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Abstract

We report results on microtribological studies of chemically grafted, nanoscale polymer layers with enhanced wear stability. A 8—10 nm
thick polymer gel layer composed of an elastomer was chemically grafted to a solid substrate and saturated with paraffinic molecules with
different lengths of alkyl chains (15—-24 carbon atoms, molecular waifjkt 212—-338). We studied the polymer layer ability to adsorb
and held these paraffinic oils and considered to what extent the evaporation rate can be controlled by initial saturation and slower diffusion
of longer alkyl chains. A microtribometer and a friction force microscope were used to accumulate the frictional characteristics and to
study wear stability of the polymer layers. We observed that the presence of shorter chain paraffinighj} @d GgHsg) resulted
in a lower value of the friction coefficient and higher wear resistance as compared to a dry polymer layer and a polymer gel layer with
longer-chain paraffinic oil (ggH42 and G4Hsp). The approach of trapping mobile lubricants within a compliant nanoscale surface layer
could lead to exceptionally robust molecular lubrication coatings for complex surface topography with developed nanosized features.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction mers tethered to a solid surfad8]. A functionalized
block-copolymer was chemically grafted to a silicon oxide

Modern developments in high-density storage technolo- surface and possessed lower adhesion and friction. Its tri-
gies and microelectromechanical systems (MEMS) have bological performance was enhanced by adding a minute
invigorated attempts to use ultrathin organic layers as amount of alkyl-chain paraffinic oil (gHs2). Although,
protective/lubrication molecular coating4,2]. Ultrathin paraffinic oil evaporated from the polymer films, a minute
polymer films, Langmuir—Blodgett (LB) monolayers amount of oil was trapped within the grafted polymer layer.
and multilayers, nanocomposite molecular layers, and This resulted in a significant reduction of the local fric-
self-assembled monolayers (SAMs) were explored as molec-tion forces, surface adhesion, and an increase of the wear
ular lubricants aimed on the modification of the interfacial stability as reported in the previous publicatid@sl0].
properties on the nanoscal8,4]. Molecular lubricants Longer-chain paraffinic oils are considered here to en-
with an ultimate thickness:100 nm are sought to provide hance tribology performance via reducing oil phase mobil-
reduced surface energy, low shear modulus and friction ity and crystallization at room temperature. We choose four
coefficient, and tailored dynamic behavior, along with the alkyl-chain molecules with a number of carbons from 15 to
ability to self repair, sustain variations of temperature and 24 and studied the swelling rate, evaporation kinetics, and
humidity, and have long shelf-lifg5]. It was demonstrated  diffusion processesTéble 1. We focus on the friction re-
that, indeed, complex molecular coatings such as graftedsponse and the wear stability of these nanoscale polymer
supramolecular polymers, dendrimers, self-assembled mul-gel layers using a combination of micro- and nanotribology
tilayer films, and liquid-crystalline monolayers can dra- studies with Auger electron spectroscopy (AES) that allows
matically change interfacial properties and behave very quantitative surface chemical analyfld].
differently under severe space constrajtts].

In a previous study, we reported the fabrication of a
robust molecular lubrication layer from a tri-block copoly- 2. Experimental
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Table 1
Chemical formula, molecular weight, and melting point of different paraf-
finic oils

Paraffinic oil Chemical Formular weight Melting
formula (g/mol) point °C)
Pentadecane GH32 212 9.9
Octadecane {gH3g 254 29
Eicosane GoHa2 282 37
Tetracosane $§aHs50 338 50

41,000 g/mol, Mw/Mn= 1.16. SEBS copolymer was Kra-
ton 1901 (Shell) with styrene and maleic anhydride (MA)
functional group content of 29 and 2 wt.%, respectij&Bj.

The paraffinic oils, @sHz>—Co4Hsp, (Aldrich) were used

as lubrication additivesHig. 1, Table 1. The grafted dry
polymer layers were fabricated on the (1 00) silicon wafer
according to the procedure published ealie,13]. For an-
nealing, the dry polymer layer was placed in a vacuum oven

Paraffinic oil

Fig. 1. (Top): microstructure of grafted SEBS layer grafted to
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at 60°C for 24 h. For oil treatment, the dry polymer layers
were placed in a sealed tube and kept for saturation with
oil vapor at 60°C for 24 h. The diffusion coefficient and the
rate of evaporation were evaluated with microbalances and
ellipsometry according to the procedure described in our
previous publicatiorjl4]. Characterization of the polymer
gel layers was conducted within several months after fab-
rication to allow complete equilibration and evaporation of
unbounded oil from the polymer surfaces.

A custom-built microtribometer, an oscillating friction
and wear tester, was used to accumulate the frictional char-
acteristics and to study wear stability of the polymer layers in
a reciprocation mode according to the procedure described
earlier [14]. The 3mm diameter steel ball with a smooth
surface (microroughness10nm) was mounted in a carrier
head and was oscillated against a stationary planar specimen
with an applied load of 0.3 and 1.8 N, which corresponded
to the maximum Hertzian pressure of 300 MPa and 1.2 GPa,
respectively. Sliding speed was 4.43mm/s, a stroke length
was 3mm, and a number of cycles tested reached 20,000.

The surface microstructure was investigated with Auger
electron spectroscopy and scanning probe microscopy
(SPM). AES surface analysis was performed on a PHI-670
microscope using a field emission gun with an accelerating
voltage of 5kV and a current of 0.0242. The working
potential for depth sputtering was 1kV using Ar-ion. Un-
der this working condition, the sputtering rate was about
0.5nm/min when calibrated against SiCBPM was done
on a Dimension 3000 (Digital Instruments Inc.) micro-
scope according to the known procedit&,13] We used
the tapping mode (amplitude and phase modes) to reveal
surface morphology and microstructure. The contact mode
was used to observe microstructure and friction properties
under higher normal forces. Friction forces were evaluated
from SPM friction loops under different normal loads ac-
cording to the procedure adapted in our [4B]. A linear
regression analysis was used to determine the friction coef-
ficient from these data in accordance with the generalized
Amonton’s law approximation. We estimated vertical and
torsional spring constants of SPM cantilevers by using their
resonant frequencies and calibration plots proposed in our
previous publicatior16].

3. Results and discussions
3.1. Enrichment of polymer layers with alkyl-chain oils

Fig. 2 shows the swelling ratid¥ = W,/Wy (W is the
initial weight of the dry polymer specimen aig the poly-

epoxy-terminated surface. Hard blocks are presented by gray spheres andner weight at a certain time after immersion in oil) of bulk

the soft rubber matrix contains anchoring groups shown by gray dots. The
paraffinic molecules entrapped in the rubber matrix of the SEBS layer
are shown by black curves. (Bottom): (a) SPM topographical images of
the dry polymer layers; (b—d) polymer gel layer saturated with C15, C20,
and C24 oils, respectively. Scan size ispil x 10pm, height scale is
30nm, light tapping mode.

SEBS material as a function of time. The bulk polymer
samples were immersed on oil at @D for different peri-
ods of time. We observed that the bulk polymer specimens
immersed in the short chain paraffinic oils 1¢El3> and
CigH3g) reached equilibrium after 4 h and the longer-chain
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Fig. 2. (Top): time dependence of the polymer swelling ratio for bulk
SEBS polymer submerged in olly,/Wp. The dash line is a guide for an
eye. (Bottom): the effective oil layer thicknedsobtained for the grafted
polymer gel layer from ellipsometry data according to the bilayer model
[10].

oils (CyoH42 and G4Hs) saturated polymers after 15h. The
diffusion coefficient,D, of paraffinic molecules within the
bulk polymer at 60C was calculated from the measure-
ment of the swelling ratio as a function of time according
to [17] (Table 2. For all oils, the swelling rate was very
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lower than that of short-chain molecules. The highest oil up-
take in the polymer was observed fogElso with more than

five times mass increase. These preliminary studies lend sup-
port to the original hypothesis that paraffinic oils are com-
patible to the rubber, polyethylene-like PEB block of SEBS,
which results in the polymer gel formati¢h0,18]

Another important property we tested was the evaporation
rate. The kinetics of oil evaporation from the grafted poly-
mer gel layer as measured by ellipsometry is showFign2.

All plots show three different regimes as was discussed in
detail in previous publicatiofil0]. Table 2shows the rate

of oil evaporation from the grafted polymer layer at differ-
ent stages: (i) surface diffusion, (ii) swollen polymer matrix
diffusion, and (iii) diffusion of residual alkyl molecules in-
side the grafted polymer gel lay€t0Q]. It appears that the
short-chain paraffinic oil, C15, gradually evaporated from
the polymer film with only some residual effective oil layer
<1nm leftin the films. The overall evaporation rate is much
lower for longer-chain moleculesTéble 2, e.g. for C24
molecules, the rate of evaporation wa® 4 102 g/n?s.
This value is over three orders of magnitude lower than
that for C15 (30 x 10 8g/n?s) and a free oil surface
(6.7 x 10-°g/m?s) as reported in the previous publication
[10,14] This indicated that the mobility of the longer alkyl
molecules was severely restricted when they were trapped
within the rubber matrix grafted to the silicon substrate.

3.2. Surface microstructure and chemical composition
of polymer gel layer

The grafted polymer films possess uniform, smooth, and
homogeneous surface with only a few aggregates observed
over surface areas of 1n across as illustrated iRig. 1
(microroughness of 0.2—-0.4 nm withinum? area was mea-
sured for all polymer layers). For polymer layers exposed to
long-chain oils, scarce globular aggregates were observed.
The highest surface concentration of aggregates was ob-
served for the highest molecular weight paraffinic oil, C24.
The lateral size of surface aggregates is within 400-500 nm.
Larger aggregates, up to several microns across were ob-
served on SEM images-ig. 39. Obviously that this is

high at the early stage and became slower before the finalrelated to the crystallization process of paraffinic oil with
equilibrium reached. As expected, the diffusion coefficient higher melting points during cooling from 6C to room
for longer-chain molecules is about one order of magnitude temperature that results in the formation of microscopic

Table 2

The diffusion coefficients of different paraffinic oils in polymer layer at
60°C and the rate of oil evaporation from the grafted polymer layers at
different stages (seEig. 2)

Paraffinic Diffusion coefficients ~ Evaporation rate (g/fs)

oil (cm?/s) I 0 "
CisH32 1.01E-3 5.2E-6 3.4E-6  4.3E-7
CigHss 8.71E-4 18E-6 1.6E-6 8.0E-7
CooHa2 7.15E-4 6.0E-7 4.0E-7 2.0E-7
Ca4Hso 5.42E-4 5.0E-7 4.0E-8 2.0E-9

paraffinic crystals. Indeed, optical microscopical analysis of
similar paraffins (mp 48—49C) in crossed polarizers shows
many fine “crystals” with random orientation after crystal-
lization from melt[19]. These crystals are composed of
many overlapping thin prismatic lamellae with lateral sizes
from several hundred nanometers to several microns.
AES data demonstrated the polymer layer was predom-
inantly composed of carbon atoms (main component of
polystyrene, rubber blocks, and paraffinic oil) with detected
tracks of oxygen (MA groups, epoxy groups, and a silicon
dioxide layer) and a silicon substrateid. 3(b). The depth
profiles of the different elements within the polymer gel



804

=

‘c Original surface (b)
= e ) i

> si ¢ Si

© Worn surface from low load
—

s T

‘<' Si

- Worn surface J‘rom high load
(m T

T Fe si

—

—

11}

S

4 T r r .

T o 500 1000 1500 2000 2500

Kinetic Energy (eV)

Fig. 3. (a) SEM image of polymer gel layer with C18 oil with a wearing
trace under a low load (0.3N). Boxes mark the surface areas for AES
analysis performed for original (1) and partially worn (2) areas. (b) AES
spectra of the original and worn surfaces areas.
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layers exposed to different paraffinic oils are presented in
Fig. 4. The polymer gel layer exposed to C20 molecules
shows higher carbon contain. There were no significant dif-
ferences in the depth profiles of all elements in the polymer
layers exposed to other oils. The layer thickness roughly es-
timated from AES data calibrated against silicon was about
8 nm that was close to 9 nm value obtained from ellipsom-
etry. These findings imply that their initial microstructures
are similar for all polymer gel layers and consistent with
the results presented in our earlier publication for C15
moleculeq10].

3.3. Friction behavior and wear stability of
the polymer layers

SEM image of polymer gel layer with C18 oil exposed to
rubbing with a steel ball at 0.3 N normal load shows a weak
wear track Fig. 3(a). An increase of silicon and oxygen
elements was detected by AES for these partially worn areas
(Fig. 3b. This implied that the polymer gel layer might be
partially oxidized and deformed. Indeed, depth profiling of
various elements shows decreasing content of carbon and
a sharp increase of oxygehi¢. 5. This confirms that the
increase of oxygen content within the worn topmost surface
layer was caused by the oxidation of the metal surfaces,
oxidation and decomposition of the organic molecules from
the surface lubricant laygi5,20] In addition, sputtering
time was much shorter for the worn layer, which indicated
its highly compressed state with a thickness not exceeding
4nm. There were differences in the depth profile of oxygen
and carbon elements among the polymer gel layers of the
worn surfaces. For example, the polymer gel layer with C18
displayed higher carbon content than the polymer gel layers

Si
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Fig. 4. AES results for the depth profiles of difference chemical elements for various polymer gel layers.
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Fig. 5. AES results for the depth profiles of difference chemical elements
for partially worn surfaces of various polymer gel layers.

with C15, C20, and C24 and layer with C20 shows much
higher oxygen concentratiofrig. 5. These variations can

be due to occasional presence of surface aggregates ani

exposed silicon dioxide surface or debris.
AES analysis of the polymer gel layer saturated with C18
exposed to a high normal load showed that iron, silicon,

and oxygen became dominant elements within the worn area

(Fig. 3b. Apparently, iron was present on the silicon sur-
face due to material transfer from the counterpart steel ball
to the worn surface during ultimate local damage of the sil-

icon substrate and these AES data are entirely consistent(b)

with previously published data for the similar film studied in
[9].

Fig. 6 shows the coefficient of friction calculated from
microtribological data as a ratio of the lateral forces to the
normal load as a function of the number of sliding cycles. At
a low normal load of 0.3 N, the grafted polymer gel layers
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Fig. 6. The coefficient of friction as a function of a number of sliding
cycles for the bare silicon, dry polymer layer, annealed polymer layer,
and polymer gel layers at the normal load of 0.3N (a) and 1.8N (b).

It is worth noting that additional annealing of the polymer

exposed to oils, showed a performance much better than thdayer at 60°C for 24 h also resulted in significant improve-

uncoated silicon and the dry polymer film. The polymer gel
layers did not show a failure or significant deterioration up to

ment of wear resistance, especially under high normal load
(Fig. 6). Obviously that additional annealing of the polymer

20,000 cycles (the maximum number of cycles tested here)layer allowed MA functional groups of the rubbery block

whereas the bare silicon and the dry polymer layer failed
within 200 and 2700 cycles, respectively (both values were
averaged over three independent measurements).

The polymer gel layers with short chain (C15) paraffinic
oil showed the lowest friction coefficient among the layers
(~0.05). The friction coefficient increased with the increas-
ing molecular weight of paraffinic oils to 0.11-0.12 for the
polymer gel layer with C24. The friction coefficient value
reached the highest value of 0.13-0.17 for the dry poly-
mer layer and a bare silicon substratégy( 6). The effect of
paraffinic oil on the frictional behavior of the polymer layer
became more significant for longer runs when the dry poly-
mer layer finally started to deteriorate. At a higher normal
load of 1.8 N, the dry polymer failed only after 250 cycles
while the polymer gel layers were stable up to 500-700 cy-
cles (C20—C24) and 9001000 cycles (C15 and C18).

poly(ethylene-co-butylene) to react with the epoxy groups
of the supporting surface, thus, resulting in a stronger ad-
hered layer. However, the presence of alkyl-chain molecules
is still more important factor in enhanced wear resistance at
low normal loads Fig. 69.

Finally, the nanotribological properties were character-
ized with friction force microscopyHig. 7). Loading curves
were obtained for a bare silicon substrate, annealed poly-
mer layer, and the oil-exposed polymer layers under identi-
cal conditions (identical probe, scanning velocity, scanning
size, and the range of normal loads). The friction coeffi-
cients calculated as a slope of a linear approximation were
determined to be the lowest for polymer layers with C15
and C18 oils. The friction coefficient for their layers de-
creased to 0.02, which was much lower than that for the sil-
icon substrate (0.07-0.1). Despite the fact than the absolute
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109 4o sio better solvent for a given polymer layer reduces the fric-
A SEBS sio tion coefficient relative to a less good solvg@B]. The
= 8{ m SEBS/C15 2 Flory—Rehner theory defines the best solvent as the one with
£ O SEBS/C18 SEBS/C24 the closest solubility parametg4]. Since the shorter chain
8 6- ® SEBS/C20 o~_SEBS/C20 paraffinic oils possess solubility parameters close to PEB
5 © SEBS/C24 #% SEBS segments, they are expected to be better solvents than the
‘E 4- longer-chain molecule5].
o SEBS/C18 These results may have some important technological ap-
_‘{'_, 9. plications since the durability of the organic ultrathin poly-
e mer surface films has been concerned. The most common
0. case, low molecular weight lubricant is removed and evap-
orates from the protective layers, result to wear off when

0 20 40 60 80 100 120 140 160 ope_ratgd gnder high pres;t{&ﬁ]. On the other hand, the
redistribution of fluid lubricant materials occurs on sur-
face with complex topography such as sharp ridges is a
Fig. 7. Friction forces vs. normal loads as measured for the bare silicon, critical issue under long-range storage conditions. Thus,
dry polymer layer, annealed polymer layer, and polymer gel layers with it may be possible to make ultrathin interfacial polymer
paraffinic oil (C15-C24). layers «5-10nm) uniformly distributed over textured sur-
faces with ability to adsorb and held short-chain paraffinic

| f the frict fici lculated f q molecules and support large pressures while operated un-
values of the friction coefficient calculated from SPM data o, high-pressure conditions. This approach alone or in a

were s.)éstematlcally IOV\ier thgm those determmed with the combination with a hard capping layer in trilayer nanoscale
microtribotester, general trends were very consistent. Hence’coatings[27,28] could lead to exceptionally robust molecu-

we can conclude that the polymer gel layer treated with C15 |, | brication coatings for complex surface topography of
and C18 paraffinic molecules showed the best tribological MEMS devices.

performance.

Normal load (nN)
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