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Nanotribological Properties of Nanotextured Ni-Co Coating Surface
Measured with AFM Colloidal Probe Technique
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Surface-texturing is a useful method of modifying surface frictional performance. A simple,
novel, easily-controlled method was used to fabricate different kinds of textures on an Ni-Co
coating surface. The nanotribological properties were characterised by atomic force microscope
(AFM) with a colloidal probe. The results showed that, compared to the original Ni-Co coating
surface, the nanotextured surface can adjust the surface friction forces. The half-elliptic patterns
have better tribological properties than hemispherical patterns. Therefore, both laser energy and
laser scanning speed will influence the friction performances of Ni-Co coating surfaces.
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1. Introduction

Research into the use of surface-texturing to change the
contact area between surfaces has reached the consensus
that it adjusts the surface frictional performance. At a
macro-scale, the regular distributed holes on the piston ring
are one of the earliest and most familiar commercial
applications of surface-texturing. Nowadays with the rapid
development of nanotechnology, many interesting
phenomena have been found at the nanometric scale [1].
The mechanical system is gradually stepping into the
nanoscale. More and more miniaturised, and integrated
components and devices such as electrostatic micro-motors,
micro-actuators, micro-sensors, and micro-systems, have
attracted many researchers [2-3]. However, as the
mechanical system or components shrink to the
micro/nanometre scale, adhesion and friction problems,
because of the dramatically increased
surface-area-to-volume ratio [4], become a major reason
for the failure of MEMS [5] and limit further developments
in the MEMS fields. J. Bons et.al [6-8] has investigated the
tribological performance of micro/nanostructure surface
induced by femtosecond laser. In their tribology
measurements, larger loads of 1IN and ball diameter of
10mm can easily destroy the micro/ nanostructures of metal
surface. However, AFM colloidal probe technique can
effectively reveal the friction mechanism  of
micro/nanostructure surface, which have been more and
more applications in tribology research. According to the
frictional behaviour after surface texturing, many scholars
[9-12] have adopted various methods, for instance laser
lithography, electro-beam lithography and chemical vapour
deposition, to fabricate nanotextured surfaces and
investigate its nanotribological properties. Zhao [13]
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investigated the nanotribological behaviour of Au surfaces
with different micro/nano-textures and the corresponding
chemical modification thereof. The results showed that
surface textures with micro/nano-scale cylindrical holes
and chemical modified by ODT self-assembled monolayers
can improve the nanotribological performance of an Au
surface. Rahul Premachandran Nair and Min Zhou [14]
used a method of aluminium-induced crystallisation (Al-C)
of amorphous silicon (a-Si) to fabricate a controlled
nanotextured surface and tested its friction characteristics.
The result showed that by changing the a-Si thickness and
annealing conditions, various nanotextured surfaces were
produced. NTSs had significantly altered surface frictional
properties. Both texture height and density were found to
affect the adhesion and friction performances of the
nanotextured surfaces.

The AFM is a useful tool with which to measure the
friction force between contact surfaces [14]. The use of
different kinds of probes can simulate different kinds of
frictional pairs. Generally the contact model probe with tip
radii in the range of several tens of nanometres is widely
used to investigate surface tribological properties because
of its high sensitivity and low-cost; however the sharp tip
an easily penetrate into soft surfaces or easily wear in the
measurement  of rigid surfaces. This influences
measurement accuracy when such a contact model probe
was used to measure friction forces [15]. To overcome this
problem, spherical colloidal particles with radii in the range
of several to several tens of microns were attached to the
AFM cantilevers can be used as probes to measure the
surface friction [16]. Compared to the contact model probe,
the colloidal probe has advantages in many respects,
including a larger contact area which distributes the
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pressure over the sample surface [17] and the higher
signal-to-noise ratio between the surface and colloidal
probe during force measurement [18]. Due to these
advantages, the colloidal probe has been used to measure
friction forces by many scholars. Zhang [19] used a
colloidal probe to acquire friction force images of
micro/nano-patterned surfaces. A difference in friction
force produced a contrast on the friction force images when
the colloidal probe slid over different regions of the
patterned polymer surfaces. Hartmut R. Fischer and Edwin
R.M. Gelinck [20] used an AFM with colloidal probes
varying from 1 nm to 8 um contact diameter to measure the
adhesion on an Si surface. The results show that a larger
contacting surface enhances the quality of the measured
adhesion values.

In this work, due to the initially good friction-reducing
performance of the Ni-Co alloy coating itself, stainless
steel with an electrodeposited Ni-Co alloy coating was
selected for testing. Laser direct writing was used to
fabricate nanotextures on the Ni-Co coating surface. The
surface morphology of the nanotextures on the Ni-Co
coating surface were characterised by SEM. The
nanotribological properties of the nanotexturing on the
Ni-Co coating surface were investigated by AFM with a
colloidal probe.

2. Experimental work

The samples used in the experiments were all derived
from a 316L stainless steel. The surface of the stainless
steel was coated by electrodeposition of a layer of Ni-Co
alloy. The electrodeposition processing parameters and
composition of the solution in the bath are shown in Table
1.

A laser direct writing system was used to fabricate the
different kinds and sizes of nanotextures. The schematic
diagram of the laser direct writing system is shown in Fig.
1. An ultraviolet laser (DSH-355-10, PHOTONICS
INDUSTRIES, USA) with a working wavelength of 355
nm, pulse width of 12ns and repetition rate of 7KHz was
selected as the laser generator used to manufacture
nanostructures on the Ni-Co coating surface. The laser
beam was reflected by two angled, 45° mirrors (M1, M2)
and then the reflected laser beam was incident to a laser
marker which is controlled by a computer and can control
the motion of the laser beam. The samples were set
perpendicularly to the laser marker. The laser processing
parameters are listed in Table 2.

Table 1 The composition of the electroplating bath solution
and processing parameters

Table 2 Laser processing parameters
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Laser processing parameter

Laser energy Scanning speed Scan Laser spot
density (J/cm?) (mm/s) interval radius
0.01, 0.03, 0.05, 2.54,7.62,15.24, 0.01 15
0.18 25.4 mm K

Electrodeposition

Solution composition -
processing parameters

Composition Content/gL-1 | Temperature(

C) 50
Cobalt sulphate | 20
Nickel sulphate | 60
Nickel chloride | 30 pH 35t045
Boric acid 30

Pe— -
- |
|
7

Laser

Laser marker

s "/’)

Sample
Fig.1 Schematic of the laser direct writing system, M:
mirror.

The surface morphology and nanostructure of the
coating surface was characterised by scanning electron
microscopy (SEM). The friction force performance was
tested by commercial AFM (CSPM5500, Benyuan
Nano-Instrument, China). A commercial colloidal probe
with a 10 pm radius, SiO2 colloidal spherical tip (Novascan.
Inc.) (Fig. 2) was used. The AFM contact mode was used
with a scanning rate of 1 Hz and scanning length of 50.0
um to measure friction force. The loads were changed from
OVtolw

Fi. pgp y Si 2 collo robe

3. Results and discussion
3.1 Laser direct writing of nanotextures

There are several major parameters controlling the laser
direct writing process, such as laser energy density and
scanning velocity. Fig. 3 shows a number of SEM images
at laser energy densities of 0.03 J/cm?, 0.05 J/cm?, and
0.18J/cm? at the same scanning speed of 15.24 mm/s. Fig.
3(a) shows an original surface morphology of the Ni-Co
alloy coating without laser direct writing. It can be seen
that there are lots of irregular sizes and random distributed
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bumps and grooves on the unprocessed coating surface.
Furthermore, the heights of the surface particles are
different. After processing by laser scan writing at 0.03
Jiem? (Fig. 3(b)), some regular protrusions can be found on
the surface and the height of the surface protrusions was
the same. The previous surface defects were replaced by
uniform, regular patterns. As the laser energy density
continuously increased to 0.05 J/cm? and 0.18J/cm?, in Figs
3(c) and 3(d), the hemispherical nanoprotrusions were
replaced by half-elliptic nanoprotrusions. The processed
region has a tendency to become flat. When the laser
energy density exceeded 0.25 J/cm?, the patterns on the
laser processing region disappeared and the processed area
was at its smoothest and flattest. Hence different kinds of
surface textures can be fabricated at different laser energy
densities. The regular hemispherical nanoprotrusions and
half-elliptical nanoprotrusions can be acquired by adjusting
the energy density.

(© (d)
Fig.3 SEM images of (a) Ni-Co alloy coating surface before
laser-beam treatment and the processing region under laser
treatment at (b) 0.03 J/cm2; (c) 0.05 J/cm2; (d) 0.18J/cm2.

Fig.4 shows the surface morphology of laser processed
regions produced at different scanning velocities (2.54
mm/s, 7.62 mm/s, 15.24 mm/s, and 25.4 mm/s) at two
energy densities (0.03 J/cm? and 0.05 J/cm?). As mentioned,
the laser energy density can control the type of nanotexture.
The  typical  hemispherical  nanoprotrusions and
half-elliptical nanoprotrusions have been selected to
investigate the relationship between scanning velocities and
surface topography. In Figs 4(a) to 4(d), hemispherical
nanoprotrusions on the Ni-Co coating surface are obtained
by four different scanning velocities — 2.54 mm/s, 7.62
mm/s, 15.24 mm/s, and 25.4 mm/s at 0.03 J/cm?. Figs 4(e)
to 4(h) show half-elliptic nanoprotrusions on the Ni-Co
coating surface made at scanning velocities of 2.54 mm/s,
7.62 mm/s, 15.24 mm/s, and 25.4 mm/s at 0.05 Jcm?.
From these images of hemispherical nanoprotrusions, it can
be concluded that the sizes thereof were inversely
proportional to the scanning velocities. As scanning
velocities increased, the nanoprotrusions on the coating

surface became smaller. From SEM images of half-elliptic
nanoprotrusions, it was found that the half-elliptic
nanoprotrusions grew bigger when the scanning velocities
decreased. Hence scanning velocity can control the size of
nanoprotrusion produced.

In summary, different kinds of nanotextured surface
may be fabricated through changing the laser energy
density and the size of hemispherical and half-elliptic
nanoprotrusions can be changed by using different
scanning velocities. Therefore, laser direct writing is an
effective method of fabricating controllable nanotextured
surfaces.

(d) (h)

Fig.4 SEM images of (a-d) hemispherical textured Ni-Co alloy
coating surface induced by different scanning speeds (2.54 mm/s,
7.62 mm/s, 15.24 mm/s, 25.4 mm/s) at 0.03 J/cm? and (e-h)
half-elliptic textured Ni-Co alloy coating surface induced by
different scanning speeds (2.54 mm/s, 7.62 mm/s, 15.24 mm/s,
25.4 mm/s) at 0.05 J/cm?,



3.2 Nanotribological properties of the textured Ni-Co
surface

Different sizes of hemispherical and half-elliptic
nanoprotrusions were fabricated by varying power and
scanning velocity. AFM, with a colloidal probe, was
selected to investigate the nanotribological properties of
textured Ni-Co alloy coating surfaces. A colloidal probe
can accurately reflect true contact status and the
nanotribological properties of the textured Ni-Co alloy
coating surface [21].

Fig. 5 shows friction force versus load curves for
textured surface made at different laser energy densities
(0.03 Jcm?, 0.05 Jem?, and 0.18 J/icm?) at the same
scanning velocity of 15.24 mm/s. The loads in this
experiment were set to change from 0 V to 1 V and because
a voltage signal is proportional to the real friction force, the
friction force and load can be calibrated by voltage [22]. To
guarantee the accuracy of the friction force data, each data
point was an average of five replicates. As shown in Fig. 5,
the friction force increases linearly with load whether, or
not, the area was processed by laser direct writing. It was
also found that the friction force changed with laser energy
density used. As the laser energy density increased, the
friction force decreased. The area processed at a laser
energy density of 0.05 J/cm? had the biggest friction force.
In other words, the hemispherical textured surface had the
least friction force. Hence, friction on the Ni-Co alloy
coating surface can be changed by different nanotextures.
At 0.05 J/cm?, the half-elliptic nanotextured surface had the
best friction-reducing performance.
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Fig.5 Friction force versus load plots: textured Ni-Co coating
surfaces prepared at different laser energy densities.

Generally, two key factors influencing the friction
forces at the nanometric scale in the interface contact are
real contact area and surface chemistry [13, 23]. With
regards the chemical aspects, Krim [24] described the
friction force using Eq. (1):

F=1xW+a,xF, 1)
where F represents the friction force, f denotes the
coefficient of friction, W denotes the load, oo denotes the
coefficient of adhesion, and Faqg the adhesion force. When
the contact is at the nanoscale, the adhesion forces between
friction pairs are an important part of the overall frictional
resistance: adhesion forces are also considered as intrinsic
thereto [9]. Intrinsic adhesion is mainly caused by capillary,
electrostatic, and van der Waals forces, depending upon the
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nature of the interacting surfaces [25]. In this experiment,
the real area of contact became the important factor causing
changes in the friction force. According to the interface
friction equation deduced by Bowden and Tabor, the
friction force is related to the real contact area (Eq. (2)):

F, =4
where 7 is the shear strength and A is the real area of
contact. For a pseudo-single asperity contact at the
nanoscale, the contact area can be calculated using a
contact mechanics models, such as the Hertzian or JKR
models. Eq. (3) gives an expression for the contact area
according to the JKR model [26]:

A

@

”{g (F, + 6myR) + [127yRF, + (67[7/]?)214}%
©)

Where, R is the size of the ball, K is the effective elastic
modulus, F, is the applied normal load, and y is the
interfacial energy of the material.

Sliding direction

e

Colloidal
probe

Unprocessed Ni-Co coating

strate

(@)

L L

Sliding direction
Colloidal —

probe

Hemispherical Nanobumps

R
il
1

(b)

Sliding direction

Colloidal E—

Hali-elliptic Nanobumps

Substrate
0 00 I O
(©
Fig.6 Schematic diagram of the contact between the colloidal

probe and different surface conditions.

To understand better the role of nanoprotrusions in the
tribological behaviour of Ni-Co alloy coating surfaces, a
schematic diagram of the contact between the colloidal
probe and different nanoprotrusions is shown in Fig. 6. The
colloidal probe is scanned over the coating surface from
left to right. In Fig. 6(a), the colloidal probe slides on the
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unprocessed coating surface; because of the rough surface
and shape contact asperities, the real contact area is small
and unstable, especially at a low load range from 0.1 V to
0.3 V. As the loads increase, the friction force becomes
stable. In Fig. 6(b), the colloidal probe slides on the
hemispherical textured coating surface. The hemispherical
nanoprotrusions are arranged neatly. The nanoprotrusions
are of the same height and the colloidal probe makes
contact with many hemispherical nanoprotrusion, therefore
the real contact area is bigger than that of the unprocessed
region. Fig. 6(c) shows that the colloidal probe slides on
the half-elliptical textured coating surface. Compared to the
hemispherical nanoprotrusions, the surface of the
half-elliptic nanoprotrusion is smoother. The colloidal
probe only makes contact with a few half-elliptical
nanoprotrusions so the real contact area with the
half-elliptical textured coating surface is smaller than that
in the unprocessed area. Thus the friction force between
materials can be reduced efficiently.
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Fig.7 Friction force versus load curves for the different kinds of
textured Ni-Co coating surface with different laser scanning
velocities. (a) half-elliptic textured surface at laser energy density
of 0.03 J/cm? ; (b) hemispherical textured surface at laser energy
density of 0.05 J/cm?,

In Fig.7, friction force versus load plots for different
textured surfaces with different laser scanning velocities
(2.54 mm/s, 7.62 mm/s, 15.24 mm/s, and 25.4 mm/s) and
are shown. As shown in Fig. 7(a), the friction force
increased with increasing scanning velocities on the
half-elliptic textured surface at the same load. When the
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scanning velocity was 2.54 mm/s, the friction force on the
half-elliptic textured coating surface was the smallest. This
was mainly caused by the real contact area. The faster laser
scanning velocities meant a smaller size of nanoprotrusion
was formed. Compared to the radius of the colloidal probe,
the smaller size of nanoprotrusion increased the real
contact area, so the friction force increased with increasing
scanning velocity. Fig. 7(b) shows that the friction force
changed with increasing scanning velocity at the same
loads on the hemispherical textured coating surface. The
variation in friction force was different from that on the
half-elliptical textured surface, but the overall trend was the
same. The bigger the hemispherical nanoprotrusion, the
smaller the real contact area and the smaller the friction
force. When the scanning velocity was 2.54 mm/s, the
friction force on the hemispherical textured coating surface
was the smallest.

4. Conclusions

Controllable nanotextured coating surfaces were
fabricated by laser direct writing. An AFM with a colloidal
probe was used to investigate the nanotribological
properties of these nanotextured surfaces. The following
conclusions may be drawn:

(1) Different kinds of controllable nanotextured surface
can be fabricated by laser direct writing. Through SEM
images of laser processing regions, the laser energy density
can control the morphology of Ni-Co alloy coating surfaces,
especially at a laser energy density of 0.03 Jicm? the
coating surface was covered with hemispherical
nanoprotrusions and at a laser energy density of 0.05 J/cn?,
the coating surface was covered with half-elliptical
nanoprotrusions. The sizes of these nanoprotrusions were
related to the laser scanning velocities used: the faster
scanning velocities generated smaller nanoprotrusions.

(2) The friction force versus load plots were derived
from AFM measurements using a colloidal probe. From
these, it was found that the textured surfaces exerted a
significant influence on frictional behaviour. Some kinds of
textures can increase frictional resistance; others can
decrease it. The friction force increased with increasing
laser scanning velocity.
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