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Abstract: Polymer brush layers can act as effective lubricants owing to their low friction and good
controllability. However, their application to the field of tribology is limited by their poor wear
resistance. This study proposes a strategy combining grafting and surface texturing to extend the
service life of polymer brushes. Surface microstructure and chemical composition were measured
through scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-ray photoelectron
spectroscopy (XPS). Water contact angles were measured to evaluate the surface wettability of the
grafted silicon-based surface texture. Results showed the distinct synergistic effect between polymer
brushes and laser surface texturing (LST). The prepared polymer brushes on textured surface can be a
powerful mechanism for friction reduction properties, which benefit from their strong hydration effect
on the lubrication liquid and promote the formation of a local lubricating film. Moreover, the wear
life of polymer brushes can be immensely extended, as micro-dimples on the textured surface can
effectively protect the polymer brushes. This study presents a method to enhance the load-bearing
capacity and wear resistance of the grafted surface of polymer brushes.

Keywords: polymer brushes; textured surface; wettability; load-bearing capacity; friction reduction
and anti-wear

1. Introduction

To obtain low friction coefficients on substrate surfaces, the use of polymer brushes prepared
from different monomers as a protective coating was extensively investigated in recent years [1,2].
Grafted surfaces were observed to exhibit super lubrication in specific environments with various
neutral, cationic, anionic, and zwitterionic polymer brushes [3,4]. Thus, brushes with different
monomers can be used as symptomatic remedies for different lubrication conditions, such as water, oil,
salt solution, acid solution, and high-temperature lubrication [5–8]. Efficient lubrication of the polymer
brush can be attributed to the highly stretched conformation of polymer chains in good solvents due to
solvation, and the generation of osmotic repulsive force is opposite to the applied load, which can
effectively prevent the approach of polymer chains and avoid entanglement between polymer chains.
Thus, a flowing lubrication hydration layer easily forms between frictional interfaces, resulting in an
ultra-low friction coefficients when the interface is sheared [9–11].

Although polymer brushes can achieve ultra-low friction coefficients (usually, friction coefficients
are in the range of 0.001–0.008), common problems such as low load-bearing capacity and easy wearing
still exist, which immensely limit their application in the industry [12]. On this basis, a cross-linked
strategy for polymer brushes was proposed to enhance load bearing and wear resistance of their surface
by our research group [13]. However, the friction coefficient of the surface remarkably increased.
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Methods for extending the service life of a polymer layer-grafted surface became an insurmountable
problem in the research of low-friction polymer grafting.

Laser surface texturing (LST) was recognized as an effective means of surface engineering to
improve the tribological properties of sliding surfaces [14–18]. A combination of LST and solid lubricants
was utilized to achieve friction reduction and extension on wear resistance life, as micro-dimples can
reduce the contact area and protect lubricants in the pit from wear [19–22]. For example, Ripoll et al. [21]
and Hu et al. [22] produced micro-dimple patterns on a Ti6Al4V alloy and coated MoS2 film on textured
surfaces (TS) to improve their tribological properties, and they observed a remarkable reduction in
friction coefficient and an improvement in the lifetime of the MoS2 film. Voevodin et al. [23] fabricated
micro-dimples on coated steel surfaces to improve the tribological properties of TiCN coating, and their
results indicated that the lifetime of solid lubricants on dimpled surfaces was an order of magnitude
longer than that of the unmodified TiCN coating surface.

A strategy combining grafting and texturing is proposed in the present work to extend the
service life of the grafted surface of polymer brushes. Previous research showed that textured surfaces
can improve load-carrying capacity, grafted polymer brushes can improve lubricity, and surface
micro-dimples can protect polymer chains from wear. In this study, the tribological properties,
combined with the textured surface and the polymer brushes, were discussed to determine their
synergistic effect. In particular, a monocrystalline silicon surface was initially laser-textured first,
followed by grafting polymer brushes on the textured surface. Then, the wettability and tribological
properties of the grafted polymer brushes on smooth and textured silicon surfaces were compared and
analyzed. To provide new insights and reference for prolonging the wear life of grafted surfaces of the
polymer brush, the wear mechanism of grafted polymer brushes on the matrix surface was evaluated
through a detailed analysis of their surface morphology and composition.

2. Experimental Procedure

2.1. Materials

The chemicals 4-vinylbenzyl chloride (90%), dimethylamine solution (40 wt.% in H2O),
1,3-propanesultone (98%), and copper(I) bromide (98%) were purchased from Sigma-Aldrich
(Shanghai). Tris[2-(dimethylamino)ethyl]amine (Me6TREN; 99%) was purchased from J&K
Chemical Ltd. (Beijing, China). The initiator for grafting polymer brushes on silica wafer,
3-(2-bromoisobutyramido)propyl(trimethoxy)silane, was purchased from Gelest, Inc. (Morrisville, PA,
USA). The water used in experiments was purified using a Millipore water purification system with a
maximum resistivity of 18.0 MΩ·cm. The N-(4-vinylbenzyl)-N,N-dialkylamine (SVBA) monomer was
synthesized and purified using a previously published method [24]. All other reagents and solvents
were commercially obtained as extra-pure grade and used as received.

The matrix materials used in experiments were flat and textured single-crystal silicon wafers.
The texture density of lubricated components should be between 5% and 15% and should not exceed
20% to obtain good lubrication performance [14,15], Hu et al. observed that the combination of
solid lubricants and textured surfaces with 23% dimple density yielded a low friction coefficient and
obtained a long wear life by increasing the dimple density [22]. We chose 20% density as the texture
parameter based on these aspects. As shown in Figure 1, the micro-dimples were fabricated through
laser micromachining, and the depth of the dimple was changed by adjusting the output power of
the laser marker. The laser was emitted at the fundamental wavelength of 1064 nm, with a 20-kHz
pulse repetition rate; the output power was set to 0.3 W, and marking velocity was set to 100 mm/s.
The dimple radius was approximately r = 25 µm, and area densities were around 20%. Figure 1c shows
the schematic of the textured surface, and related dimension parameters are marked in the diagram for
subsequent calculation.
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Figure 1. (a) Two-dimensional (2D) and (b) three-dimensional (3D) optical micrographs of the 
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Zwitterionic polymer brushes were synthesized through the surface-initiated atom transfer 
radical polymerization (SI-ATRP) method (Figure 2). A few sheets of wafers (25 mm × 15 mm) were 
ultrasonically cleaned in ethanol and deionized water, and then were placed into a fresh piranha 
solution (H2SO4:H2O2 = 3:1) at 120 °C for about 0.5 h. After the samples were repeatedly washed with 
deionized water and dried with N2 flow, the wafer was subsequently treated with plasma (CORONA 
Lab. CTP-2000, Nanjing, China) for about 2 min. The cleaned samples were immediately immersed 
into a 1 mM dehydrate toluene solution containing 3-(trimethoxysilypropyl)-2-bromo-2-
methylpropionate for 12 h at room temperature. The initiator-grafted surface was sequentially 
washed with toluene, ethanol, and water, and then dried under a stream of nitrogen. 

Figure 1. (a) Two-dimensional (2D) and (b) three-dimensional (3D) optical micrographs of the textured
surface; (c) schematic of 3D topography.

2.2. Preparation of Polymer Brushes

Zwitterionic polymer brushes were synthesized through the surface-initiated atom transfer
radical polymerization (SI-ATRP) method (Figure 2). A few sheets of wafers (25 mm × 15 mm) were
ultrasonically cleaned in ethanol and deionized water, and then were placed into a fresh piranha
solution (H2SO4:H2O2 = 3:1) at 120 ◦C for about 0.5 h. After the samples were repeatedly washed with
deionized water and dried with N2 flow, the wafer was subsequently treated with plasma (CORONA
Lab. CTP-2000, Nanjing, China) for about 2 min. The cleaned samples were immediately immersed into
a 1 mM dehydrate toluene solution containing 3-(trimethoxysilypropyl)-2-bromo-2-methylpropionate
for 12 h at room temperature. The initiator-grafted surface was sequentially washed with toluene,
ethanol, and water, and then dried under a stream of nitrogen.

The SVBA monomer (1.96 mmol) and Me6TREN (0.14 mmol) were dissolved in water (2.5 mL),
and the mixture was degassed by flowing a stream of nitrogen for 20 min. Then, 2,2,2-trifluoroethanol
was also degassed in the same manner. CuBr (15.7 mg, 0.11 mmol) and the initiator-coated
textured and flat silicon surface were placed in the same reaction tube back to back. The tube
was immediately evacuated and backfilled with nitrogen three times to remove oxygen. The degassed
2,2,2-trifluoroethanol (2.5 mL) and water solution containing the monomer and ligand were added
using a syringe to the reaction tube under nitrogen protection. The tube was then subjected to two
evacuation and nitrogen purging cycles and kept at room temperature for the SI-ATRP reaction.
After the prespecified reaction time (20 h and 48 h), the solution was exposed to air to terminate
the reaction. The grafted wafer was collected, washed with 2,2,2-trifluoroethanol and saturated
NaCl solution to remove the free polymer absorbed on its surface, and dried through nitrogen flow.
The samples were stored in air in room conditions until the surface analysis or the friction test.
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Figure 2. Schematic of SI-ATRP process for grafting polySVBA onto a silicon wafer.

2.3. Test and Characterization

The salt solution contact angles of grafted polymer brush samples were recorded with an OCA
15EC video-based optical contact-angle measuring system (Eastern-Dataphy Instruments Co., Ltd.,
Beijing, China). A 5-µL droplet of salt solution was dropped on the dry surface with a microsyringe.
The data presented were the average of five independent measurements on different positions.

Friction and wear tests were conducted with a ball-on-plate type UMT-3 friction tester (Bruker
Company, Hamburg, Germany). During sliding, poly(dimethylsiloxane) (PDMS) hemispheres 6 mm
in diameter were used as the counterparts. The displacement amplitude was 5 mm and the fixed
reciprocating frequency was 2 Hz. A 2-N normal load was applied in this test, and each friction test
was performed under saturated NaCl solution lubrication conditions in an ambient environment.
All friction tests were repeated at least three times for each test parameter. To evaluate the friction
reduction capability of polymer brushes with the most stringent criteria, we averaged the maximum
friction values of the two directions in each reciprocating cycle during data collection.

The morphology before and after the friction test was analyzed though scanning electron
microscopy (SEM, JSM-6610, JEOL, Tokyo, Japan) with an accelerating voltage of 15 kV. The detailed
microstructure and the roughness of specimens were evaluated through atomic force microscopy
(AFM) with an SPI3800N instrument (Seiko, Tokyo, Japan) under tapping mode. A quick scan of
a 200 µm × 200 µm area was initially collected, followed by small scan sizes in the desired regions
of interest.

The chemical composition changes on the surfaces before and after friction test were detected
through X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific, Carlsbad,
NM, USA); the binding energy (BE) scale was calibrated by C1s of the hydrocarbon peak at 284.5 eV,
and a Shirley-type background was chosen for the XPS fitting.

3. Results and Discussion

3.1. Surface Composition and Morphology Analysis of PolySVBA Brushes

To confirm the modified surface, XPS was performed to analyze and compare the surface
compositions of initiator-modified and polymer brush-grafted surfaces. As shown in Figure 3,
a Br3d characteristic peak near the binding energy (BE) of 69.8 eV and a C1s peak at 284.5 eV
(Figure 3a) were observed, indicating that the initiator was successfully grafted to the silicon
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surface as the original surface only contained silicon, and bromine is a unique component of the
3-(trimethoxysilypropyl)-2-bromo-2-methylpropionate initiator. For the sample after polymerization
(Figure 3b), the C/O ratio remarkably increased, indicating that the carbon chain length on the
surface remarkably increased. In addition, the high-resolution C1s peak on the surface of the grafted
polySVBA (PSVBA) sample could be decomposed into two peaks at 284.5 eV and 286.1 eV (Figure 3c),
which corresponded to C–C/C–H/C–S/C=C and C–N/C–O, due to the benzyl group and sulfobetaine
motif from the PSVBA brushes. The N1s peak could be decomposed into two peaks at 400.1 eV and
402.3 eV (Figure 3d), which were attributed to N–C and –N+(CH3)2–, respectively. Particularly, the S2p

peak of sulfonic acid group appeared on the grafted surface at 167.9 eV (Figure 3e). Detailed analysis of
the nitrogen and sulfur confirmed the existence of SVBA on the surface, and the results were consistent
with findings in literature [25,26]. Thus, PSVBA polymer brushes were successfully grafted onto the
sample surface.
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initiators and (b) polySVBA (PSVBA) brushes; (c) C1s, (d) N1s, and (e) S2p high-resolution survey scans.

The morphology of PSVBA brushes grafted with flat silicon wafers was characterized through
AFM (Figure 4). A smooth grafted surface was observed after 20 h of polymerization, and its
root-mean-square (RMS) roughness was approximately 6.05 nm (Figure 4a). When grafting time was
increased to 48 h, the surface became rough, considerable particle peaks (particle-like topography due
to the collapse of attached polymer chains under “dry” conditions [27]) were distributed on the surface,
and RMS increased to 10.65 nm (Figure 4b), similar to the findings of a previous report [28]. The above
characteristics were observed on flat and textured surfaces, except in the micro-dimple region.

The micro-dimples cannot be accurately characterized through AFM due to the serious ablation and
rough morphology caused by laser processing. As shown in Figure 5, SEM observation showed a small
difference between the morphologies of the 20-h grafted surface and ungrafted surface (see Figure 5a),
and this result may be due to the nanosized grafting thickness of the polymer, resulting in the overall
morphology of the substrate being unaffected at the micron scale. When the reaction time increased to
48 h, more aggregation of colloidal polymers was observed around the circular pores than in the plane
region (see Figure 5c), and several micro-dimples were filled with these polymers. This condition
may be related to the difficulty of cleaning the polymer layers that were physically adsorbed by
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micro-dimples. However, the polymer layer on the surface grafted for 48 h was thicker than that
grafted for 20 h, whether in the plane or texture area.
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Figure 4. Atomic force microscopy (AFM) morphologies of flat silicon surfaces grafted with PSVBA
brushes: (a) 20-h grafted surface; (b) 48-h grafted surface.
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Figure 5. SEM morphologies of textured silicon surfaces grafted with PSVBA brushes: (a,b) 20-h
grafted surface; (c,d) 48-h grafted surface.

3.2. Analysis of Surface Wetting Behavior

The wetting phenomenon plays an important role in surface lubrication. After successful grafting
of PSVBA brushes on flat and textured silicon surfaces, static contact angles of the surfaces in saturated
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NaCl solution with different modifications were measured. As shown in Figure 6, the contact angle of
the original silicon wafer surface of the flat sample was approximately 88.5◦, which reduced to 76.4◦

after coating of the self-assembled monolayer initiator, and 37.9◦ after grafting of the PSVBA brushes
via SI-ATRP, indicating the high hydration of PSVBA brushes in the salt solution. Polymers exert
an “anti-polyelectrolyte effect” with salt-responsive behaviors similar to PSVBA brushes, in which
the electrostatic inter/intrachain dipole–dipole interaction is destroyed under high concentration of
salt solution, and chain–chain interactions are reduced, promoting polymer–water interactions at the
interface, which results in low contact angles [29,30], and conformational changes in polymers from a
collapsed to an extended conformation as confirmed recently [31,32]. For the textured silicon wafer
surface, the contact angle decreased from 109.1◦ to 100◦ and 39.0◦. Although the contact angle of the
original textured surface was significantly higher than the flat silicon surface, the contact angle of the
PSVBA grafted textured surface was close to that on the grafted flat surface (FS). The results show that
the grafted PSVBA brushes can effectively improve the wettability of flat and textured silicon surfaces,
and their wetting effects are equivalent.
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The Wenzel model and Cassie–Baxter model are often used to analyze the wetting behavior
of rough surfaces [33]. The Wenzel model believes that the droplets completely wet all contact
surfaces, making the hydrophilic surface more hydrophilic and hydrophobic surfaces become more
hydrophobic [34]. However, the Cassie–Baxter model considers that the gases in the textured pores
will support the droplets and make the surface more hydrophobic [35]. In order to deeply analyze the
wetting behavior of the surface with different modifications, the predicted values of both theoretical
models were compared with the experimental values in this work.

The r is the ratio of the solid–liquid actual contact area over the projected surface area in the
Wenzel model, as shown Figure 1, where the definition of r in this work is as follows:

r =
c2
−πr2 + πr ·

√
h2 + r2

c2 . (1)

In the Cassie–Baxter model, f is the ratio of the solid–liquid contact area over the projected surface
area, and its definition in this work is the following equation:

f =
c2
−πr2

c2 . (2)
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According to the above formulae, the theoretical values of each model can be calculated.
The specific data are listed in Table 1, and the theoretical values can be compared with experimental
measurement values. For the initial surface, the surface wetting behavior after texturing was obviously
in accordance with the Cassie–Baxter model. The air inside the micro-dimples plays an important role
to support the droplets on the surface. When the initiator layer was grafted on the surface, although the
contact angle of the surface decreased and the wettability improved, it can be found that the surface
wetting state still belonged to the Cassie–Baxter state. When the PSVBA brushes were grafted on the
textured surface, and the contact angle θw < θtextured < θCB, it was obvious that the wetting state of the
surface changed in such a situation.

Table 1. Contact angle of experimental results (θtextured) and values calculated from Wenzel model (θw)
and Cassie–Baxter model (θCB) for different type surfaces.

Type Contact Angle (◦)

θflat θw θCB θtextured

Original 88.5 88.3 100.1 109.1
Initiator modified 76.4 74.4 90.41 100.0

48-h polySVBA grafted 37.9 25.8 64.0 39.0

To analyze the surface wetting behavior in detail, the contact angle of PSVBA brushes grafted on
the textured surface was measured with the increase in time (Figure 7). Figure 7a shows the shape of
the droplet on the surface 10 s after dropping. The gas in the textured pore supported the droplet and
formed a light–dark fringe inside the droplet. The contact angle was approximately 66.6◦, which is close
to the theoretical calculation results of the Cassie–Baxter model, indicating that the surface wetting
state is the Cassie–Baxter state. The liquid droplet gradually filled the micro-dimples of the textured
substrate, accompanied with a decrease in the apparent contact angle due to the strong adsorption
effect of the PSVBA brushes on the salt solution. The bubbles in the droplet gradually moved up
(see Figure 7a–c), and the effect of gases in the textured pores on surface wetting behavior gradually
weakened, whereby the wetting behavior changed from the Cassie–Baxter state to the Wenzel state
(see Table 1 and Figure 7d). This condition is similar to the change in solid/liquid contact mode from
the Cassie–Baxter state to the Wenzel state when the spherical liquid droplet is pressed physically,
or the energy barrier is overcome by external forces [36,37]. In general, it can be concluded that the
textured surface can make the silicon surface more hydrophobic; however, the method of grafting
polymer brushes on the surface is an effective way to change the surface wettability, and is less affected
by the substrate surface topography.Polymers 2019, 11, 0 9 of 17Polymers 2018, 10, x FOR PEER REVIEW  9 of 16 
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3.3. Analysis of Friction Coefficient and Wear Resistance

Figure 8 shows the average friction coefficients at the initial stable stage for different modifications.
It can be seen that the friction coefficient of PSVBA brushes grafted on flat surfaces is less than 0.03,
which is approximately 1/50 of the original surface. Meanwhile, the friction coefficient of the textured
surface reached 0.964, which is approximately 32% lower than that of the flat surface. The surface
texture anti-friction was widely confirmed by various reports [38]. This condition is attributed to
surface micro-pits that can reduce the contact area and effectively improve the fluid-bearing capacity
on the surface, thus reducing friction and wear under lubrication. In addition, grafting PSVBA brushes
can immensely reduce the friction coefficient of the textured surface, and the friction reduction effect is
higher compared with that on the flat silicon surface. Significant anti-friction effects of the grafted
surface of polymer brushes were reported by a number of researchers [4,39]. Other studies showed that
the excellent lubrication performance of PSVBA brushes is due to their ability to hydrate under high
concentrations of salt solution (Figure 6). This condition results in a highly stretched conformation
of polymer chains in the interface and the generation of an osmotic pressure repulsive force from
polymer chains opposite to the applied load, which can effectively improve the load-carrying capacity
of the surface and promote the formation of a thin fluid lubrication film, resulting in a low surface
friction coefficient.
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evolution with time increased (d) under saturated NaCl solution conditions.

3.3. Analysis of Friction Coefficient and Wear Resistance

Figure 8 shows the average friction coefficients at the initial stable stage for different modifications.
It can be seen that the friction coefficient of PSVBA brushes grafted on flat surfaces is less than 0.03,
which is approximately 1/50 of the original surface. Meanwhile, the friction coefficient of the textured
surface reached 0.964, which is approximately 32% lower than that of the flat surface. The surface
texture anti-friction was widely confirmed by various reports [38]. This condition is attributed to
surface micro-pits that can reduce the contact area and effectively improve the fluid-bearing capacity
on the surface, thus reducing friction and wear under lubrication. In addition, grafting PSVBA brushes
can immensely reduce the friction coefficient of the textured surface, and the friction reduction effect is
higher compared with that on the flat silicon surface. Significant anti-friction effects of the grafted
surface of polymer brushes were reported by a number of researchers [4,39]. Other studies showed that
the excellent lubrication performance of PSVBA brushes is due to their ability to hydrate under high
concentrations of salt solution (Figure 6). This condition results in a highly stretched conformation
of polymer chains in the interface and the generation of an osmotic pressure repulsive force from
polymer chains opposite to the applied load, which can effectively improve the load-carrying capacity
of the surface and promote the formation of a thin fluid lubrication film, resulting in a low surface
friction coefficient.
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Although polymer brushes feature excellent lubrication effects, the wear life of their surface is
generally insufficient, which limits their application in the industry. Similarly, as shown in Figure 9a,
the FS-PSVBA-20 h (PSVBA grafted on flat surface for 48 h) surface exhibited excellent lubricating effects
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in this study, but its surface showed poor wear resistance, as its wear life could only maintain 2000–3000
test cycles. When the micro-dimples were fabricated on the surface, a low friction coefficient could be
maintained to approximately 5000 friction cycles, indicating that the dimples can effectively prolong the
wear life of polymer brushes. This condition may be explained by the combined elastohydrodynamic
lubrication (EHL) theory. The EHL theory states that the load capacity is proportional to (L/h)2,
and the friction force is proportional to (L/h), where L refers to the bearing length, and h denotes the
minimum film thickness. This condition indicates that, when EHL can be established at the polymer
brush-grafted surface, then the sum of the dynamic pressure-bearing capacity of the fluid film and the
osmotic pressure repulsion force of the polymer brush chains must be able to offset the external load.
FS-PSVBA-20 h can achieve such EHL conditions at the initial stage. However, the continuous wear of
polymer chains caused the decrease in osmotic pressure repulsion force, and the fluid film could not
maintain sufficient support force with the progress of the friction test. Therefore, the film thickness
decreased, the friction pair gradually contracted, the conformation of polymer brush cannot be fully
extended along the load direction, and the shear resistance of the solution increased, resulting in
increased friction force, breakage of polymer chains, and surface failure. For the TS-PSVBA-20 h
(PSVBA grafted on textured surface for 48 h) surface, although the polymer brushes could stretch
conformation in a good solution, they remained shorter compared with the micro-dimples in the depth
range of 20–30 microns. Thus, the polymer chains at the bottom of micro-dimples cannot affect the
lubrication behavior of the surface, and a small distance between friction pairs and a high friction
coefficient will be obtained. The friction coefficient sharply rose again when the polymer chains with
anti-friction effect were completely worn out.
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The anti-wear effect of TS-PSVBA-20 h is unsuitable for industrial applications. On this basis,
the reaction time was extended to 48 h to improve the thickness of PSVBA brushes. As referred to in the
literature [13,30], with the increase in thickness of the grafted layer, the surface became rough, and the
friction coefficient increased. This condition can be explained as follows: the high thickness of polymer
brushes resulted in the significant decrease in load-carrying capacity of the fluid film, whereas the
friction pairs must be close to each other, causing difficulty in full extension of polymer chains along
the load direction and serious wearing, resulting in a high friction coefficient during the friction
test, as shown in Figure 9b. The friction coefficient of the PS-PSVBA-48 h surface rapidly increased
after 12,000 cycles of friction test, indicating that the grafted layer lost its friction-reducing function.
Although the friction coefficient of the 48-h grafted textured surface was increased to 0.5 (one-third of
the original flat silicon surface), the friction test could be stably operated about 35,000 cycles without
significant fluctuations, as the polymer chains in the dimples formed no direct contact with the friction



Polymers 2019, 11, 981 11 of 16

pair, and could affect the lubrication effect on the surface for a long time. The results showed that
the textured surface can significantly improve the wear resistance of the polymer brushes, and the
thickness of the grafted layer should be suitable for the depth of texture.

3.4. Wear Mechanism

To analyze the related phenomena during the friction test, the wear morphology under different
modified surfaces was observed through SEM, as shown in Figure 10. For the polymer brushes
grafted on the flat surface for 20 h, the worn surface was smooth, and the signs of grafted polymer
brushes could not be distinguished (Figure 10a). XPS detection showed that the C/O ratio on the
worn surface at this time was significantly lower than that on the non-worn surface (compared with
Figures 3b and 10a), indicating that the grafted polymer chains were severely broken, which indirectly
confirmed that the wear of grafted layer primarily caused the increase in friction coefficient. The wear
surface of polymer brushes grafted for 48 h could easily distinguish the wear and the non-wear
areas, and the polymer brush film was completely worn after a long-period friction test (Figure 10b).
However, the worn morphology of the texture surface immensely changed with different grafting
times. Although the surface friction coefficient of polymer brushes grafted for 20 h was smaller than
that for 48 h, a lot of wear debris was generated and removed from friction interfaces with the increase
of friction cycles, which gradually aggregated on both sides of wear scars along the friction direction
(see Figure 10d). This debris probably resulted from the aggregation of fractured polymer chains
during the repeated friction test. “Brush” conformation was lost with the agglomeration of polymer
chains, that is, the excellent lubrication effect of polymer brushes was lost, and friction coefficient
rapidly increased (see Figure 9a). By contrast, no agglomeration occurred on the surface grafted for
48 h, and no significant difference was observed in the surface morphologies of micro-dimples before
and after wearing, as indicated in the SEM photographs. This is the main reason why the surface could
maintain long-term stability during a prolonged friction test.

To further analyze the failure mechanism of polymer brush-grafted surfaces during wear on
the ultrastructure, the AFM morphology of 48-h PSVBA brushes grafted on flat silicon wafers was
determined at different wear stages, as illustrated in Figure 11. The wear of polymer brushes on the
surface was divided into four stages. In the initial wear stage (e.g., N = 1000), the surface of the polymer
brushes was covered with numerous micro-grooves (see Figure 11a), which may be due to ploughing by
PDMS pairs, and the wear mechanism was mainly a two-body abrasive wear. In the fluctuation stage
(e.g., N = 4000), the micro-grooves on the grafted surface were obviously deepened, and the local area
showed evident “negative wear” morphology (see Figure 11b), which may be due to the pulling effect
on the local polymer chain in the wear area during the two-body abrasive wear process, resulting in
increased height of polymer chains in this area. Therefore, the friction coefficient remarkably fluctuated
at this stage, which led to a sharp increase in surface roughness (RMS = 23.35 nm). Then, it reached the
stable wear stage (e.g., N = 8000), as shown in Figure 11c, with the continuation of the wear process;
the friction coefficient maintained a stable value, the whole wear morphology was relatively flat,
and the local area of “negative wear” morphology disappeared, while the characteristics of polymer
chain fracture could be seen clearly in the local position of the wear surface. The polymer chains on
the grafted surface were gradually cut off and the wear mechanism was changed into fatigue wear.
Finally, as shown in Figure 11d, the failure stage (e.g., N = 13450) was followed by the continuous
fracture of the polymer chains; the thickness of the grafted layer gradually decreased, the surface of
the matrix began to be exposed, the micro-grooves almost disappeared, the friction coefficient rose
sharply in the meantime, the roughness of the worn surface was close to the original substrate surface
after the 13,450-cycle friction test, and the grafted polymer brushes were almost completely worn away.
Of course, the task of the polymer brushes was terminated after the final stage.
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(c–f) surfaces.

Figure 12 shows a schematic of the friction mechanism of polymer brushes grafted on flat and
textured silicon surfaces on the basis of the obtained experimental results. The polymer chains
were evenly stretched along the height direction and arranged in the same direction as each other,
when the polymer brushes were grafted on the flat surface, gradually forming a uniform hydration
layer, and resulting in a low friction on the grafted surface. However, the polymer chains were easily
destroyed under the alternating shear effect, as only an extremely thin hydration layer separated
the friction interfaces and carried the normal load. Thus, the wear life of the surface was generally
insufficient. The stretching of polymer chains in good solvents relatively differed from that in the grafted
flat surface, when the polymer brushes were grafted on the texture surface; that is, the arrangement of
polymer chains changed with the substrate curvature [40], resulting in poor flow of hydration layer on
textured surface compared with that on the flat substrate surface. In addition, given the numerous
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pores on the surface, the number of polymer chains on the textured surface in direct contact with the
friction pair will be reduced. Thus, the osmotic pressure repulsive force acting on the friction pair
was weakened. The combination of the two factors led to a higher friction coefficient on the grafted
texture surface than on the grafted flat surface in the initial stage of the friction test. On the other
hand, although most of the polymer brushes in the micro-dimples showed no direct contact with the
friction pair, they still presented good wettability (see Figures 6 and 7). Thus, the polymer brushes can
effectively lock the lubricant and store it in the micro-dimples to facilitate a hydrodynamic lubrication
film during the friction process. However, the polymer chains should be longer than the depth of
micro-dimples, as short polymer chains at the bottom cannot affect the lubrication behavior on the
surface (see Figure 7b,c). Once the polymer chains in the pit can affect the surface lubrication effect,
the formation of a hydrodynamic lubrication film can prevent breakage of the polymer chains in the
non-textured region (i.e., outside the micro-dimples). Moreover, the polymer chains in micro-dimples
exhibited no direct contact with the tribo-pairs, which can effectively protect the polymer chains from
wearing. Thus, the polymer chains can influence the lubrication effect between friction interfaces
for a long period. Therefore, this method can remarkably extend the service life of polymer brushes
(see Figure 10).
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Figure 12. Schematics of the contact mechanics for (a) polymer brushes grafted on a flat silicon
textured surface, (b) thin polymer brushes on a textured surface, and (c) thicker polymer brushes on a
textured surface.

4. Conclusions

The combined effects of PSVBA polymer brushes as a lubricating film and LST on improving the
wettability, reducing friction, and extending the service lifespan of polymer brushes were investigated.
The following conclusions were drawn:

1. The wettability of substrate surface can be significantly improved by grafting PSVBA brushes,
gradually changing from the Cassie–Baxter state to the Wenzel state by grafting polymer brushes,
such that the texture causes no effect on the grafted surface wettability.

2. For the grafted smooth surface, polymer brushes easily form a hydrated layer and exhibit ultra-low
friction behavior. However, the alternating shearing action can easily break the polymer chains
and, thus, destroy the lubrication film, and the short wear resistance life of polymer brushes
cannot be avoided.

3. Although the friction coefficient of the grafted textured surface slightly increased, the friction
test on the surface could be stably operated for 35,000 cycles without significant fluctuations,
as the micro-pits on the textured surface can protect polymer brushes from wear. The effect of
the micro-texture can immensely prolong the service life of polymer brushes and expand their
tribological applications.

Author Contributions: Conceptualization, M.-x.S. and J.-t.Y.; Methodology, M.-x.S.; Validation, M.-x.S. and
J.-t.Y.; Formal Analysis, Z.-x.Z.; Investigation, Z.-x.Z.; Data Curation, M.-x.S.; Writing-Original Draft Preparation,
Z.-x.Z.; Writing-Review & Editing, M.-x.S. and J.-t.Y.; Visualization, G.-y.X.; Supervision, G.-y.X. and M.-x.S.;
Project Administration, M.-x.S.; Funding Acquisition, M.-x.S.

Funding: This study was supported by the National Science Foundation of China (No. 51775503, 51563008,
and 51673175), the Natural Science Foundation of Zhejiang Province (No. LY17E050020), and the China Postdoctoral
Science Foundation (No. 2017M620152 and 2018T110392).

Acknowledgments: The authors thank Bing-jun Yu from Southwest Jiaotong University for the
AFM measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bielecki, R.M.; Doll, P.; Spencer, N.D. Ultrathin, Oil-Compatible, Lubricious Polymer Coatings: A Comparison
of Grafting-To and Grafting-From Strategies. Tribol. Lett. 2013, 49, 273–280. [CrossRef]

2. Kang, T.; Banquy, X.; Heo, J.H.; Lim, C.N.; Lynd, N.A.; Lundberg, P.; Oh, D.X.; Lee, H.K.; Hong, Y.K.;
Hwang, D.S.; et al. Mussel-Inspired Anchoring of Polymer Loops That Provide Superior Surface Lubrication
and Antifouling Properties. ACS Nano 2015, 10, 930–937. [CrossRef] [PubMed]

3. Zhang, R.; Ma, S.; Wei, Q.; Ye, Q.; Yu, B.; Van Der Gucht, J.; Zhou, F. The Weak Interaction of Surfactants with
Polymer Brushes and Its Impact on Lubricating Behavior. Macromolecules 2015, 48, 6186–6196. [CrossRef]

4. Wei, Q.; Cai, M.; Zhou, F.; Liu, W. Dramatically Tuning Friction Using Responsive Polyelectrolyte Brushes.
Macromolecules 2013, 46, 9368–9379. [CrossRef]

5. Kobayashi, M.; Takahara, A. Tribological properties of hydrophilic polymer brushes under wet conditions.
Chem. Rec. 2010, 10, 208–216. [CrossRef]

http://dx.doi.org/10.1007/s11249-012-0065-y
http://dx.doi.org/10.1021/acsnano.5b06066
http://www.ncbi.nlm.nih.gov/pubmed/26695175
http://dx.doi.org/10.1021/acs.macromol.5b01267
http://dx.doi.org/10.1021/ma401537j
http://dx.doi.org/10.1002/tcr.201000001


Polymers 2019, 11, 981 15 of 16

6. Kobayashi, M.; Kaido, M.; Suzuki, A.; Takahara, A. Tribological properties of cross-linked oleophilic polymer
brushes on diamond-like carbon films. Polymer 2016, 89, 128–134. [CrossRef]

7. Xiao, S.; Ren, B.; Huang, L.; Shen, M.; Zhang, Y.; Zhong, M.; Yang, J.; Zheng, J. Salt-responsive zwitterionic
polymer brushes with anti-polyelectrolyte property. Curr. Opin. Chem. Eng. 2018, 19, 86–93. [CrossRef]

8. Wu, Y.; Wei, Q.B.; Cai, M.R.; Zhou, F. Interfacial Friction Control. Adv. Mater. Interfaces 2015, 2, 1400392.
[CrossRef]

9. Raviv, U.; Giasson, S.; Kampf, N.; Gohy, J.F.; Jerome, R.; Klein, J. Lubrication by charged polymers. Nature 2003,
425, 163–165. [CrossRef]

10. Chen, M.; Briscoe, W.H.; Armes, S.P.; Klein, J.; Armes, S. Lubrication at Physiological Pressures by
Polyzwitterionic Brushes. Science 2009, 323, 1698–1701. [CrossRef] [PubMed]

11. Yu, J.; Jackson, N.E.; Xu, X.; Morgenstern, Y.; Kaufman, Y.; Ruths, M.; De Pablo, J.J.; Tirrell, M.
Multivalent counterions diminish the lubricity of polyelectrolyte brushes. Science 2018, 360, 1434–1438.
[CrossRef]

12. Stokes, K.; Watson, S.; Nie, M.; Wang, L. Challenges and developments of self-assembled monolayers and
polymer brushes as a green lubrication solution for tribological applications. RSC Adv. 2015, 5, 89698–89730.

13. Xiao, S.; Zhang, J.; Shen, M.; Sun, L.; Chen, F.; Fan, P.; Zhong, M.; Yang, J. Aqueous lubrication of
poly(N-hydroxyethyl acrylamide) brushes: A strategy for their enhanced load bearing capacity and wear
resistance. RSC Adv. 2016, 6, 21961–21968.

14. Gachot, C.; Rosenkranz, A.; Hsu, S.; Costa, H.; Costa, H. A critical assessment of surface texturing for friction
and wear improvement. Wear 2017, 372–373, 21–41. [CrossRef]

15. Ghani, J.A.; Rahman, H.A.; Mahmood, W.M.F.W. A brief review on friction reduction via dimple structure
for piston engine. World Rev. Sci. Technol. Sustain. Dev. 2018, 14, 147–164. [CrossRef]

16. Gropper, D.; Wang, L.; Harvey, T.J. Hydrodynamic lubrication of textured surfaces: A review of modeling
techniques and key findings. Tribol. Int. 2016, 94, 509–529. [CrossRef]

17. Arslan, A.; Masjuki, H.H.; Kalam, M.A.; Varman, M.; Mufti, R.A.; Mosarof, M.H.; Khuong, L.S.; Quazi, M.M.
Surface Texture Manufacturing Techniques and Tribological Effect of Surface Texturing on Cutting Tool
Performance: A Review. Crit. Rev. Solid State Sci. 2016, 41, 447–481. [CrossRef]

18. Hua, X.; Sun, J.; Zhang, P.; Liu, K.; Wang, R.; Ji, J.; Fu, Y. Tribological Properties of Laser Microtextured
Surface Bonded with Composite Solid Lubricant at High Temperature. J. Tribol. 2016, 138, 031302. [CrossRef]
[PubMed]

19. Kim, S.-H.; Jeong, S.-H.; Kim, T.-H.; Choi, J.-H.; Cho, S.-H.; Kim, B.S.; Lee, S.W. Effects of solid lubricant
and laser surface texturing on tribological behaviors of atmospheric plasma sprayed Al2O3-ZrO2 composite
coatings. Ceram. Int. 2017, 43, 9200–9206. [CrossRef]

20. Jeong, S.-H.; Kim, S.-H.; Kim, T.-H.; Cho, S.-H.; Gyawali, G.; Lee, S.W. Effects of solid lubricant and
laser surface texturing on frictional performance of pulse electric current sintered Al2O3–ZrO2 composites.
Ceram. Int. 2016, 42, 7830–7836. [CrossRef]

21. Ripoll, M.R.; Simič, R.; Brenner, J.; Podgornik, B. Friction and Lifetime of Laser Surface–Textured and
MoS2-Coated Ti6Al4V Under Dry Reciprocating Sliding. Tribol. Lett. 2013, 51, 261–271. [CrossRef]

22. Hu, T.; Hu, L.; Ding, Q. Effective solution for the tribological problems of Ti-6Al-4V: Combination of laser
surface texturing and solid lubricant film. Surf. Coat. Technol. 2012, 206, 5060–5066. [CrossRef]

23. Voevodin, A.A.; Zabinski, J.S. Laser surface texturing for adaptive solid lubrication. Wear 2006, 261, 1285–1292.
[CrossRef]

24. Sonnenschein, L.; Seubert, A. Synthesis of a series of monomeric styrene sulfobetaine precursors.
Tetrahedron Lett. 2011, 52, 1101–1104. [CrossRef]

25. Zhang, J.; Yuan, J.; Zang, X.; Shen, J.; Lin, S. Platelet adhesive resistance of segmented polyurethane film
surface-grafted with vinyl benzyl sulfo monomer of ammonium zwitterions. Biomaterials 2003, 24, 4223–4231.
[CrossRef]

26. Liu, P.; Chen, Q.; Li, L.; Lin, S.; Shen, J. Anti-biofouling ability and cytocompatibility of the zwitterionic
brushes-modified cellulose membrane. J. Mater. Chem. B 2014, 2, 7222–7231. [CrossRef]

27. Wei, Q.B.; Pei, X.W.; Hao, J.Y.; Cai, M.R.; Zhou, F.; Liu, W.M. Surface Modification of Diamond-Like Carbon
Film with Polymer Brushes Using a Bio-Inspired Catechol Anchor for Excellent Biological Lubrication.
Adv. Mater. Interfaces 2014, 1, 1–8. [CrossRef]

http://dx.doi.org/10.1016/j.polymer.2016.02.040
http://dx.doi.org/10.1016/j.coche.2017.12.008
http://dx.doi.org/10.1002/admi.201400392
http://dx.doi.org/10.1038/nature01970
http://dx.doi.org/10.1126/science.1169399
http://www.ncbi.nlm.nih.gov/pubmed/19325108
http://dx.doi.org/10.1126/science.aar5877
http://dx.doi.org/10.1016/j.wear.2016.11.020
http://dx.doi.org/10.1504/WRSTSD.2018.10014271
http://dx.doi.org/10.1016/j.triboint.2015.10.009
http://dx.doi.org/10.1080/10408436.2016.1186597
http://dx.doi.org/10.1115/1.4032522
http://www.ncbi.nlm.nih.gov/pubmed/27303112
http://dx.doi.org/10.1016/j.ceramint.2017.04.073
http://dx.doi.org/10.1016/j.ceramint.2016.02.018
http://dx.doi.org/10.1007/s11249-013-0170-6
http://dx.doi.org/10.1016/j.surfcoat.2012.06.014
http://dx.doi.org/10.1016/j.wear.2006.03.013
http://dx.doi.org/10.1016/j.tetlet.2010.12.100
http://dx.doi.org/10.1016/S0142-9612(03)00365-X
http://dx.doi.org/10.1039/C4TB01151A
http://dx.doi.org/10.1002/admi.201400035


Polymers 2019, 11, 981 16 of 16

28. Sun, N.; Liu, M.; Wang, J.; Wang, Z.; Li, X.; Jiang, B.; Pei, R. Chitosan Nanofibers for Specific Capture
and Nondestructive Release of CTCs Assisted by pCBMA Brushes. Small 2016, 12, 5090–5097. [CrossRef]
[PubMed]

29. Su, Y.; Zheng, L.; Li, C.; Jiang, Z. Smart zwitterionic membranes with on/off behavior for protein transport.
J. Phys. Chem. 2008, 112, 11923–11928. [CrossRef] [PubMed]

30. Yang, J.; Chen, H.; Xiao, S.; Shen, M.; Chen, F.; Fan, P.; Zhong, M.; Zheng, J. Salt-Responsive Zwitterionic
Polymer Brushes with Tunable Friction and Antifouling Properties. Langmuir 2015, 31, 9125–9133. [CrossRef]

31. Han, M.; Espinosa-Marzal, R.M. Strong Stretching of Poly(ethylene glycol) Brushes Mediated by Ionic Liquid
Solvation. J. Phys. Chem. Lett. 2017, 8, 3954–3960. [CrossRef]

32. Fu, Y.; Zhang, L.; Huang, L.; Xiao, S.; Chen, F.; Fan, P.; Zhong, M.; Yang, J. Salt- and thermo-responsive
polyzwitterionic brush prepared via surface-initiated photoiniferter-mediated polymerization. Appl. Surf.
Sci. 2018, 450, 130–137. [CrossRef]

33. Ma, C.; Bai, S.; Peng, X.; Meng, Y. Improving hydrophobicity of laser textured SiC surface with micro-square
convexes. Appl. Surf. Sci. 2013, 266, 51–56. [CrossRef]

34. Wenzel, R.N. Resistance of solid surfaces to wetting by water. Ind. Eng. Chem. 1936, 28, 988–994. [CrossRef]
35. Cassie, A.B.D.; Baxer, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546–551. [CrossRef]
36. Feng, X.J.; Jiang, L. Design and Creation of Superwetting/Antiwetting Surfaces. Adv. Mater. 2006, 18,

3063–3078. [CrossRef]
37. Murakami, D.; Jinnai, H.; Takahara, A. Wetting Transition from the Cassie–Baxter State to the Wenzel State

on Textured Polymer Surfaces. Langmuir 2014, 30, 2061–2067. [CrossRef]
38. Etsion, I. Improving Tribological Performance of Mechanical Components by Laser Surface Texturing.

Tribol. Lett. 2004, 17, 733–737. [CrossRef]
39. Goujon, F.; Ghoufi, A.; Malfreyt, P.; Tildesley, D.J. The kinetic friction coefficient of neutral and charged

polymer brushes. Soft Matter 2013, 9, 2966. [CrossRef]
40. Ramakrishna, S.N.; Nalam, P.C.; Espinosa-Marzal, R.M.; Naik, V.V.; Spencer, N.D. Adhesion and Friction

Properties of Polymer Brushes on Rough Surfaces: A Gradient Approach. Langmuir 2013, 29, 15251–15259.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/smll.201600475
http://www.ncbi.nlm.nih.gov/pubmed/27445096
http://dx.doi.org/10.1021/jp804422t
http://www.ncbi.nlm.nih.gov/pubmed/18767776
http://dx.doi.org/10.1021/acs.langmuir.5b02119
http://dx.doi.org/10.1021/acs.jpclett.7b01451
http://dx.doi.org/10.1016/j.apsusc.2018.04.112
http://dx.doi.org/10.1016/j.apsusc.2012.11.068
http://dx.doi.org/10.1021/ie50320a024
http://dx.doi.org/10.1039/tf9444000546
http://dx.doi.org/10.1002/adma.200501961
http://dx.doi.org/10.1021/la4049067
http://dx.doi.org/10.1007/s11249-004-8081-1
http://dx.doi.org/10.1039/c3sm27641d
http://dx.doi.org/10.1021/la402847z
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Procedure 
	Materials 
	Preparation of Polymer Brushes 
	Test and Characterization 

	Results and Discussion 
	Surface Composition and Morphology Analysis of PolySVBA Brushes 
	Analysis of Surface Wetting Behavior 
	Analysis of Friction Coefficient and Wear Resistance 
	Wear Mechanism 

	Conclusions 
	References

