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Abstract

This study investigates the elemental composition and surface morphology of solid tribochemical films formed on steel
surfaces. The reversible addition-fragmentation chain transfer (RAFT) method was used to synthesize nine different metal-
free polymers, which were blended into commercial base oils. The polymers were either homopolymers of dodecyl meth-
acrylate and ethylhexyl methacrylate or were co-polymers of these monomers with six polar monomers. After tribological
testing at 100 °C using the ball-on-flat geometry, the resulting tribochemical films were imaged using scanning electron
microscopy (SEM) and optical microscopy. The resulting tribochemical films have thicknesses around 50-100 nm. Two
of the films corresponding to small (P1—imidazole-containing copolymer) and large (P3—Iless polar homopolymer) wear
were cross-sectioned using focused ion beam (FIB) and analyzed for elemental composition using energy-dispersive X-Ray
(EDX) mapping. Oxygen and nitrogen enrichment was observed, consistent with the relative chemical composition of the
precursor polymers. Transmission electron microscopy (TEM) evidence suggests that at the worn surface, some organic
elements penetrate or are mixed into the steel substrate giving an interlocking appearance. The two samples examined with
TEM showed that P1 tribofilm is diffused or mixed with the steel substrate more so than P3, suggesting a stronger affinity
and contact during tribofilm formation.
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1 Introduction

Lubricants are used in vehicle engines and in machinery to
reduce friction and wear, dissipate heat, prevent corrosion
and oxidation, and often remove or sequester [1]. The effi-
ciency of engines may be increased by lowering oil viscosity,
thereby minimizing hydrodynamic shear losses. On the other
hand, with lower viscosity comes greater asperity contact,
which leads to lubrication moving from hydrodynamic (thick
film), to mixed, or to boundary (thin film) regime. With the
advent of less viscous fluids, viscosity modifiers, friction
modifiers, and antiwear additives become more important
in compensating for the reduced surface separation by such
oils and increase service life. There are four classes of fric-
tion modifier additives: (1) organic friction modifiers which
include amine and free fatty acids; (2) organo-molybdenum
compounds; (3) functionalized polymers which adsorb on
polar surfaces and reduce friction in some contact con-
ditions; and (4) nanoparticles. Several reviews present
advancements and challenges with each class [2—4].

Organometallic additives such as zinc dialkyldithi-
ophosphates (ZDDP) [5], molybdenum dithiocarbamate
(MoDTC), and molybdenum dithiophosphate (MoDTP) [6,
7] are widely used effective antiwear and friction modifiers
via reaction with metal surfaces to form protective coatings
and suppressing surface wear, but may produce unacceptable
SAPS (sulphated ash, phosphorus, and sulfur) emissions [8,
9]. Although not currently adopted by industry, additives
which are free of these hazardous components are desirable;
a need for them can become critical especially if driven by
environmental considerations. In this context, multifunc-
tional ashless additives may be useful for performing sev-
eral functions (viscosity index, antiwear, friction reduction)
while decreasing the complexity of lubricant formulations.
There are many reports of functionalized polymers that offer
friction reduction along with competitive viscosity index
improvements [3, 10—15].

Our research efforts have shown that modestly polar poly-
mers can contribute efficiently to surface protection, pre-
sumably due to a formed polymer layer that prevents hard
contact between the two shearing solid surfaces. In addition
to surface protection, the adsorbed polymers may also aid
in friction reduction or stabilization. By definition, a fric-
tion modifier reduces friction or stabilizes the coefficient
of friction (COF) profile. In our experience, polymers that
have large enough molecular weights (M,,) to be efficient
viscosity index improvers (VIIs) only offer marginal friction
and wear benefits, if any [16, 17]. If the primary function
of the polymers is as VIIs, then by design, they have high
molecular weights, which in turn results in permanent shear
thinning due to mechanical cleavage of chemical bonds
during shear [18-21]. To mitigate the shear losses, lower
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M, polymers can be employed as VIIs. We reported in the
past multifunctional polymers that offered competitive VIIs,
superior shear stability versus commercial benchmarks, and
wear protection [22]. These low molecular weight analogs
(homopolymer and co-polymers) had a low and broad M,,
(40-60 kDa with polydispersity 5-7,) as they were pre-
pared via free radical polymerization and required up to
12% w/w/ polymer in a Group III base oil whose viscosity
at 100 °C is 4 cSt, to obtain competitive viscosity indexes
(VIs). Although these compounds provided good shear sta-
bilities, and high VIs, they provided only a modest wear
benefit, albeit their large concentration required. Recently,
we reported similar linear polymers with higher but narrow
molecular weights (M, 130-170 kDa, with polydispersity
1.5-2), prepared via Reversible Addition-Fragmentation
Chain Transfer (RAFT), which were designed specifically
for shear stability, VI performance, and antiwear [23].
The polar moieties included the following: vinylimidazole
(VIm), hydroxyethylmethacrylate (HEMA), methacrylic
acid (MA), glycidylmethacrylate (GlyMA), and 2-(dimethyl-
amino)ethyl methacrylate (DMAEMA). We also introduced
polarity via boronate ester in the molecular design using
free radical polymerization with a vinyl monomer (RAFT
was inefficient toward copolymerization with DMA). The
rheology of these polymers, wear, friction, and shear stabil-
ity were evaluated in a 70%100R/30%220R (w/w) base oil
at only 2% (w/w) and compared to a commercial bench-
mark utilized in hydraulic fluids for fluid power applications.
Molecular weights ranged from 120 to 170 kDa, and the
resulting VIs in general correlated with M,,. The COF of all
compounds were comparable to the commercial benchmark,
except the lowest molecular weight polymer which showed
a significant friction reduction (25%). The low molecular
weight imidazole-containing polymer produced much less
wear (<4%) than did the commercial standard followed by
the higher molecular weight polymers containing imida-
zole, hydroxy group, and amino group, respectively. This
result supports our hypothesis that polar moieties have a
higher affinity for the surface and provide wear protection.
Molecular weight correlated well with shear stability (via
KRL at 100 °C) suggesting that it is the main driver in shear
stability losses alongside architecture, and several polymers
displayed very low viscosity losses, comparable to those of
the commercial benchmark between 2 and 5%. However,
until now, we have not attempted to analyze the flat surfaces
of the wear tracks. Although X-ray spectroscopy has been
widely employed to analyze tribochemical films induced
from ionic liquid friction or ionic liquid in combination
with zinc dialkyl dithiophosphate, similar studies from non-
metallic organic compounds that do not contain phosphorus
or sulfur are not known in the published literature [24-29].
In this work, via SEM and TEM analysis of the flat surfaces
after friction (ball-on-flat) for 1 h, at 100 °C, we probe for
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the presence of chemical tribochemical films, understand
the nature of the interfaces, and investigate whether they
correlate to wear performance. This analysis will enable a
better assessment of the structure—wear relationship, as well
as prove the utility of polymers as antiwear additives, and
help future molecular designs of advanced materials.

2 Experimental

The synthesis and characterization of the polymers and their
oil solution bulk rheology properties (kinematic viscosities,
viscosity indexes, and shear) are not discussed here as they
are reported elsewhere [23]. Wear is presented here in some
detail, as it is pertinent to the flat-surface analysis evaluation
and serves as a cross check for tribochemical film formation.

2.1 Lubricant Test Samples

Polymers with controlled molecular weights contain-
ing nitrogen, oxygen and boron as potential polar surface
anchors, were prepared, with the expectation that they would
display reduced wear based on their surface affinity. The
list of co-monomers utilized in the synthesis and their feed
ratios, as well as their M, are reported in Fig. 1.

Fig. 1 Polymer composition,
molecular weight, monomer
feed, and structure. P2 and P3
are homopolymers of the mono-
mers indicated in the respective

Polymers were dissolved in a mixture of two base
oils commonly used in hydraulic fluid formulations,
70%100R/30%220R (w/w), at a concentration of 2% w/w.
The base oils were combined as such, to achieve a specific
viscosity near 4 cSt at 100 °C. The polymer solutions in
base oil had the following KV100: 6.00 ¢St (P1), 6.380 cSt
(P2), 6.440 cSt (P3), 5.52 cSt (P4), 6.90 cSt (P5), 7.10 cSt
P6), 6.95 cSt (P7), 5.75 ¢St (P8), and 6.63 cSt (P9). These
polymer solutions were utilized for subsequent friction and
wear measurements as described below.

2.2 Tribology Procedure

A modified TE 67/R Plint tribometer, with the plate driven
by a motor through a Scotch Yoke mechanism, was used to
produce reciprocating motion. Instantaneous friction force
measurements were obtained by a piezoelectric load cell
(Kistler 9332A) and amplifier (Kistler 5010). A ball-on-flat
geometry was employed in which the stationary upper speci-
men was a hardened-type 52100 steel (HRC62, Sa=15 nm)
ball 2” diameter, and the flat reciprocating lower specimen,
the “plate,” had roughness Sa=6 nm, obtained by lapping
type 52100 steel coupons (HRC62) The test temperature was
100 °C and the test duration was 1 h. The stroke length was
20 mm and the reciprocation rate was 2 Hz. A deadweight
load of 15.6 N was used to produce a peak initial static

Poly(DMA-co-V-imidazole)
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Hertzian pressure of 1 GPa, with an initial circular Hertzian
contact patch of 180 um diameter. The added fluid quantity
was about 120 mm? which, due to surface tension, produced
a small pool of oil surrounding the ball/plate contact area.
The sliding was in the boundary regime where lambda, or
specific film thickness, was always much less than unity.
The largest film separation is obtained for Hertzian con-
tact at the start of test P6 (highest viscosity) with highly
polished specimens at mid-stroke. For a sphere-on-plane
contact geometry with parameters of 7.1 ¢St fluid viscosity,
entrainment speed of 0.063 m/s, pressure viscosity coeffi-
cient of 9 GPa™!, density of 0.78 g/ml at 100 °C, modulus of
elasticity of 210 GPa, Poison’s ratio of 0.3, load of 15.6 N,
the minimum film thickness is 9.82 nm, the lambda ratio is
0.422 for ball and flat roughness of 6 nm and 15 nm. After
sliding occurred, roughening and rough tribochemical film
production reduced the lambda ratio further.

2.3 Optical Imaging

After cleaning with isopropyl alcohol and wipes to remove
oil, post-test optical images of the ball and plate were
obtained using an Olympus STM6 metallurgical microscope.
This washing removes debris, oil, degradation products, or
non-adsorbed polymers from the surface. Track images were
obtained very close to mid-stroke. In no instances were dif-
ferences in appearance observed along the length of the track
on the plate.

Post-test profilometric images of the balls and quantita-
tive wear data were obtained using a Bruker GTK white-
light interferometer (WLI) using Vision software. Wear of
the ball was calculated after mathematically removing the
curvature using Bruker Vision software. Two tests were per-
formed for each polymer solution, and both values as well
as the average are reported in Fig. 2. The imaging procedure

was similar for the plate, and examples from P1 and P3 are
shown in Figs. 4, 5, and 6.

2.4 Scanning Electron Microscopy (SEM)

The metal plate was washed with hexanes, dichloromethane,
and acetone to remove oils and residues that accumulated
during friction measurements, prior to SEM measurements.
The washing procedure potentially removed loose poly-
mer or degradation products, not adsorbed or fused to the
metal plate. A scanning electron microscopy (SEM, Helios
NanoLab 6001, Thermo Fisher Scientific) equipped with an
energy-dispersive x-ray spectrometry (EDS, Oxford Instru-
ments, Oxforshire, UK) was employed at 0.17 nA/5 keV for
imaging and low-magnification composition analysis. In
order to qualitatively compare the composition of light ele-
ments (such as O and N), which is challenging for EDS, we
conducted the elemental analysis at the same conditions for
all samples, including voltage (5 keV), current (0.17nA), tilt
angle (15°), and collection time (~ 5 min).

2.5 Transmission Electron Microscopy (TEM)
2.5.1 TEM Sample Preparation

The TEM sample of cross-section lamella was prepared
using a combination scanning electron and focused ion
beam microscope (Helios Nanolab DualBeam, 600i Ther-
moFisher) as follows. To reduce the ion beam damage
during TEM samples preparation process, a 5 nm Pt pro-
tection layer was deposited on the top of the film at room
temperature using a sputter coater (208HR, Cressington,
UK) equipped with a high-resolution thickness monitor.
A sputter current of 60 mA was employed. Another~1 pm
platinum protection layer was deposited on the sample using
focused ion beam in SEM. TEM lamella were then cut by a
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Fig.3 SEM images of polymers P1-P9 at differing magnifications

gallium-based focused ion beam (FIB, Helios NanoLab 600i,
Thermo Fisher Scientific). During this process, the TEM
samples were first milled at 0.28 nA/30 keV and then fine-
milled by ion beam using low energies (28 pA/5 keV and 28
pA/2 keV) to minimize ion damage on samples.

2.5.2 TEM Characterization

An aberration-corrected TEM (Titan from Fisher Ther-
mal, USA) equipped with a high-angle annular dark-field
(HAADF) detector and an EDS system was employed at
300 kV for HAADF scanning TEM and elemental composi-
tion analysis. TEM elemental analysis was conducted at the
same conditions. Films P1 and P3 (Fig. 1), with the best and
worst performance, were selected for TEM characterization.

2.5.3 Thickness Measurement

The detailed thickness measurement of tribochemical films
is as follows: (1) outline interfaces of the sample/Pt protec-
tion layer and the sample/steel substrate (relative clear inter-
face was chosen, not including the penetration regions, as
shown in Fig. S23 in the Supplemental Information) and (2)
the thickness between two identified interfaces at~200 nm
equal intervals.

3 Results and Discussion
3.1 Effect of Polar Co-monomers on Wear

After the friction experiments were run, the balls were pro-
filometrically examined to quantify wear. The ball wear vol-
umes of all analogs are shown in Fig. 2. The amount of wear
is increasing in the order P1 (imidazole), P9 (imidazole),
P8 (hydroxy), P6 (amine), P7 (boronate ester), P4 (carbox-
ylic acid), P5 (gycidyl), P2 (ethylhexyl), P3 (dodecyl), and
generally decreases with the polarity of the pendant in the
comonomer. All polar co-polymers had wear volumes rang-
ing from 4.3 to 32.5x 10* um?®, which were far lower com-
pared to the non-polar homopolymers that ranged from 73.5
to 124 x 103 um?.

P2 comprised of a shorter chain C6-ethyl (EHMA) com-
pared to P3 (C12, DMA) is slightly less hydrophobic, which
could explain the lower wear volume of P2 versus P3. The
most polar compounds, P1, P9, and P8, containing imida-
zole and hydroxy pendants, respectively, have the lowest
wear volume.

Previous research utilized commercial benchmarks which
can serve as comparative examples for this work [30]. For
a SW30 ILSAC GF5 fully formulated synthetic passenger
car motor oil (11 ¢St 100 °C), ball wear volume was 16,200
um?. For a synthetic polyalphaolefin basestock oil (4.1 cSt,

@ Springer
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Fig.4 Image of wear track of P1 using conventional reflected illumination (left) and oblique illumination (right) (Color figure online)

100 °C), ball wear volume was 193,000 pm?>. Finally, for an
ISO-L-EGD JASO FD ester oil (7.88 ¢St 100 °C), ball wear
volume was 42,000 um>. As expected, the base oil displayed
the highest wear; however, the SW30 oil shows comparable
wear to several of the polymer solutions (P1, P9, P8), while
the other fully formulated oil displays wear comparable to
that of all polymer solutions, but P2 and P3.

It is important to note that these co-polymers have ran-
dom topologies; block co-polymers with the same polarity
content would have more efficient surface interaction and
would be expected to have even lower wear. Consistent with
previous studies [17, 18] already referenced in the introduc-
tion, the results illustrate that polar co-polymers provided
substantial wear reduction.

3.2 Scanning Electron Microscopy of Wear Flats

Encouraged by the superior wear-reducing properties of
some of the polymers, based on the wear of the ball, the
wear scars generated on the flat surfaces were imaged via
SEM. Figure 3 shows the SEM micrographs for wear scars
generated by all nine polymers. It is quite visible that the
measured wear correlates well with the base scar size gener-
ated by the polymer-containing oils, and in the case of the
top performing compounds, they are narrower and shallower
(P1 and P9) than that of the others. Grooving is sparse with
interspersed darker lines that appear relatively smooth and
their deformation grooves are not even visible on magnifica-
tion, especially for P1 (Fig. 3a). In contrast, the less polar
polymers P2 and P3 produced a wear scar with many tightly
spaced longitudinal grooves, whose higher magnification
micrographs (Fig. 3b and c) show indication of abrasive
and adhesive wear.

The results from SEM images of P2, P3, and P4 are con-
sistent with the higher wear data shown in Fig. 2, displaying
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higher abrasions and grooving. P1 and P9, the imidazole-
containing compounds, and P7, the boronate aromatic con-
taining polymer, which displayed lowest wear, also have the
smoothest surfaces, without visible rubbing channels. P6
(amine analog) appears to have more surface defects; how-
ever, on average, it has a relatively low wear as well. The
wear values of P6 and P7 display a wider range of values,
and coupled with the SEM data, it suggests that these com-
pounds have variable performance and can lead to various
morphology surfaces. The SEM result of P8, the hydroxy
containing analog, does not seem to correlate well with the
wear data, as it is showing a relatively rough surface, but it
displays one of the lowest wear values.

3.3 Optical Imaging Studies

Our in-depth analysis of the tribochemical films of flats will
focus on the most non-polar analog which displays the high-
est wear (P3), and the vinylimidazole analog (P1), which
displays the lowest wear from ball evaluation. Secondary
electron contrast is useful for imaging the physical surface,
but additional imaging can be performed to understand tri-
bochemical film morphology. Figure 4 shows optical images
of wear tracks of P1. On the left, the wear track appears blue
due to optical interference within the semi-transparent tri-
bochemical film. The image on the right was obtained using
off-normal conventional illumination to highlight a relatively
thick tribochemical film indicative by the brownish color.
The imaged areas are identical.

Figure 5 shows optical images of wear tracks of P3. In
contrast to P1, the film is very irregular, and it is possible
to clearly distinguish the patchiness and unevenness of the
tribochemical film. The middle of the film shows patches
that are free of tribofilm, suggesting removal of the film
during friction or post-evaluation cleaning. Regardless of
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Fig.5 Image of wear track of P3 using conventional reflected illumination (left) and oblique illumination (right) (Color figure online)
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Fig.6 Upper left: P1 false color topography of surface, lower left: corresponding topography scan across image; upper right: P3 false color
topography of surface; lower right: corresponding topography scan across image

the cause of film removal, this observation further confirms
that the least polar analog P3 is not as tightly bound to the
metal surface as P1.

To gather vertical information, white-light interferometry
was used to image the topography of the P1 and P3 wear
tracks. The images are shown in Fig. 6. For these studies, a
thin light-reflective layer sufficient for complete reflection
(about 300 nm) was deposited onto the sample using sput-
ter coating in Ar to provide true topography of the surface
and eliminate refraction effects as the analysis light pen-
etrates the semi-transparent tribofilm and is reflected by the

substrate metal. This layer is conformal and has no effect
on the tribochemical film. For P1, the tribochemical film is
shown to be built up on the surface to typical thicknesses of
(50-100) nm. In contrast, the wear scar of P3 shows the sub-
stantial wear and grooving of the flat. In this case, it is clear
that during the hour-long test, the formation of the tribo-
chemical film was insufficient to prevent wear occurring dur-
ing the test, and a dynamic system of material removal/film
deposit occurred. In the microscope image above, Fig. 5, we
suspect that the film-denuded areas near the center of the
track were subsequently abraded after initial formation of the
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Table 1 Estimated roughness and volumes for sliding tracks on the
flat

Polymer tribofilm Sa roughness (nm) of ~ Measured
wear track average track

volume
pm? per um of
track length

P1 18 +0.54

P2 69 +13

P3 269 -55

P4 50 +11

P5 36 +10

P6 22 +6.5

P7 25 +12

P8 43 +7.4

P9 63 +7.1

Substrate 5.2 -

tribofilm, then re-coated with newly formed tribochemical
film. All gold-coated and uncoated optical images of flats
are shown in the Supplemental Information.

The roughness of all films was measured by examining
the wear track areas on the gold-coated side and reported
in Table 1. The amount of ball wear, shown in Fig. 2, is
indicative of the effectiveness of the fluid formulation at
preventing wear of a counterface (the ball) which is sliding
on the flat. The roughness of the tribochemical film, shown
in Table 1, is a geometrical property of that film which is
deposited on the flat. It is not necessary that there be a rela-
tionship between the two: a smooth film may be abrasive
to the counterface, and vice versa. However, for the tests
performed here, there is a rough association between wear
and roughness. Clearly, analogs P1 and P3, with the smallest
and largest wear also display the smallest and largest rough-
ness, respectively.

It is difficult to report a flat wear volume that is mean-
ingful due to roughening and presence of a tribochemical
film. Using the tools available, it is not possible to separate
wear, which is a removal process, with tribochemical film
production, which is an additive process. For thick dielec-
tric films where the primary and secondary interference
fringes are well separated, it is possible to calculate film
thickness if the index of refraction is known. In this case,
the tribochemical film thickness is small compared to the
wavelength of light. However, for the sake of completeness,
Table 1 contains track volume measurements obtained from
the WLI data. The track volume is defined as that amount
of material removed or added per um of track length. For
example, the P3 wear track is the most severe and a wear
volume is measured as 55 um® per um of sliding length.
However, for P2 the wear scar is raised above the surface,
with a growth volume of + 13 um? per um of sliding length.

@ Springer

Because the wear track width is about 180 um, the average
height is about 36 nm. The Supplemental Information shows
white-light images of the flat.

3.4 Transmission Electron Microscopy
Characterization of the Wear Flats

To identify the microstructure and compositional differences
between the two extreme analogs that show the lowest and
highest wear, respectively, P1 and P3, the cross-section
lamella of thin films denoted P1 and P3 were prepared and
investigated via TEM. The thicknesses of the P1 and P3
films are ~ 30 and ~ 80 nm, respectively (Fig. 7 and Table 2).
Results of energy-dispersive X-ray spectroscopy show nitro-
gen and oxygen enrichment in film P1 (denoted by yellow
dashed lines in Fig. 7), consistent with the chemical com-
position of the polymer P1 (Fig. 1). Film P3 shows the
presence of oxygen, but absence of nitrogen (Fig. 7d and
Table 2), consistent with the composition of the polymer P3.

Notably, in some areas, the organic elements penetrate
into the steel substrate forming nano-pillows projections
(white arrows in Fig. 7b) and we hypothesize that this hap-
pens during the wear test and subsequent deposition of the
tribochemical film onto the substrate due to the roughness of
the steel substrate. As presented in Fig. 7e and f, the density
of the penetration areas in P1 is significantly higher, while
the size is smaller than that of the sample P3.

In Fig. 7e and f, there are what look like vortices in the
tribochemical film/steel interface. These are consistent with
MD calculations of sliding interfaces as reported in other
work [31].

The two EDS spectra of the extreme analogs P1 and P3
are shown in Fig. 8b and e. The small circles in the TEM
images (8a and d) denote the area analyzed and the corre-
sponding EDS spectra. Although the N peak intensity is low,
it is ample evidence of N presence in the P1 tribofilm versus
P3. Its low abundance is expected, as the theoretical amount
of N in the original polymer based on a 250:50 equivalents
ratio of the two monomers is 2% (w/w). In fact, these stud-
ies suggest higher nitrogen content of the tribofilm, which
supports the common belief that polar moieties have higher
affinities for surfaces, and in this case, the surface may have
been enriched in imidazole.

Based on the specific microstructure of the sample/
substrate interfaces, it appears there is diffusion (penetra-
tion areas) in the sample P1, indicative of a strong contact
between the steel substrate and tribochemical film (see the
difference between Fig. 7e and f). The average interfacial
structures of the two analogs illustrated in Fig. 8c and f
emphasize the effect of P1 close contact/interaction with
steel surface, compared to P3.

Whether this kind of diffusion is induced by heating
or rubbing during the wear test, one can envision that all
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Sample - P1

50 nm Steel

Fig.7 Composition analysis of P1 and P3 films. (a) and (c) High-
angle annular dark-field (HAADF) images of TEM -cross-section
lamella samples of P1 and P3, respectively. The polymer film regions
were roughly outlined by yellow dashed lines. (b) and (d) EDS map-

Table 2 Sample thickness and rough quantitative composition analy-
sis based on HAADF-EDS

Sample  Thickness® (nm) Composition®

0% C% N %
P1 303124 544+8.8 405+55 5.1x46
P3 81.0+42.0 512+55 47753 1.1+0.5

#Thicknesses are estimated from the average of~20 locations
at~200 nm equal interval (see methods for detailed thickness meas-
urement)

bCompositions are derived from the average value of three areas

polymer adhering to the surface may diffuse into the steel
substrate changing it with time, which would make the P1
polymer not only a shear stable viscosity modifier, but a
competitive antiwear and friction modifier.

4 Conclusions

This study of tribochemical films formed from organic, non-
metal containing polymers, is the first of its kind. Previ-
ous work showed that the low molecular weight imidazole-
containing polymer P1 produced much less wear (<4%)

.4»‘_’,.‘«6.’ .

. gy

Sample-P3

ping of the areas of (a) and (c), respectively. (e) and (f) HAADF
images of P1 and P3 showing typical microstructures of the sample/
steel substrate interfaces (Color figure online)

than the non-polar counterparts, P2 and P3, followed by
the higher molecular weight polymers containing imidazole
(P9), hydroxy group (P8), and amino group (P6), respec-
tively (see Fig. 1 for structures, and Fig. 2 for wear volumes).
In this work, we analyzed the flat wear scars to identify and
characterize tribochemical films as well as confirm the trend
observed in the ball wear.

The SEM results are generally consistent with the wear
values derived from the ball missing volume, and particu-
larly confirming the rough, irregular surfaces of the worst
(non-polar polymers P2 and P3) and the smooth, even sur-
faces of the best candidates (P1, P9, P7). P8, the hydroxy
containing candidate, however, was an exception, in that
the wear value was low, yet the surface appeared rugged.
Optical and profilometric images further corroborated the
SEM imaging, as well as confirm the presence of chemical
tribofilms with varying rubbing effects. Substantial differ-
ences were noted in the extreme analogs, P1 versus P2 and
P3, while the rest displayed subtle differences via optical
imaging. While it is impossible to accurately determine what
fraction of the profile is wear and what fraction is adhered
tribofilm, profilometry examination allows for an estimation
of roughness (Table 1). For the tests performed here, there
is a broad association between wear and roughness. Clearly,
analogs P1 and P3, with the smallest and largest wear, also
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Fig.8 Representative EDS spectra of P1 and P3 (middle) for the regions denoted in the TEM (left) and depiction of potential interfacial struc-

tures of steel and tribochemical films (right)

display the smallest and largest roughness, respectively.
Microstructure and compositional differences were only
studied via TEM for the two extreme analogs, P1 and P3.
The thicknesses of the P1 and P3 films are ~30 and ~ 80 nm,
respectively (Fig. 7 and Table 2) and their composition
evaluated by EDX is consistent with the composition of
the parent polymers, with P1 containing nitrogen, while P3
does not. Interestingly, P1 tribofim appeared to have inter-
mixed with the steel substrate more so than P3, suggesting
a stronger contact or bond during tribofilm formation, which
is thought to be one of the main reasons for its excellent anti-
wear properties. Overall, these studies corroborate previous
wear findings and support the conclusion that certain polar
polymethacrylates have high affinities for the surface and
form uniform beneficial tribofilms.
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