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ABSTRACT

The conformations and lubricating film formation ability of adsorbed films on metal surfaces
formed by polyalkylmethacrylate (PAMA) homopolymers with different polarities from non-
polar lubricant oil were investigated. It was found that as the polarity of the polymers became
higher, the chains in the adsorbed films adsorbed more loosely to the surfaces (i.e., they formed
more loops and tails). The loosely adsorbed chains temporarily trapped free polymer chains
flowing into the gap between sliding surfaces, resulting in a much thicker lubricating film. Thus,
the sliding surfaces were better protected from wear caused by direct contact. On the other hand,
flattened chains occupying in the adsorbed film formed by low polarity-polymers could not trap

free polymer chains, resulting in a thinner lubricating film.



INTRODUCTION

Adsorbed films of polymers on solid surfaces are of great interest not only for their peculiar
properties different from the bulk state, but also for their applications, e.g., cellulose
nanocrystals', biotissues?, and drug delivery?. In the lubrication field, polymer additives have
been used as friction modifiers to improve lubrication performance and reduce wear under severe
working conditions. Under the severe conditions (e.g., low speeds, high loads), a thick
lubricating film between solid surfaces is always desired during sliding to prevent wear caused
by direct contact between solid surfaces. It has been found that a thicker lubricating film were
generated when certain polymer additives are added to the lubricant oil, a phenomenon which
was suggested to be due to adsorption of polymers on solid surfaces. Without the need for any
further thermal annealing treatment, the spontaneously formed adsorbed films are able to prevent

direct contact between sliding solid surfaces and thereby reduce wear and friction*”.

Among the numerous polymers, polymethacrylates (PMAs) have attracted attention for their
beneficial effects not only as viscosity modifiers (VMs), but also in reducing wear by forming
adsorption films. The initial studies on PMAs suggested that only the functionalized block
copolymer type has the ability to form thick lubricating film during sliding®’. This conclusion is
reasonable since the functionalized end of the chains adsorbs to the surface, while the
unfunctionalized parts stretch into lubricant oils, resulting in thick brush-like or mushroom-like
films on the surfaces®. On the other hand, random copolymers and homopolymers had been

believed to only form thin pancake-like films that cannot protect surfaces.

However, recent studies have found that, with high enough polarity, even adsorbed films formed

by random copolymers and homopolymers via physisorption can present a thick lubricating



boundary film to protect surfaces from wear during sliding”’!!. Indeed, random copolymers and
homopolymers with high polarity are able to form adsorbed films with a double-layer
conformation from dilute solutions via physisorption'?!%; the loosely adsorbed chains can be
desorbed from surface by rinsing with solvent, while the flattened chains irreversibly adsorb to
the solid surfaces. However, the thickness of the flattened layer is only several nanometers even
after longtime annealing'’°. How could such a thin layer be able to protect metal surfaces with
roughnesses of tens of nanometers or more? Even more surprisingly, the films adsorbed via
physisorption are highly durable; they can survive shearing with several hundred megapascals of
pressure’?!. Currently, only a qualitative understanding of this phenomenon has been achieved:
the higher durability of the adsorbed films is caused by the stronger bonding between polymers
with higher polarity and metal surfaces. The difficulty lies in in-situ characterization of the
adsorbed films from the lubricant oil, especially their thickness, which is a key parameter in

determining their conformation and ability to separate solid surfaces.

Ellipsometry is widely used to measure the thicknesses of adsorbed films of polymer melts'”*22,

However, the similar refractive indexes of the polymer and lubricant oil (mainly alkane) make it
difficult to measure thickness in-situ by ellipsometry. Recently, through the measurement of gaps
between solids filled with the adsorbed polymer film, we developed a method for in-situ
measurement of the thickness of adsorbed film under pressure that uses the vertical-objective-

)3

based ellipsometric microscopy (VEM)~, which can measure of the temporal changes in

thickness during adsorption with a time resolution of 10 s.

In this study, we used VEM and neutron reflectometry to investigate the effect of the polarity of

polyalkylmethacrylate (PAMA) polymer on the conformation of film adsorbed via physisorption



and attempted to uncover the reason why polymer with higher polarity can generate a thicker

lubricant film during sliding.
EXPERIMENTAL SECTION

Polymer Solutions. Three kinds of PAMA polymer additives with different polarities (poly
(stearyl methacrylate) (PMA-C18, Mw = 18 kg/mol, Mw/Mn = 1.30)), poly (lauryl methacrylate)
(PMA-C12, Mw = 18 kg/mol, Mw/Mn = 1.41), and poly (2-ethylhexyl methacrylate) (PMA-C8
(EH), Mw = 18 kg/mol, Mw/Mn = 1.38) were used, as shown in Scheme 1. The difference
between the polymers is the alkyl chain length, and the number of carbon atoms in the alkyl

group of each polymer is indicated in the abbreviation. The longer the alkyl length, the lower the
polarity of the polymer. Thus, PMA-C8 (EH) has the highest polarity, followed by PMA-C12

and PMA-C18. The polymers were dissolved into Group III mineral lubricant oil (mainly alkanes)
with a concentration of 2.0 wt%. The polymers and lubricant oil were provided by ENEOS

Corporation, Japan. The properties of the polymer solutions are listed in Table 1.

(@) PMA-C18 (b) PMA-C12  (c) PMA-C8 (EH) (d) PMA-C8 (OC)

Ha CH,

CHg CHy C
* * * *

. « . .
n n n n
oo oo z oo

0”0
Pﬁcm
HaC
CH,
CHy

CHg
Scheme 1. Chemical Structure of (a) Poly (stearyl methacrylate) (PMA-C18), (b) Poly (lauryl
methacrylate) (PMA-C12), (c) Poly (2-ethylhexyl methacrylate) (PMA-CS8 (EH)), and (d) Poly

(n-octyl methacrylate) (PMA-CS8 (OC))



Table 1. Physical Properties of PAMA Polymer Solutions

Solution PMA-C18 | PMA-C12 | PMA-C8 (EH)

Density,
0.835 0.836 0.836
g/cm3 (15°C)

Kinematic viscosity,
20.6 20.2 20.4
mm?2/s (40°C)

Viscosity Index 135 137 137

VEM. In the conventional ellipsometry setup, the incident light cannot be reflected at the
interface between the lubricant oil and adsorbed polymer film due to the similar refractive
indices of the polymer and the lubricant oil. As a result, the polarization state of the reflected
light would not change with the thickness of the adsorbed polymer film. Therefore, the thickness
of the adsorbed film cannot be measured in-situ with the conventional ellipsometry setup. In
order to apply the ellipsometry measurement, the adsorbed polymer films must be isolated from
the lubricant oil. In this study, we isolated the adsorbed film in lubricant oil using VEM. The
thickness of the adsorbed films under pressure and gap during sliding can be obtained by VEM.
The schematic setup of VEM is shown in Scheme 2 (a). The details of the VEM setup can be
found in the Supporting Information (Section S2). The ellipsometry optical system was placed
under the glass substrate, and the incident light was reflected at the gap between the metal-coated
slider and glass substrate. Meanwhile, the objective lens was set perpendicular to the sample
surface. This allows real-time observation of the nanometric gap with the high lateral resolution
(0.1 um order) and a wide field of view (100 um in diameter)?¢%°. Glass (K-LaSFn23 glass,
Sumita Optical Glass, Japan) with a refractive index of 1.93 and a thickness of 0.8 mm is used as

the substrate. The slider is a plano-convex glass lens (SLB-05-30P, Sigmakoki, Japan) coated



with 53 nm-thick stainless steel (SUS) by sputtering. Its radius is 15.6 mm. The surface

roughness (Ra) of the slider and the glass substrate are 0.8 nm and 0.3 nm, respectively.

In this study, the polymer films that adsorbed on the surfaces were isolated from the lubricant oil
by squeezing the lubricant oil out of the gap between the surfaces. The procedures for measuring
the thickness of the adsorbed film under pressure are as follows (Scheme 2 (a)): The slider was
separated from the glass substrate, allowing the polymer additives to adsorb onto the solid
surfaces. After maintaining the separation for a certain period of time (~ 10 s), the slider was
firmly pressed onto the glass substrate. The gap between the slider and glass substrate was then
measured by VEM while the slider was under pressure. When the slider was pressed, only the
adsorbed film remained in the contact area because the lubricant oil was squeezed out of the
contact area between the slider and the glass substrate during the pressing process. Therefore, the
measured gap of the contact area at that moment was equal to the thickness of the adsorbed film.
By repeating this procedure of separating and pressing, the temporal change in the thickness of
the adsorbed film during adsorption can be obtained. The load applied during the measurement
was 25.5 mN. In the measurement, a circular area with a diameter of 10 pm was averaged at the
contact center and used to observe the film thickness change. This was done to reduce the error
and improve the resolution caused by surface roughness. The resolution and measurement
accuracy were about 0.3 nm?®. More details of the procedures for adsorbed film thickness

measurement under pressure are described in our previous work?>.
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Scheme 2. (a) Schematic Setup for Measuring Adsorbed Film Thickness and Gap During Sliding.
(b) Stroboscopic Imaging Setup of Measuring Gap at Sliding Frequency of 10 Hz (Image
Capture: 1 frame/sliding cycle). (c) Stroboscopic Imaging Setup of Measuring Gap at Sliding

Frequency of 1 Hz (Image Capture: 20 frames/sliding cycle)

In addition to the adsorbed film thickness measurement, the sliding gap between the glass
substrate and the slider during sliding under different loads was measured by stroboscopic
imaging (Scheme 2 (b), and (c)). The glass substrate was slid reciprocally on an x-piezo stage (P-
733.2DD, Physik Instrumente, Germany) with an amplitude of 15 um. The sliding speed could
be changed by varying the frequency of the stage. The loads and mean pressures of the contact
area during each sliding movement were 2.55 mN (11.9 MPa), 7.65 mN (17.2 MPa), 12.75 mN
(20.4 MPa), 17.85 mN (22.7 MPa), and 25.5 mN (25.6 MPa), respectively. The changes in the
gap with the sliding cycle were measured. All the experiments were conducted at room

temperature (20 °C ~ 25 °C).

Neutron Reflectometry (NR). With the NR measurement, not only the thickness, but also the

density profile of the adsorbed film in the lubricant oil can be obtained in situ, from which the



information on the conformation of the adsorbed films can be obtained. In addition, VEM
measurement requires external pressured to be applied on the adsorbed film, while NR
measurement can be performed under atmospheric pressure. Therefore, by comparing the
thickness by VEM under pressure and the thickness by NR without pressure, the load-bearing

ability of the adsorbed films can be obtained.

The NR measurement was conducted using the soft interface analyzer (SOFIA) horizontal-type
neutron reflectometer at the Materials and Life Science Experimental Facility of J-PARC*. The
schematic setup and scattering length density (SLD) values used in the fitting analysis are shown
in Scheme 3213132, In these measurements, the solvent was replaced with non-polar deuterated
hexadecane (D-hexadecane) (Cambridge Isotope Laboratories, USA) to improve the contrast
between the polymer and the lubricant oil. PMA-C18 (Mw = 18 kg/mol, Mw/Mn = 1.3), PMA-
C12 (Mw = 18 kg/mol, Mw/Mn = 1.40), and poly (n-octyl methacrylate) (PMA-C8 (OC), Mw =
18 kg/mol, Mw/Mn = 1.38) were purchased from Polymer Source, Inc. Although the structure of
PMA-C8 (OC) (Scheme 1(d)) used in the NR experiments is slightly different from that of the
PMA-CS8 (EH) (Scheme 1(c)) used in the VEM experiments, the number of carbon atoms in the
alkyl group of these two polymers is the same, indicating that these two polymers have similar
polarity. In addition, more than 90% of the composition of the Group III oil used in VEM
measurement is nonpolar alkanes. This suggests that the solubilities of PAMAS in hexadecane
and Group III oil are similar. The substrate was 30-nm-thick Fe film (Ra: 0.5nm)sputtered on a
mirror polished silicon block (50 x 50 x 10 mm, Ra: 0.2 nm) by the ion beam sputtering system
at Kyoto University Reactor (KUR-IBS)*. After sputtering, the blocks were stored in a vacuum
chamber to prevent oxidation. The incident angles 8 of the measurement were 0.3, 0.6, and 1.2°.

The measurements were carried out 15 min after the solutions were injected into the sample



holder. These measurements obtained the profiles of reflectivity against the scattering vector Q.
Qz was calculated as Q, = 4msin (6/A), where 6 is the incident angle and A is the wavelength of
the incident neutrons. The obtained NR reflectivity profiles were then analyzed and fitted using
GenX 3.6*. The experiments were conducted at 25 °C. More details on the fitting of NR

measurement are described in the Supporting Information (Section S3).
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Scheme 3. Schematic Setup of Neutron Reflectometry Measurement

Hansen Solubility Parameters (HSPs) Measurement. To evaluate the polarities of the
polymers and the solubilities in hexadecane, the HSPs measurements were performed®. As will
be discussed in the Results and Discussion section, the strong correlation between solubilities
and conformations of adsorbed polymer films was found. In the HSPs theory, the total cohesive
energy, E, of a material (the energy required to break all intermolecular forces) can be divided

into three separate parts:

E:ED+EP+EH (1)
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where Ep is the dispersive component, Ep is the polar component, and En is the hydrogen

bonding component®. The square of the total solubility parameter or the cohesive energy density

8% (8% = 5) then can be obtained by dividing by the molar volume V:
_Ep  Ep  Eu
=vtyvty (2)

8% = 8% + 83 + 64 (3)

wheredp, 6p, and 6y are the experimentally measurable HSPs corresponding to dispersive
interactions, polar interactions, and hydrogen bonding interactions, respectively. The solubility
of a polymer in the solvent can then be evaluated by the HSP distance Ra between the polymer

and the solvent:

2 2 2
Ra = \/4’(6D,polymer - 8D,solvent) + (SP,polymer - 8P,solvent) + (SH,polymer - 8H,solvent) (4)

The smaller R,, the more likely the polymer and solvent are thermodynamically compatible in
the solution. To determine if a polymer could be dissolved in a particular solvent, one can define
a sphere with the center coordinates (6, 6p, 6y) and radius Ro in a three-dimensional coordinate
system. The coordinates of a good solvent should lie within this sphere, i.e., the relative energy

difference (RED):
RED = 2 (5)

should be less than 1 for a good solvent. The smaller the RED distance from the solvent, the

more likely the polymer can be dissolved in it.
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In this study, the HSPs and Ro of PMA-C18, PMA-C12, and PMA-C8 (OC) were measured
using the Hansen Solubility Parameter in Practice (HSPiP) software. For each polymer, the
solubility was analyzed at room temperature (20 °C ~ 25 °C) in 37 solvents with known HSPs.
The measured HSPs, Ro, for each polymer and the RED distance from hexadecane (6p: 16.3, 8p:
0, 8y: 0) are listed in Table 2. Among these polymers, the 6y did not change much. This
suggests that the intermolecular dispersion forces are similar since these polymers have similar
molecular weights. On the other hand, the shorter the length of the alkyl group of the polymer,
the higher the p was found, indicating the higher dipolar intermolecular forces (polarity). The
Sy also increased slightly when the alkyl group of the polymer was shorter. The 37 solvents used
in this study (Table S1) and the details for the measurement are described in the Supporting

Information (Section S1).

Table 2. HSPs for PAMAs and RED Distance from Hexadecane

Sample 8p (MPa®®) | §p (MPa®®) | & (MPa%%) | Ro(MPa%%) | RED
PMA-C18 18.0 2.7 14 1.7 0.59
PMA-C12 17.9 3.6 1.9 7.2 0.72
PMA-C8 (OC) | 175 5.0 2.8 6.7 0.93
RESULTS AND DISCUSSION

Adsorbed Film Thickness and Conformation. The results of the neutron reflectivity
measurements for PMA-C8 (OC), PMA-C12, and PMA-C18 solutions are shown in Fig. 1 (a),

where the solid lines are optimal fitting results and the open symbols are experimental results.

12



The SLD depth profiles for each of the adsorbed films were obtained from the fitting results, as
shown in Fig. 1 (b), where the horizontal axis is the distance from the Fe surface. Assuming
incompressibility and additivity of PAMA polymers and D-hexadecane mixture, the volume
fraction of PAMA polymer ¢ in each layer of the films was calculated as SLD = SLDpama X

¢ + SLDp_pexadecane X (1 — &). Extremely small SLD values at the Fe surface were found in
all cases, indicating that all three polymer chains were adsorbed on the surface. The differences
lied in the upper layers of the films. The SLD of the upper layer in the case of PMA-C18
suddenly increased to the value for a bulk PAMA solution. On the other hand, in the cases of
PMA-C12 and PMA-CS8 (OC), there existed the upper layers whose SLD values were smaller
than that of a bulk solution but larger than those of the pure PAMAs. Therefore, it can be
concluded that the adsorbed PMA-C12 and PMA-C8 (OC) films adopted a double-layer
conformation, while the PMA-C18 film had a single-layer conformation. The single-layer
adsorbed film of PMA-C18 was around 1.2 nm (¢p: > 99 %) thick. The PMA-C12 film had a 1.8
nm-thick bottom layer (¢p: > 99 %) and 2.4 nm-thick top layer (¢p: 12 %). The PMA-CS8 (OC)
film was much thicker: the bottom layer was around 2.7-nm thick with a ¢ more than 99 %, and
the top layer was around 4.5-nm thick with a ¢ of 22 %. The 1.2-nm thickness and over 99%
polymer volume fraction indicated that the adsorbed PMA-C18 film had a dense and flattened
conformation. Increasing the polarity of the polymer caused the top layer of the adsorbed film to

be thicker and have a higher ¢.

13
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Figure 1. (a) Neutron reflectivity measurements of PMA-C8 (OC), PMA-C12, and PMA-C18
adsorbed films on Fe surface in D-hexadecane. Open symbols show experimental data, and solid
lines are fitting results. (b) SLD depth profiles of PMA-C8 (OC), PMA-C12, and PMA-CI18

adsorbed films on Fe surface as functions of distance from the Fe surface.

These results suggest that, as the polarity of the polymer increases, the adsorbed film changes
from a flat conformation (Scheme 4 (a)) to a double-layer conformation (Scheme 4 (b)). The
flattened strongly adsorbed chains occupy the film with the flat conformation, while more
loosely adsorbed chains (loops and tails) exist in the film with double-layer conformation. To
determine the reason for the difference, the adsorption kinetics of polymers on surfaces will be
discussed first, which could be divided into three steps: diffusion to the surface, attachment on
the surface, and reconstruction of the conformation®”-*. In the last step, the polymers spread out
on the surface as much as possible to obtain as much energy gain as possible. A previous study
suggested that the different spread-out rates in the last step lead to different conformations of the
adsorbed films®®. Thus, the difference in conformations revealed in this study might be
interpreted as being due to a difference in the speed at which the polymers “spread out” on

surfaces.
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Scheme 4. (a) Schematic Diagram of Polymer with Low Polarity (PMA-C18) Film Adsorbed on
Surface Measured by NR (without Pressure). (b) Schematic Diagram of Polymer with High
Polarity (PMA-CS) Film Adsorbed on Surface Measured by NR (without Pressure). (c)
Schematic Diagram of Polymer with Low Polarity (PMA-C18) Film Adsorbed on Surface
Measured by VEM (with Pressure). (b) Schematic Diagram of Polymer with High Polarity

(PMA-CS8) Film Adsorbed on Surface Measured by VEM (with Pressure).

Both the Group III oil and D-hexadecane solvents used in this study are non-polar, and the higher
the polarity of the polymer is, the lower the solubility in these solvents becomes. The solubilities
of PAMAs in hexadecane were evaluated by HSPs, as shown in Table 2. The smaller the RED
distance from hexadecane, the more likely the polymer can be dissolved in hexadecane. The
RED distances of PMA-C18, PMA-C12, and PMA-C8 (OC) from hexadecane were 0.59, 0.72
and 0.93, respectively. Therefore, the lowest solubility of PMA-C8 (OC) polymer causes it to be
more like to shrink or curl up on itself in solution, which should result in it taking a longer time
to spread out on the surface. Thus, during adsorption, it is more likely for newly arriving PMA-
C8 (OC) chains to compete with chains that have already attached themselves to the surface
before they were completely flattened. Consequently, not all the chains would have enough room

to flatten themselves fully, resulting in more loosely adsorbed chains (loops and tails). This

15



competition also means that the chains cannot be completely flattened, resulting in a thicker
bottom layer measured in NR (the partially flattened chains in Scheme 4 (b)). On the other hand,
the PMA-C18 polymers prefer to stretch in solution because of their high solubility, suggesting
that they spread out on the surface quickly. Thus, once the chains have become attached to the
surface, they quickly flatten out, and the surface quickly becomes covered by dense flattened
chains. Even if late-arrival chains are able to adsorb to unoccupied areas left on the surface, they
would easily desorb as a result of the limited adsorption sites and the high solubility in the
solvent. Therefore, the adsorbed PMA-C18 film is expected to have a flattened conformation.
Also, since there is no competition, the chains should be fully flat on the surface, resulting in a
thinner layer (the totally flattened chains in Scheme 4 (a)). Note that Zhu et al. found that
PMMA (polar) prefers to form a double-layer adsorbed film on sapphire in CCls (non-polar)
solvent and a single-layer film in CHCIl; (polar) solvent; the findings reported here could
similarly be interpreted as being due to a difference in solubility*°. The simulation results of

Linse also found that a poorer solvent condition causes more tails to form in the adsorbed films*.

The Flory—Huggins parameters (y parameters) for different polymers in hexadecane were also

calculated with the measured HSPs using*!:

_ . Vsolvent 2 2
X=«a RT ((SD,polymer - 8D,solvent) + 0-25(5P,polymer - 5P,solvent) +

2
0.25(8H,polymer - 8H,solvent) ) (6)

where vgovent IS the molar volume of the solvent (cm3/mol), R is the gas constant (8.314
J/(mol-K)), T is the temperature (in K), and a is a correction factor. Lindvig et al. found that a
universal correction factor a = 0.6 could be used in the solutions of poly methacrylates
(PMAs)*, Although the correction factor a = 0.6 has not been verified in the solution

conditions (2wt% PAMAs/hexadecane) used in this study, the calculation results could still

16



provide some indication. The calculated y parameters for PMA-C18, PMA-C12, and PMA-C8
(OC) in hexadecane at room temperature (298.15 K) were 0.37, 0.48, and 0.69, respectively. In
General, a solvent was considered as a good solvent when y < 0.5 and a non-solvent when y > 1.
Figure 2 shows the relationship between y parameter and the thickness of adsorbed films. The
red symbols denote the thickness of the bottom layer of adsorbed films, and the blue symbols
denote the total thickness. Compared to the top layers, the volume fractions of polymer chains in
the bottom layers were much larger (¢: > 99 %). Therefore, the bottom layers contributed most to
the adsorption masses. The strong correlation between y parameter and the bottom layer
thickness of the adsorbed films was found. The relationship between the y parameter and bottom
layer thickness can be approximated to a linear function. The bottom layer thickness of also
decreased toward 0 as the y parameter approached 0. This tendency is reasonable: Because when
x = 0, the energy difference between polymer and solvent could be considered as 0. As a result,
the polymer/surface and solvent/surface interactions would be the same, and the polymer would

not adsorb on the surface.
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Figure 2. Relationship between x Parameter and Film Thickness of Adsorbed Films Measured
by NR. The Red Symbols Denote the Thickness of the Bottom Layer of Adsorbed Films, and the

Blue Symbols Denote the Total Thickness.

We also tried to explain this difference from the perspective of entropy. The polymer chain
adsorption can be considered to be the result of competition between the polymer chain’s
surface-sticking energy gain and translational entropy loss®®. For the same number of adsorption
sites, polymer chains with higher polarity may gain more surface-sticking energy from the higher
dipolar forces. The higher energy gain thus compensates for the high translational entropy loss of
the polymer chains, suggesting that more polymer chains can be adsorbed. Therefore, since more
adsorbed polymer chains can adsorb to the same adsorption sites, a polymer with higher polarity

should form more loops and tails.

The temporal changes in the thicknesses of different adsorbed films during adsorption were
measured under pressure by VEM, as shown in Fig. 3. The thicknesses of the adsorbed films
became stable in less than 100 s. Note that even if the measured thickness became saturated
quickly, it may take a much longer time to let the adsorbed films reach equilibrium. The
saturation thicknesses of PMA-C18, PMA-C12, and PMA-C8 (EH) were 0.9 nm, 1.5 nm, and 2.8
nm under the load of 25.5 mN. The thicknesses of the adsorbed films under pressure were almost
the same as the thicknesses of the corresponding bottom layers on the Fe surface measured by
NR (PMA-C18: 1.2nm, PMA-C12: 1.8 nm, and PMA-C8(OC): 2.7 nm) when no pressure was
applied to the films. These results suggest that the polymers did not adsorb on the non-polar
glass substrate. The reason could be that the gain in energy of the polymer chains from the weak
adsorption cannot compensate for their translational entropy loss. The results also indicate that

only the dense flattened chains in the bottom layer (¢ > 99%) had a load-bearing ability (Scheme
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4 (¢), (d)). On the other hand, the volume fractions of polymer chains in the loosely adsorbed
layers were very low (¢ < 25%), the polymer chains of the loosely adsorbed layers would

collapse when pressure was applied to the films, resulting in thinner thicknesses (Scheme 4(d)).
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Figure 3. Temporal changes in thickness of PMA-CS8 (EH), PMA-C12, and PMA-C18 films

adsorbed on SUS surface in Group III oil under a load of 25.5 mN.

Since the top layers of the adsorbed films cannot withstand the load, and the thicknesses of the
bottom layers were less than 3 nm, how could such thin films separate the sliding surfaces under
pressure? To see how this is possible, the changes in the gap between the slider and glass

substrate were measured as the number of sliding cycles was increased.

Lubrication Film Formation Abilities. After the thicknesses of the adsorbed films saturated,

the glass substrate was driven by the x-piezo stage in a reciprocating manner at a constant speed
of 0.6 mm/s (frequency: 10 Hz). The sliding amplitude was 15 um. During each sliding cycle, a
two-dimensional gap distribution image (one frame) was captured with stroboscopic imaging at

the moment of 1/4 cycle (Scheme 2 (b)). The changes in the gap at the center of the contact area
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(diameter: ~ 10 pum) versus the number of sliding cycles under different sliding loads are shown
in Fig. 4. For PMA-C18 and PMA-C12, the gap between the slider and glass substrate became
stable within a few cycles after the sliding started. As the applied load became higher, the gap
became smaller; this is a reasonable result because higher loads make it harder for the lubricant
oil to flow into the gap. When the sliding load was 25.5 mN, the thickness of generated sliding
lubrication film (gap) was almost the same as that of the static adsorbed film under pressure. On
the other hand, the case of PMA-C8 (EH) was quite different. When the sliding load was low
(2.55 mN), the sliding gap became stable within 20 sliding cycles, whereas under higher sliding
loads, the gap increased slowly with the number of sliding cycles. Surprisingly, after several -
hundred cycles, the sliding gap under higher loads was larger than that under 2.55 mN. At the
end of the sliding, the gap was over 10 nm for all loads. Although the sliding gap stabilized very
quickly under 2.55 mN, the 10 nm sliding gap was much larger than those of PMA-C18 and
PMA-CS8 (EH), which is unusual because the same applied loads and sliding speeds should
generate the same hydrodynamic pressure for the liquids with same viscosity. To determine the
reason for this difference, gap profiles during sliding were extracted from the captured gap

distribution images.
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Figure 4. Change in gap at the center of contact area versus number of sliding cycles under loads
of 2.55 mN, 7.65 mN, 12.75mN, 17.85mN, and 25.5 mN for (a) PMA-C18, (b) PMA-C12, and

(¢) PMA-C8 (EH).

The gap distributions along the sliding direction between the slider and glass substrate are shown
in Fig. 5 for each PAMA polymer under different sliding loads. The gap profiles were obtained
by averaging over a 10-um-wide area, and the profiles at the 20" (Fig. 5 (a), (c), and (e)), and
600" sliding cycle (Fig. 5 (b), (d), and (f)) are shown. At the 20™ cycle, the minimum gap for all
PAMAs were decreased as the applied loads increased. In addition, the gap near inlet area of the
flow was larger than that around the outlet; this difference was due to nanometric deformations
of the slider surface caused by the hydrodynamic pressure of sliding. At the 600" cycle, the gap
profiles for PMA-C18 (Fig. 5 (b)) and PMA-C12 (Fig. 5 (d)) were almost the same as those of
the 20" cycle (Fig. 5 (a), and (c)). On the other hand, the PMA-C8 (EH) film on the slider
surface showed a totally different gap distribution at the 600™ cycle: its geometry was concave
(Fig. 5 (f)), suggesting deformation of the slider. The gap at the center of the contact area
remained almost the same under different loads. In addition, the gap at the center of was even
slightly larger under the 25.5 mN load than under 2.55 mN. Note that the slider was hard glass,
whose Young’s modulus is 79.9 GPa. Moreover, the viscosities of the lubricants were very
similar (Table 1), which means that the hydrodynamic pressure should deform the slider surfaces
of all of the lubricants in a similar way. Therefore, the unique deformation of the slider surface in
the case of PMA-C8 (EH) can only be due to the accumulation of polymers. A similar

phenomenon was also reported by Yamada et al.**.
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Figure 5. Gap profiles between slider and glass substrate for each PAMA polymer under
different sliding loads. (a) PMA-C18 at the 20" sliding cycle, (b) PMA-C18 at the 600™ sliding
cycle, (¢) PMA-C12 at the 20" sliding cycle, (d) PMA-C12 at the 600" sliding cycle, (¢) PMA-

C8 (EH) at the 20" sliding cycle, and (f) PMA-CS8 (EH) at the 600" sliding cycle.

The accumulation in the case of PMA-C8 (EH) could be explained from the conformation of its
adsorbed film. In particular, the NR results (Fig. 1) reveal that the adsorbed film had more

loosely adsorbed chains. The thickness of the top layer (¢: 22 %) was over 4 nm. Recent studies
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on interpolymer adhesion of adsorbed films have shown that free bulk polymers can penetrate
loosely adsorbed chains. The loosely adsorbed chains act as “connecters” that bridge bulk chains
and the substrate, leading to strong adhesion**~*®. This is in contrast to flattened chains which
show “autophobic” behavior with bulk free chains**, and no adhesion is found between
chemically identical polymer chains**. Therefore, the loosely adsorbed chains of the PMA-C8
(EH) film could have trapped the free polymer chains that flowed into the gap from outside the
contact area, which would have resulted in a larger gap during sliding. Since the motion of the
glass substrate was a reciprocating one, the free polymer chains entered from both sides of the
contact area. The trapped polymer chains thus accumulated near the center of the gap, resulting

in the concave gap distribution.

In this study, the sliding amplitude of the glass substrate was fixed. As the applied load increased,
the contact area between the slider and glass substrate also increased, making it harder for free
polymer chains to flow into the contact area. Therefore, the gap showed a slower increase with
the number of sliding cycles (Fig. 4 (c)). In addition, the larger contact area made it harder to
expel polymer chains from the contact area, which can account for why the gap at the center of
the contact area under the load of 25.5 mN was slightly larger than that under 2.55 mN (Fig. 5
(1)). In the case of PMA-C18, the adsorbed films had almost no loosely adsorbed chains, and the
flattened chains could not trap free chains due to the “autophobic” effect mentioned previously.
Therefore, the gap stabilized very quickly after the sliding started (Fig. 4 (a)) and no polymers

accumulated (Fig. 5 (a) and (b)).

However, one may suppose that the flattened chains of PMA-C18 film could trap the free
polymers and cause accumulation, although no accumulation was found to be due to the

desorption of chains from the surface by shearing. The following experiments were conducted in
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an attempt to show that the flattened chains of the PMA-C18 film could not have been the cause
of the accumulation. The film thicknesses (gap at the center of the contact area) were measured
at a load of 25.5 mN just after the sliding motion was stopped at 600 cycles (the open symbols in
Fig. 6) and compared with those before sliding (Fig. 3). Figure 6 is divided into two parts: the
left side of the double dashed line shows the results of the formation process of the films before
sliding (the same as Fig. 3), and the horizontal axis is the time during adsorption process. The
right side shows the thickness after each sliding test, and the horizontal axis is the number of
sliding tests (each sliding test lasted for 600 cycles). The applied load during each sliding is
indicated in the figure. For PMA-C18, it can be seen that the film thicknesses just after sliding
were the same as those before sliding. These results suggest that the adsorbed films of PMA-C18
did not desorb even under the highest load (25.5 mN). Therefore, no polymer accumulation
occurred in the case of PMA-C18, because the flattened chains could not trap the bulk free

chains, not because the flattened chains desorbed from the surface by shearing.
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Figure 6. Comparison of film thicknesses of PMA-C8 (EH), PMA-C12, and PMA-C18 before
and after sliding. The left side of the double dashed line shows adsorbed film thickness during

adsorption. The right side shows film thickness after sliding under loads of 2.55 mN, 7.65 mN,
12.75mN, 17.85 mN, and 25.5mN, where the open symbols are results just after sliding and the

filled symbols are the results after one separation.

On the other hand, in the case of PMA-CS8 (EH), there was a large increase in the film thickness
just after sliding (the blue open symbols in Fig. 6), which was due to polymer accumulation as
discussed previously. Since the contact area becomes larger the higher the load, the more
difficult it is for the free polymer chains to escape from the contact area. Therefore, as the sliding
load increased, the thickness of the film just after sliding also increased. As for the PMA-C12,
there was a slight increase in thickness just after sliding (the green open symbols in Fig. 6),
suggesting a slight polymer accumulation; this would have been due to it has less loosely

adsorbed chains compared with PMA-C8 (EH).

Next, experiments were conducted to see if the trapped polymers remained on the surface. Here,
the gap profiles were measured just after sliding. Then, the slider was separated from the glass
substrate for a few seconds and then pressed on it again. The gap profiles after this single
separation were measured and compared with those just after sliding. Figure 7 shows this
comparison for different PAMAs after sliding under the highest load (25.5 mN), where the blue
lines are the results just after sliding and the orange lines are those after one separation. For
PMA-C18, the gap profiles just after sliding were exactly the same as those after one separation
(Fig. 7(a)). For PMA-C12 and PMA-CS8 (EH) (Fig. 7 (b), (¢)), the gap distribution became
ordinary after one separation, indicating that the trapped polymer chains redissolved into the

solvent, because such trapped polymer chains caused a large entropy penalty, and it cannot be
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maintained in the static condition. The profiles in Fig. 7 (b), (¢) also suggested that the
accumulated polymers cannot be the already adsorbed polymers. It can be seen that the volume
of polymers in the contact area that just after sliding was larger than that after one separation,
suggesting that the new (non-adsorbed) polymers were induced in the contact area during sliding.
The adsorbed film thicknesses after one separation (gap at the center of the contact area) were
compared with those before sliding (compare Fig. 3 with the filled symbols in Fig. 6). The film
thickness after sliding was unchanged from that before sliding, which suggests that the
conformations of the adsorbed films did not change or quickly returned to the equilibrium state

once the pressure was released.
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Figure 7. Comparison of gap profiles just after sliding and after one separation for (a) PMA-C18,

(b) PMA-C12, and (c) PMA-CS (EH).

Kinetics of Polymer Accumulation. To observe the details of the PMA-C8 (EH) polymer
accumulation process, instead of changing phase of the stroboscopic imaging system (Scheme 2
(b)), 20 frames of gap-distribution images were captured for each sliding cycle (Scheme 2 (c)).

The purpose is to prevent error caused by slightly different conditions and drift between different
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sliding tests. Due to the limitations of the camera, the sliding frequency was set to 1 Hz (speed:
0.06 mm/s) instead of the 10 Hz in the previous experiments, and the frame rate of the camera
then was set to 20 FPS (Scheme 2 (¢)). Figure 8 shows the changes in the gap profile during the
200" sliding cycle (sliding frequency: 1 Hz (speed: 0.06 mm/s); sliding load: 12.75 mN). The
whole sliding process for the two-dimensional gap distribution and changes in the gap profile can
be found in Supplemental movie (Movie S1). At the beginning of sliding, the slider stuck to the
glass substrate, so that the position of the contact area moved to the right a little with the speed of
the x-piezo stage (Fig. 8(a)). Then, sliding between the slider and glass substrate occurred as the
shear strength was achieved, after which the position of the contact area did not change while the
glass substrate was still sliding (Fig. 8(b)). During the sliding process, the free polymers outside
the contact area flowed into the gap. Because of the interactions with the loosely adsorbed chains
of the adsorbed films, the free polymer chains moved at a speed of around 0.03 mm/s, which is
more slowly than that of the glass substrate (0.06 mm/s); this movement is reflected in the
position changes in the concavity of the contact area in Fig. 8(b). Before these free polymer
chains escaped the contact area, the sliding started in the opposite direction (Fig. 8 (c)).

Consequently, they became trapped and accumulated at the center of the contact area.
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Figure 8. Gap profile changes during the 200" sliding cycle for PMA-CS8 (EH) at (a) 0 ~ 50 ms,
(b) 50 ~ 500 ms, and (c) 500 ~ 550 ms (applied load: 12.75 mN; sliding speed: 0.06 mm/s (1

Hz)).

On the basis of kinetics, the accumulation of PMA-C8 (EH) polymers should be strongly
affected by the sliding speed since they are free polymers. When the sliding speed is low enough,
the free polymers should be expelled from the contact area with the movement of the glass
substrate. Figure 9 shows the change in the gap versus the number of sliding cycles for different
sliding speeds by changing the frequency of the x-piezo stage under a load of 12.75 mN. The
green symbols in Fig. 9 are corresponding to the results in Fig. 8. As shown in Fig. 9, the
polymer became less likely to accumulate as the sliding speed decreased. In particular, as shown
by the red symbols in Fig. 9, when the sliding speed was less than 0.03mm/s (the speed of free
polymer chains in the contact area during sliding in Fig. 8), the accumulation phenomenon

disappeared.
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Figure 9. Change in gap versus number of sliding cycles for PMA-C8 (EH) under load of 12.75

mN for sliding speeds of 0.6 mm/s, 0.15 mm/s, 0.06 mm/s, and 0.015 mm/s.
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The question of why random copolymer or homopolymer with high polarity can effectively
protect surfaces from wear can be answered on the basis of the results presented above. The
adsorbed films formed by these polymers have more loosely adsorbed chains (tails and loops).
Although these chains cannot withstand much load, they trap free bulk polymers that flow into
the gap between the sliding surfaces. As a result, much thicker lubricating films form, which
reduces the contact area and prevents direct contact between the surfaces. The trapped polymer
chains not only protect the surfaces but also the adsorbed film from being rubbed directly. Thus,

friction, especially wear caused by direct contact, can be prevented.

This wear reduction mechanism is different from that of polymer brushes. Polymer brushes
grafted on surfaces reduce friction by steric repulsion between molecules*’, and thus the
thickness of the lubricating films is limited by the length of the grafted chains. The loosely
adsorbed chains can generate thicker lubricating films by trapping free chains especially at
higher loads, since the free chains are harder to expel and thus should have better wear reduction

performance at high loads.

CONCLUSIONS

We investigated the effect of the polarity of PAMA polymers on the conformation of their films
adsorbed from the non-polar solvent on Fe surfaces. Our results showed that an increase in
polymer polarity resulted in a higher Flory—Huggins parameter (y parameter) in hexadecane and
a thicker adsorbed film on the surface. The conformation of the adsorbed films also changed
from the single layer structure with flattened chains to a double-layer structure with more loosely
adsorbed chains (loops and tails). The reason for this transition could be due to the difference in

solubility. The solubility of the polymer in the non-polar solvent decreased as its polarity
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increased. With lower solubility, the polymer tends to curl up in solution, so it takes a longer
time to spread out on the surface during adsorption. As a result, newly arriving polymer chains
are more likely to compete with chains that were already attached to the surface before they were
completely flattened. Due to this competition, not all the chains would have enough room to

flatten themselves fully, resulting in more loosely adsorbed chains (loops and tails).

In terms of the lubricating film formation, the flattened polymer chains of the adsorbed film
formed by the low-polarity polymers could not trap the free polymer chains, resulting in thin
lubricating film during sliding. In contrast, although the loosely adsorbed polymer chains of the
adsorbed films formed by high-polarity polymers could not withstand much load, they trapped
bulk free polymer chains that flowed into the gap from outside the contact area during sliding.
The trapped free chains could not all be expelled from the gap unless the sliding speed was
extremely low. Consequently, much thicker lubricating films formed during sliding. The trapped
polymers protected not only the surfaces but also the adsorbed film from direct rubbing, which
could answer the question of why adsorbed polymer films with high polarities can reduce wear
and have high durability. Our findings thus shed new light on how to design polymer additives in

lubricant oils.
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