAO containing oleic acid

(c) PAO containing stearic acid (d) PAO containing caprylic acid

Figure 3.3.10 The molecular behavior inferred from these images of frequency shift

In the previous experiments in this subsection, the structure of the liquid lubricants
at the interface between lubricants and the iron oxide single-crystalline wafers was
observed. Since the behavior of the modifier molecules just above the solid surface is

considered to be important at the lubrication interface, the frequency shift distribution
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image on the plane perpendicular to the surface of iron oxide single-crystalline wafer
was measured by scanning the oscillation probe in a region closer to the iron oxide
single-crystalline wafers than in the previous experiments. The relationship of the
scanning region of the previous experiments and the subsequent experiments is shown
in Figure 3.3.11. In the previous experiment in this subsection, area 1 was scanned,

and in the subsequent experiments, area 2 was scanned.

Z
A

Fe, O

~
7

X

Figure 3.3.11 The scanning area in the previous experiments and in the subsequent

experiments.

Figure 3.3.12 shows the frequency-shift maps observed on the iron oxide
single-crystalline wafer immersed in pure PAO. The oscillating cantilever was
scanned vertically from the bulk PAO to the iron oxide single-crystalline wafers. The
frequency shift as a function of the vertical coordinate was simultaneously recorded to
obtain one frequency shift-distance curve composed of 256 pixels at one lateral
position. The vertical scan was aborted when the probe reached an end of scan range

in z direction, and the cantilever was retracted into PAO by 5 nm. 256 vertical scans
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along a 10 nm long lateral coordinate were acquired repeatedly. One frequency-shift
map was subsequently constructed on a plane perpendicular to the iron oxide
single-crystalline wafer with an acquisition time of 26 seconds for 256 scans per
frame. Bright color represents large positive frequency shift. Dark blue color shows
small positive or even negative frequency shifts, while areas outside the scanned
range are shown in black. When the tip moved from the PAO liquid to the iron oxide
surface, force on the tip modulated somehow as shown with bright or less bright blue
colors. Finally, when the tip approaches the surface, large repulsive force is present
due to tip-surface contact, as shown by the very bright color at the bottom of image.
So, the boundary of the very bright area and blue-colored area represents the
PAO-solid interface. If the PAO liquid density was uniform over the interface, force
on the tip, that is blue-color strength should be uniform. However, this was not the
case. Force on the tip was modulated to show layered feature parallel to the interface.

The layered force modulation evidenced layered modulations of PAO liquid density.

The observed layered modulations could be interpreted with liquid PAO molecules
lying parallel to the interface. The layer-to-layer distances was 0.6 nm in the observed
map. Layer-to-layer distances around 0.6 nm have been observed earlier studies,
where single-chain hydrocarbons like hexadecane were put on atomically flat solids.
The thickness of single-chain hydrocarbons is expected to be 0.6 nm. Figure 3.3.13
shows the molecular behavior inferred from the frequency-shift map observed on the

iron oxide wafer immersed in the pure PAO.
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Figure 3.3.12 Frequency-shift map observed on the iron oxide wafer immersed in the
pure PAO. The amplitude of the cantilever oscillation was 0.4 nm. The aspect ratio of
the lateral and vertical scales has been tuned unity in the maps. A large (or small)

positive frequency shift is depicted using a bright (or dark) blue color.
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Figure 3.3.13 The molecular behavior inferred from the frequency-shift map observed

on the iron oxide wafer immersed in the pure PAO.
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What happened with an modifier, two-ethyl-hexanoic acid. Figure 3.3.14 shows the
frequency-shift maps observed on the iron oxide single-crystalline wafer immersed in
the PAO containing two-ethyl-hexanoic acid. The layered feature recognized in the
pure PAO has gone. Instead, repulsive force appeared as shown by more bright colors
in the proximity to the interface. The very bright color at the bottom again indicated
the liquid-solid interface. Disappeared layers suggested the PAO liquid was not

directly exposed to the iron oxide.

The size of two-ethyl-hexanoic acid is projected on the observed frequency-shift
map. When we assume that the acid molecules were chemically adsorbed on the iron
oxide, the two alkyl tails, one containing five carbon atoms and the other with three
carbon atoms, should be in the lubricant liquid. The alkyl chains should fluctuate in
the lubricant liquid to produce repulsive force when being in contact to the tip apex.
The length of repulsive force was about 1 nm. This length corresponds to the
molecular length of the acid. Based on these considerations, we claim here that the
iron oxide was covered by a monolayer of two-ethyl-hexanoic acid molecules. The
presence or absence of the monolayer, as well as its thickness, was visualized in
frequency-shift mapping. Figure 3.3.15 shows the molecular behavior inferred from
the frequency-shift map observed on the iron oxide wafer immersed in the PAO

containing two-ethyl-hexanoic acid.
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Figure 3.3.14 Frequency-shift map observed on the iron oxide wafer immersed in the
PAO containing two-ethyl-hexanoic acid. The amplitude of the cantilever oscillation
was 0.4 nm. The aspect ratio of the lateral and vertical scales has been tuned unity in
the maps. A large (or small) positive frequency shift is depicted using a bright (or

dark) blue color.
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Figure 3.3.15 The molecular behavior inferred from the frequency-shift map observed

on the iron oxide wafer immersed in the PAO containing two-ethyl-hexanoic acid.
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Figure 3.3.16 shows a frequency-shift map observed in the lubricant containing
oleic acid. The map was similar to what was observed with the hexanoic acid. The
layered feature coming from PAO was weakened, and repulsive force shown by more
bright colors appeared in the proximity to the interface. This is a sign of the iron oxide
covered by adsorbed oleic acid molecules. One issue to be interpreted is the thickness
of the region where the repulsive force appeared. The thickness was 1 nm or less,
while an oleic acid has a alkyl chain of 17 carbon atoms. The length of the chain is

much longer than that in two-ethyl-hexanoic acid.

One possible picture is shown in Figure 3.3.17. Oleic acid was chemically adsorbed
with its polar group on the iron oxide to form a densely packed monolayer. The
monolayer was rigid enough to be recognized as a solid. Only the end of the chains

fluctuated in the lubricant present the repulsive force to the tip.
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Figure 3.3.16 Frequency-shift map observed on the iron oxide wafer immersed in the
PAO containing oleic acid. The amplitude of the cantilever oscillation was 0.4 nm.
The aspect ratio of the lateral and vertical scales has been tuned unity in the maps. A

large (or small) positive frequency shift is depicted using a bright (or dark) blue color.
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Figure 3.3.17 The molecular behavior inferred from the frequency-shift map observed

on the iron oxide wafer immersed in the PAO containing oleic acid.

As with the three lubricants mentioned above, a total of six lubricants were
examined. The results are summarized in Figure 3.3.18, which shows frequency-shift
map observed on the iron oxide wafer immersed in the PAO containing (a) no
modifier, (b) two-ethyl-hexanoic acid, (c) oleic acid, (d) stearic acid, (e) elaidic acid,
(f) caprylic acid. The layered features with layer-to-layer distance of 0.6 nm were
most clearly recognized in the pure PAO, weakly recognized in PAO containing oleic,
stearic and elaidic acids, respectively, and were absent in the presence of
two-ethyl-hexanoic acid. In the previous experiments, it was confirmed that these
layered features were constructed not only by PAO molecules but also by modifier
molecules. Furthermore, as seen in PAO containing two-ethyl-hexanoic acid and oleic
acid respectively, in PAO containing modifiers, repulsive force shown by more bright

colors appeared in the proximity to the interface. As considered for the results of PAO
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containing 2-ethyl-hexanoic acid and oleic acid respectively, this repulsive force is
expected to be the contact force from the end of the alkyl chains of the modifier
molecules chemically adsorbed on the surface of the iron oxide single-crystalline
wafer, and the alkyl chains fluctuated in the lubricant. From the difference in
molecular structure between five kinds of modifiers, it is predicted about this
repulsive force as follows. Stearic acid was adsorbed on the iron oxide to form the
most densely packed monolayer. Even the end of the alkyl chain was rigid enough to
be recognized as a solid, so the layer of repulsive force shown in light blue color at
the bottom of the frequency-shift map was thin and not uniform. Because oleic acid
molecule and elaidic acid molecule have a double bond between carbon atoms and
caplylic acid molecule is shorter than stearic acid molecule, they formed less densely
packed monolayer than stearic acid. As the result, the end of their alkyl chain was
more flexible than it of stearic acid, and the probe could penetrate the monolayer at a
longer distance. Two-ethyl-hexanoic acid has a more complex structure than the other
five. So it could not form a densely packed monolayer, then the probe could penetrate
the monolayer at the distance as long as the molecular length. S. Loehle et al.
evaluated the adsorption of stearic, oleic, and linoleic acids on iron oxide surfaces
using MD simulations and reported that the main adsorption mechanism of fatty acids
on iron oxide surfaces is chemisorption by carboxyl groups. In addition, it was
reported that stearic acid, a saturated fatty acid, forms a close-packed monolayer, and
double carbon bonds of unsaturated fatty acids oleic and linoleic acid prevent the
formation of close-packed monolayers®. The frequency shift image in this study also
supports it. Figure 3.3.19 shows the molecular behavior inferred from these
frequency-shift maps observed on the iron oxide single-crystalline wafers immersed
in six kinds of lubricants. The iron oxide single-crystalline wafers were described in

these frequency-shift maps. They were drawn back counting from the end of the
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molecules. For example, in the case of stearic acid, there is a light blue layer on the
left side of the frequency-shift map indicating the contact resistance force from the
end of the stearic acid molecules fluctuated in the lubricant. But there is no light blue
layer on the right side, and it indicates that the end of the stearic acid molecules was
rigid enough to be recognized as a solid. Since all the stearic acid molecules have the
same length, assuming the wafer surface was horizontal, the light blue layer on the
left should be below the boundary between the blue and white regions on the right.
But it was upper the boundary. Therefore, it must be considered that the wafer surface

was inclined.

The frequency shift images indicated that stearic acid in the carboxylic acids used
in this study forms the most densely packed monolayer. Among carboxylic acids,
stearic acid has been reported to provide the best tribological behavior compared with
other carboxylic acids such as oleic acid and elaidic acid’-®°. That is, it can be seen

that the more densely packed monolayer has a higher friction reduction effect.
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Figure 3.3.18 Frequency-shift map observed on the iron oxide wafer immersed in the
PAO containing (a) no modifier, (b) two-ethyl-hexanoic acid, (c) oleic acid, (d) stearic
acid, (e) elaidic acid, (f) caprylic acid. The amplitude of the cantilever oscillation was
0.4 nm. The aspect ratio of the lateral and vertical scales has been tuned unity in the

maps. A large (or small) positive frequency shift is depicted using a bright (or dark)

blue color.
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Figure 3.3.19 The molecular behavior inferred from the frequency-shift map observed
on the iron oxide wafer immersed in the PAO containing (a) no modifier, (b)
two-ethyl-hexanoic acid, (c¢) oleic acid, (d) stearic acid, (e) elaidic acid, (f) caprylic

acid.
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3.3.2 Analysis by FM-AFM under heating

3.3.2.1 Back ground

Oleic acid is known to be effective at relatively low temperatures. It is reported that
oleic acid molecules are desorbed from the metal surface at high temperatures around
150 degrees centigrade, so lose its effect’. One of the advantages of SPM
measurement is working well in various atmospheres such as vacuum, air, and liquid.
It is also possible to conduct measurements while heating and cooling the sample!'®-!?.
Here, temperature-dependent changes in the adsorption of oleic acid molecules to iron

oxide single-crystal wafers were evaluated, taking advantage of the SPM

measurement, in which samples can be observed during heating.

3.3.2.2 Methods

Setting for the observation under heating is shown in Figure 3.3.20. For heating the
lubricant, a ceramic heating devise was inserted just beneath the dish. Two cables
were for resistance heating and three more cables on the right were for sensing the

temperature at the dish bottom. A small petri dish was placed on this stage.

For sensing the temperature

...;.

s
&ASER
APERTURE

For resistance heating

Figure 3.3.20 Setting for the measurement under heating
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3.3.2.3 Force mapping

The results are shown in Figure 3.3.21. The frequency shift as a function of the
vertical coordinate was simultaneously recorded to obtain one frequency
shift-distance curve composed of 256 pixels at one lateral position. The vertical scan
was aborted when frequency shift reached a predetermined threshold (+1000 Hz for
the acquired maps in Figure 3.3.21); the cantilever was retracted into the lubricant by
30 nm to prevent extensive tip-to-surface contact. 256 vertical scans along a 300 nm
long lateral coordinate were acquired repeatedly. One frequency-shift map was
subsequently constructed on a plane perpendicular to the iron oxide single-crystalline
wafer with an acquisition time of 26 seconds for 256 scans per frame. Bright color
represents large positive frequency shift. Dark blue color shows small positive or even
negative frequency shifts, while areas outside the scanned range are shown in black.
The white line below the blue band is the return point of the vertical scan and

indicates contact with the solid.

The left images were observed in the pure PAO. The two images in the right were
observed in the PAO containing oleic acid. The upper images were observed at room
temperature, and the lower images were measured at 60 degrees centigrade. At room
temperature, a bright blue layer indicated the adsorption of oleic acid molecules. On
the other hand, at 60 degrees centigrade, regardless of the presence and absence of
oleic acid, the bright blue layer was absent. The disappearance of the bright blue layer

suggested that oleic acid was desorbed from the iron oxide at 60 degrees centigrade.
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Figure 3.3.21 Lubricants over the iron oxide single-crystalline wafers. The
cross-sectional frequency shift distribution was mapped on a plane that was
perpendicular to the wafer surface in the pure PAO (two images on the left) and
lubricant containing oleic acid with a concentration of 1 mm/kg (two images on the
right). The upper images were observed at room temperature, and the lower images
were measured at 60 degrees centigrade. The amplitude of the cantilever oscillation

was 0.8 nm. The scan range is 30 nm in z direction and 300 nm in x direction.

From these measurements, it was predicted that the end of the oleic acid molecules
become so flexible enough not to apply the repulsive force to the tip, or that the oleic
acid molecules are desorbed from the iron oxide single-crystalline wafer at 60 degrees
centigrade. In order to confirm how did this change proceed, measurements were
made at 5 degrees centigrade increments from 25 degrees centigrade to 65 degrees

centigrade.

The results are shown in Figure 3.3.22. As in the previous experiment in this

subsection, the frequency shift as a function of the vertical coordinate was
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simultaneously recorded to obtain one frequency shift-distance curve composed of
256 pixels at one lateral position. The vertical scan was aborted when frequency shift
reached a predetermined threshold (+1000 Hz for the acquired maps in Figure 3.3.22);
the cantilever was retracted into the lubricant by 30 nm to prevent extensive
tip-to-surface contact. 256 vertical scans along a 300 nm long lateral coordinate were
acquired repeatedly. One frequency-shift map was subsequently constructed on a
plane perpendicular to the iron oxide single-crystalline wafer with an acquisition time
of 26 seconds for 256 scans per frame. Then, images of 15 nm in the vertical direction
and 150 nm in the horizontal direction shown in Figure 3.3.22 were cut out from the
measured frequency-shift maps. These images were measured as the temperature
increases by 5 degrees centigrade from 25 degrees centigrade to 40 degrees centigrade
from the upper left to the lower left, and from 45 degrees centigrade to 65 degrees
centigrade from the upper right to the lower right. PAO and PAO containing oleic acid

was used as a lubricant.

The light blue layer, which shows the adsorption of oleic acid molecules on the iron
oxide single-crystalline wafer, gradually darkens from 25 degrees centigrade to 40
degrees centigrade. It gradually disappeared from 40 degrees centigrade to 55 degrees
centigrade and completely disappeared at 60 degrees centigrade. Disappearance of the
light blue layer suggests the desorption of the modifier molecules from the iron oxide

single-crystalline wafer or activation of modifier adsorption.
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Figure 3.3.22 The images of the frequency-shift distribution on the plane
perpendicular to the iron oxide single-crystalline wafer surface as the temperature
increases by 5 degrees centigrade from 25 degrees centigrade to 65 degrees centigrade.
The amplitude of the cantilever oscillation was 0.8 nm. The scan range is 30 nm in z

direction and 300 nm in x direction.
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3.3.3 Evaluation of the friction coefficient by a ball on disk friction

tester under heating
3.3.3.1 Methods

The friction coefficient was evaluated with an FPR-2100 ball on disk friction tester
(RHESCA). The load was adjusted to 50 g. Sliding trajectory was circular. The ball
slid on the surface of the disk at a linear velocity of 1 mm/sec for 300 sec. The ball
was made of carbon steel (SUJ2). The same kind of iron oxide single-crystalline
wafer used for the analysis by FM-AFM was used as the disk. The balls were washed
with acetone before setting and replaced with new ones at each measurement. The
friction tests were conducted for two kinds of lubricants at different temperatures.
One lubricant was PAO, and the other was PAO containing oleic acid with a
concentration of 1 mmol/kg. In the friction test for PAO, the temperature was raised in
5 degree centigrade increments from room temperature to 90 degrees centigrade.
Besides, the friction test was also conducted at 150 degrees centigrade. For PAO
containing oleic acid with a concentration of 1 mmol/kg, the temperature was raised
step in 5 degree centigrade increments from room temperature to 75 degrees
centigrade. The radius of the sliding trajectory differed by at least 0.1 mm in each test.
The radius of the contact area is calculated to be 0.018 mm, so the difference of 0.1
mm in the radius of the sliding trajectory is sufficient. The calculation of the contact

area radius is described in Section 3.6.1.

3.3.3.2 Friction coefficient at different temperatures

Figure 3.3.24 shows the friction coefficients at different temperatures. A friction
coefficient versus time graph for each temperature is shown in Figure 3.6.2 to Figure
3.6.27 in the Supporting Information. The average value after 150 seconds when the

friction coefficient started to stabilize is shown in Figure 3.3.16. From room
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temperature to 75 degrees centigrade, the friction coefficient of PAO containing oleic
acid was smaller than that of PAO. At 150 degrees centigrade, the friction coefficient
of PAO containing oleic acid was almost the same as that of PAO. This result suggests
that oleic acid was adsorbed to the surface of iron oxide single-crystalline wafers and
has the effect of reducing friction at temperatures below 90 degrees centigrade, but

desorbed from the wafers at 150 degrees centigrade.

Change of the friction coefficient depending on temperature

EPAO ®PAO+Oleic acid(1lmmolkg)
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Figure 3.3.23 Friction coefficients at different temperatures

About the effects of reducing the friction by carboxylic acids, F. P. Bowden et al.
reported in 1950 that the friction was reduced under conditions that allowed
carboxylates to form on the metal surface!*. M. Ratoi et al. reported in 2000 that the
presence of water molecules greatly affects the formation of carboxylates, and when
water molecules are present, Fe is oxidized to Fe (II) and Fe (III), which promotes the
thickening of carboxylates layers!>. R. Simie et al. reported in 2013 that stearate
formation was induced in the presence of friction!®. As in the previous studies

introduced here, it is generally believed that the friction-reducing effects of carboxylic
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acid are due to the carboxylates, and its effect is lost at high temperatures because the
carboxylates dissolve. On the other hand, S. Loehle et al. reported that the formation
of stearate is not observed in their quantum chemical calculations without friction,
even at 150 degrees centigrade. It was also concluded that stearic acid, oleic acid, and
linolenic acid did not desorb from iron oxide even at 150 degrees centigrade®. There
are a number of parameters to consider, such as concentration, temperature, and type
of base oil, the mechanism of the friction-reducing by carboxylic acid is still carefully
discussed. The results obtained in this study are also one of the materials to consider

the mechanism of the friction-reducing by carboxylic acid.
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3.4 Conclusion

We demonstrated the feasibility of using FM-AFM for mechanically probing a
lubricant-solid interface, carboxylic acid-containing PAO covering the iron oxide
single-crystalline wafers. For PAO containing carboxylic acid, as same as PAO
containing C18AP, we mapped the lubricant-induced force on the probing tip
two-dimensionally on a plane that was perpendicular to the lubricant—iron interface
and thus achieved a force sensitivity and spatial resolution on the order of 10 pN and

10 pm, respectively.

We propose the following conclusions after interpretation of the observed
topographic images. In the topographic measurement, pseudo sliding was caused by
the interaction force generated when the probe was scanned on the surface of the iron
oxide single-crystalline wafer. It was found that adsorption of the carboxylic acid on

the wafer is promoted by sliding.

We propose the following conclusions after interpretation of the observed force
maps. The PAO was directly exposed to the surface of the iron oxide single-crystalline
wafer in the absence of the carboxylic acid modifier, and it exhibited a few liquid
layer parallel to the wafer surface with a layer-to-layer distance of 0.6 - 0.7 nm.
Carboxylic acid, if any in the lubricant, was adsorbed with its polar group end
anchored to the wafers. There was fluctuation of single-chain hydrocarbons of
carboxylic acid 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 0.6 nm - 1 nm when a monomolecular layer of carboxylic
acid was completed. The distance at which the force decays to zero depended on the

molecular structure of the carboxylic acid. Besides, the carboxylic acid in the
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lubricant formed the liquid layered structure on the monolayer with a layer-to-layer

distance of 0.56 - 0.75 nm.

In addition, the temperature dependence of the modifier adsorption on 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 area where the
repulsive force decayed monotonously, that indicates the modifier adsorption to the
iron oxide single-crystalline wafer, became thinner with increasing temperature, and
disappeared at 60 degrees centigrade. This suggests the desorption of the modifier
molecules from the iron oxide single-crystalline wafer or activation of modifier
adsorption. The dynamic friction coefficient of the sliding 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
centigrade to 90 degrees centigrade. From the frequency-shift maps measured by
FM-AFM and the dynamic friction coefficient measured by a friction tester, it was
found that the carboxylic acid was still adsorbed on the iron oxide single-crystalline
wafer at temperatures above 60 degrees centigrade, and although the friction-reducing
effect was maintained, the adsorption was activated enough not to present contact
force to the tip. The mechanical probing with FM-AFM provides a new knowledge on
a molecular scale that cannot be found only from friction phenomena for sliding

friction in the macroscopic dimensions.
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3.6 Supporting Information
3.6.1 The contact surface radius in the ball-on-disk friction test

The contact surface radius of the ball and the sample in the ball-on-disk friction test

can be calculated from Equation 3.3.1 in the Hertz contact model:

1
3

—(BR*F) 3.6.1

a= 1 E .0.
1—1+1 3.6.2
R* R, R, e

1 1-v: 1-2

= 3.6.3

E* E, + E,

where a is the contact surface radius of the ball and the sample, F is load, and R;, E;
and vy are the radius, Young’s modulus and Poisson's ratio of the ball, and R2, E2 and
vz are the radius, Young’s modulus and Poisson's ratio of the sample, respectively.
Figure 3.3.23 shows a schematic diagram of a ball in contact with a plane assumed in

Hertz contact model.

Ball

Sample

Figure 3.6.1 Schematic diagram of a ball in contact with a plane assumed in Hertz

contact model
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The values of the parameters in this friction test are as shown in Table 1. R> was
assumed to be oo because the iron oxide single-crystalline wafers were plane. And
Young’s modulus of the iron oxide single-crystalline wafer was assumed to be the
same as that of sapphire (A1203) having the same crystal structure. The radius of the

contact area is calculated to be 0.018 mm.

Table 3.6.1 Parameters in this friction test

Ball Iron oxide
single-crystalline wafers
Radius 2.38 mm o0
Young’s modulus 210 GPa 470 GPa
Poisson's ratio 0.3 0.25
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3.6.2 Friction test results
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Figure 3.6.2 Friction coefficient-time graph measured using pure PAO at 20 degrees
centigrade. The sliding trajectory was circular with a diameter of 1 mm, the load was
50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized with

the diameter of the circle.

30°C

0.9
0.8
0.7
0.6
0.5

0.4

Friction coefficient

0.3

o1, MMM

0 50 100 150 200 250 300
Time [5]

Figure 3.6.3 Friction coefficient-time graph measured using pure PAO at 30 degrees
centigrade. The sliding trajectory was circular with a diameter of 1.1 mm, the load
was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.4 Friction coefficient-time graph measured using pure PAO at 35 degrees
centigrade. The sliding trajectory was circular with a diameter of 1.2 mm, the load
was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.5 Friction coefficient-time graph measured using pure PAO at 40 degrees
centigrade. The sliding trajectory was circular with a diameter of 1.3 mm, the load

was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.6 Friction coefficient-time graph measured using pure PAO at 45 degrees
centigrade. The sliding trajectory was circular with a diameter of 1.4 mm, the load
was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.7 Friction coefficient-time graph measured using pure PAO at 50 degrees
centigrade. The sliding trajectory was circular with a diameter of 1.5 mm, the load

was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.8 Friction coefficient-time graph measured using pure PAO at 55 degrees
centigrade. The sliding trajectory was circular with a diameter of 1.6 mm, the load
was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.9 Friction coefficient-time graph measured using pure PAO at 60 degrees
centigrade. The sliding trajectory was circular with a diameter of 1.7 mm, the load
was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.10 Friction coefficient-time graph measured using pure PAO at 65 degrees
centigrade. The sliding trajectory was circular with a diameter of 1.8 mm, the load
was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.11 Friction coefficient-time graph measured using pure PAO at 70 degrees
centigrade. The sliding trajectory was circular with a diameter of 1.9 mm, the load
was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.12 Friction coefficient-time graph measured using pure PAO at 75 degrees
centigrade. The sliding trajectory was circular with a diameter of 2.0 mm, the load
was 50 g, and the linear velocity was 1 mm/s. The periodic change was synchronized

with the diameter of the circle.
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Figure 3.6.13 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 20 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.0 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.14 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 20 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.1 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.15 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 35 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.2 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.16 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 40 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.3 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.17 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 45 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.4 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.18 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 50 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.5 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.19 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 55 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.6 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.20 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 60 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.7 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.21 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 65 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.8 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.22 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 70 degrees centigrade. The sliding
trajectory was circular with a diameter of 1.9 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.23 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 75 degrees centigrade. The sliding
trajectory was circular with a diameter of 2.1 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.24 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 80 degrees centigrade. The sliding
trajectory was circular with a diameter of 2.2 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.25 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 85 degrees centigrade. The sliding
trajectory was circular with a diameter of 2.3 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.26 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 90 degrees centigrade. The sliding
trajectory was circular with a diameter of 2.5 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Figure 3.6.27 Friction coefficient-time graph measured using PAO containing oleic
acid with a concentration of 1 mmol/kg at 150 degrees centigrade. The sliding
trajectory was circular with a diameter of 2.6 mm, the load was 50 g, and the linear
velocity was 1 mm/s. The periodic change was synchronized with the diameter of the

circle.
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Chapter 4 Kelvin probe force mapping

in lubricants
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4.1 Introduction

In Chapters 2 and 3, the presence or absence of the modifier adsorption layer on the
iron oxide was probed using FM-AFM, and the vertical as well as lateral distribution
of the layers is visualized in molecular scale resolution by mapping layer-induced
force on the probing tip. By discussing these results together with the dynamic
friction coefficient measured by friction tests, the usefulness of visualizing the
behavior of modifier molecules at the lubricant-metal interface was shown. In these
experiments, only one kind of modifier was added. However, actual lubricants include
a plurality of kinds of modifiers. In addition to topographic and mechanical response,
measurement of surface potential distribution can help in identifying modifiers. In this
chapter, we propose KPFM measurement in lubricants as a new method for
quantifying modifier molecules. Due to the polarity of modifier molecules,
heterogeneous adsorption of modifier molecules on iron oxide should be detected as a
difference in surface potential. The amount of charge can be calculated from the
potential difference, and the amount of modifier molecules can be estimated from the

amount of charge.

Poly-a-olefin containing oleic acid was used for the experiment discussed in this
chapter. Poly-a-olefin is a commercially representative hydrocarbon lubricant, and

oleic acid is a modifier frequently used in practical lubricants.
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4.2 Method

As described in Section 1.2.1, AFM is a microscope that images the interaction
force between the probe tip and the sample surface. A small probe having a diameter
of several tens nm or less is formed at the edge of the cantilever. During the
measurement, the cantilever is mechanically oscillated, and the frequency and
amplitude of the oscillation are changed by the interaction force between the probe tip
and the sample. The change is detected by the laser beam irradiated on the back of the
cantilever. In the measurement of the topography, the scanning is conducted while
keeping the atomic force between the probe tip and the sample constant so that the
cantilever oscillation does not change during the measurement. It means that the
scanning is conducted while keeping the distance between the probe tip and the
sample surface constant. As a result, the scanned trajectory is regarded as the

topography of the sample surface.

KPFM is an analytical method applying Kelvin Probe Force method to AFM!, and
can measure the potential distribution on the sample surface in addition to topography.
Figure 4.2.1 shows a schematic diagram of the KPFM, and Figure 4.2.2 shows a brock
diagram of the KPFM. In KPFM, an AC voltage is applied to the conductive
cantilever. When the potential of the probe is different from that of the sample surface,
an electrostatic attractive force acts between the probe and the sample surface. In
KPFM, the distance between the probe and the sample surface is feedback regulated
to keep constant by the topography measurement mechanism. Therefore, it can be
considered that the electrostatic attractive force is changed only depending on the
potential difference between the probe and the sample surface. When an AC voltage is
applied to the cantilever, a potential difference is generated between the cantilever and

the sample surface, and an electrostatic attractive force acts between them, and the
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cantilever is oscillated at a frequency synchronized with the frequency of the AC
voltage. When a DC voltage is applied to the cantilever so that the potential of the
cantilever is equal to that of the sample surface, the cantilever oscillation amplitude
synchronized with the frequency of the AC voltage is minimized. The potential
distribution on the sample surface can be measured by scanning the cantilever while
applying DC voltage to the cantilever so that the oscillation amplitude of the
cantilever is minimum at each position. The change of the cantilever oscillation by the
atomic force and by the electrostatic attractive force can be separated with the lock-in
amplifier. When KPFM is applied to the AM-AFM, the spatial resolution of the
potential is several tens nm in the XY direction. On the other hand, when KPFM is
applied to the FM-AFM, the spatial resolution of the potential is higher than that of

AM-AFM, and is several nm in the XY direction.
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Figure 4.2.1 A schematic diagram of KPFM.
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Figure 4.2.2 A brock diagram of the KPFM. In addition to a feedback circuit for
measuring topography, there is a feedback circuit for measuring the surface potential
distribution of the sample. An AC voltage and a DC voltage are applied to the
cantilever, and a change in the cantilever oscillation caused by the applied voltage is

extracted with the lock-in amplifier.

27 and gas.® On the

KPFM is a method already established in ultrahigh vacuum
other hand, in liquid, it is both experimentally and theoretically discussed by Ken-ichi
Umeda et al. that it is difficult to work KPFM well when liquid molecules are ionized’.
However, there is reported case that work function changes of Au were measured by

1.1 And fortunately,

KPFM in the nonpolar liquid decane, by Anna L. Domanski et a
since poly-a-olefin (PAO) used as a base oil was also a nonpolar organic solvent,
KPFM could be available for the analysis of the modifiers in lubricating oil. Therefore,

in this section, it was confirmed that KPFM worked well in the lubricant and was able

to detect the potential difference caused by sliding.
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KPFM was enabled with SPM-8100FM and the control unit of SPM-9700HT
(Shimadzu). In FM-KPFM, for the topographic and the potential distribution imaging
of the iron oxide single-crystalline wafers, the resonance oscillation of a doped silicon
cantilever (Nanoworld, PPP-NCHR) was mechanically excited with a piezo-actuator.
The nominal spring constant and the resonant frequency of the cantilevers was 42
N/m and 100-140 kHz, respectively. In AM-KPFM, the doped silicon cantilever
coated with Ptlr (Nanoworld, EFM) was mechanically oscillated at the operating
frequency with a piezo-actuator. The nominal spring constant and the resonant

frequency of the cantilevers was 2.8 N/m and 70 kHz, respectively.

Based on the cantilever holder for the observation in liquid with SPM-8100 FM and
SPM-9700 HT, the cantilever holder was improved to be able to operate KPFM in
liquid. The iron oxide single-crystalline wafer was fixed in a Cu petri dish placed on
the microscope stage driven by a piezoelectric scanner. The dish was filled with the
lubricant of 500 pul and then the cantilever assembly was put on top. The reason why
Cu petri dish was used was in order to keep electrical conductivity. Imaging scans

were conducted at RT.
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4.3 Operation confirmation of KPFM measurement

4.3.1 In hexadecane

Figure 4.3.1 shows the step potential image measured as an operation confirmation
in hexadecane using FM-KPFM. The step potential was made by applying sample
bias voltage at 1V increments. The red color represents higher potential and the blue
color represents lower potential. The potential profile line on the white line is shown
below the potential image and the potential difference between steps was measured at
three points. The step potential of 1 V was measured stably. This result presented that

KPFM operated normally in nonpolar organic solvent hexadecane.

Figure 4.3.1 The potential image of the metal surface with a sample bias voltage
applied in 1V increments. The potential profile line on the white line is shown below
the potential image, and the potential difference between steps was measured at three

points.
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4.3.2 In lubricants

Figure 4.3.2 shows the step potential images measured as an operation confirmation
Figure 4.3.1 shows the step potential image measured as an operation confirmation in
hexadecane using FM-KPFM. The left image was measured in PAO and the right
image was measured in PAO containing oleic acid with a concentration of 1mmol/kg.
The step potential was made by applying sample bias voltage at 1V increments. The
red color represents higher potential and the blue color represents lower potential. The
potential profile lines on the white line are shown below the potential image. In both
cases, the step potential of 1 V was measured stably. These results represented that
KPFM operated normally in PAO and PAO containing oleic acid with a concentration

of 1mmol/kg.
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Figure 4.3.2 The potential image of the metal surface with a sample bias voltage
applied in 1V increments. The potential profile line on the white line is shown below

the potential image.
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4.4 Surface potential distribution of sliding part and non-sliding part

The probe was slid in the region of 500 nm x 500 nm on the surface of the iron
oxide single-crystalline wafer in the lubricants to create a pseudo-boundary
lubrication, using Contact Mode of SPM in which the probe traces the sample surface
with a constant force. The sliding part was fabricated by scanning the AFM probe ten
times in the same area with a contact force of about 0.4 uN for about 43 minutes.
Then the scanning mode of SPM was changed to KPFM Mode from Contact Mode,
the surface potential distribution of this sliding part and non-sliding part was
measured in about 43 minutes. AM-KPFM easier to control than FM-KPFM was used,

because this analysis did not require atomic resolution in XY direction.

The results are shown in Figure 4.4.1. The left image was the potential distribution
image of the wafer surface measured after making the sliding part in PAO and the
right image was the potential distribution image of the wafer measured after making
the sliding part in PAO containing oleic acid with a concentration of Immol/kg. The
scanning range was 2 pm X 2 um. The area of 500 nm % 500 nm surrounded by the
black broken line located in the center of the potential image is the pre-created sliding
part by the AFM probe. The red color represents higher potential and the blue color

represents lower potential.

In either case, there was no significant change in the surface topography before and
after sliding, but in the potential, the change that the potential of sliding part was
higher than that of the non-sliding part was seen. From the non-uniform distribution
of the surface potential due to sliding in lubricating oil, it was succeeded to detect the
change in the surface of the iron oxide single-crystalline wafer, which could not be

detected by topography.
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PAO PAO containing Oleic acid

Topographic Image

1__1Sliding area

Figure 4.4.1 The surface potential distribution image of the iron oxide
single-crystalline wafer measured after making the sliding part (a) in PAO and (b) in
PAO containing oleic acid with a concentration of 1mmol/kg. In either case, the

potential was higher in the sliding part than in the non-sliding part.
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4.5 Conclusion

In this chapter, it was confirmed for the first time that KPFM works normally in
PAO and PAO containing oleic acid. Besides, boundary lubrication was simulated
with an AFM probe, and it was detected that the surface potential was different
between the sliding part and the non-sliding part. This indicates that the sliding in the

lubricating oil changes the charged state of the iron oxide single-crystalline wafer.

Although the objective of this experiment was to identify the type of modifier and
its amount of adsorption from the surface potential difference by using the polar
nature of the modifier, in this study, the experiment is completed when it is confirmed
that the surface potential is different between the sliding part and the non-sliding part.
Further experiments are needed to use KPFM for quantitative evaluation of modifier

sorption layers.
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Chapter 5 General conclusion
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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. The
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 C18AP on the iron oxide film was evaluated, which

is commonly used as an antifriction agent. As the base oil, PAO was used, which is

151



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
AFM/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 sensitivity of the order of 10 pN
achieved 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 CI8AP adsorption layer was evaluated by changing the
concentration of CI18AP. 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 CisH3s chains of CI18AP 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 C18AP was completed. The oxidized iron film was
intermittently covered with C18AP molecules 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 C18AP precursor

adsorption film on the oxidized iron film is related with the friction characteristics of
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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 cross 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 sliding caused from the
interaction force generated when the probe was scanned on the surface of the wafer.
In frequency-shift mapping on ZX plane, by comparing the analytical results of five
carboxylic acids with different molecular structures, 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
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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 SUJ2-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
centigrade 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 FM-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 oleic acid was used, but several kinds
of modifiers are added to the actual lubricants to improve the performance, 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.
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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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