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Abstract
Atomic Force Microscope (AFM) is used to characterise the frictional response of surfaces
with varying roughness parameters in dry and in the presence of fully formulated lubricants.
The surface roughness has shown to affect nanoscale friction. The characteristics involved
the investigation of roughness, small-scale adhesive forces and nanoscale friction using AFM
in lateral force mode. The fluid-cell Lateral Force Microscopy (LFM) results at a
combination of sliding velocities and normal load are then were used to model thermal
activation Eyring energy components approach in conjunction with the relevant continuum
contact mechanical mechanics model. The paper shows that a combination of LFM, for dry
and fluid-cell LFM and thermal activation Eyring energy barrier approach is a useful tool to
explain the effect of surface roughness on nanoscale friction.
Keywords: Nanoscale friction; fluid cell LFM; Activation Eyring energy; surface roughness;
Nomenclature
𝐴𝐴

Contact area [m2]

𝐸𝐸

Potential barrier [KJ/mol]

𝐹𝐹𝑁𝑁

Normal contact force [N]

𝐸𝐸2

Modulus of elasticity of the sample surface material [Pa]

𝐶𝐶𝐹𝐹

Calibration factor [-]

𝐹𝐹𝑓𝑓

Friction [N]

𝐸𝐸1

Modulus of elasticity of the AFM tip material [Pa]

𝐸𝐸 ∗

Combined modulus of elasticity [Pa]
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𝐾𝐾𝐵𝐵

Boltzmann constant [KJ/mol K]

𝑄𝑄

Activation Energy to initiate sliding [KJ/mol K]

𝑃𝑃

Contact pressure [m]

𝑅𝑅

AFM tip radius [m]

Ra

Average roughness in line scan [m]

Rq

Root mean square roughness in line scan [m]

Rp

Maximum roughness height in line scan [m]

Rpk

Reduced peak height roughness in line scan

Rt

Maximum height of the roughness in line scan [m]

Sa

Average roughness in area scan [m]

Sp

Maximum peak height in area scan [m]

Sq

Root mean square roughness in area scan [m]

Ssk

skewness

Sv

Maximum pit height in area scan [m]

Sz

Maximum height in area scan [m]

𝑇𝑇

Operating temperature [K]

𝑣𝑣0

Characteristic velocity [m/s]

𝜃𝜃

Contact angle [°]

𝑣𝑣1

Poisson’s ratio of the AFM tip material [-]

𝜇𝜇

Coefficient of friction [-]

Ω

Pressure activation volume [m3 ]

𝑣𝑣

Sliding velocity [m/s]

Greek Letters

𝜏𝜏

Shear stress [Pa]

𝑣𝑣2

Poisson’s ratio of the sample surface material [-]

𝜙𝜙

Shear activation volume [m3 ]

Abbreviations
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AFM

Atomic Force Microscope

BO

Base oil

DMT

Derjaguin-Muller-Toporov

FF

Fully Formulated lubricant

LFM

Lateral Force Microscopy

RMS

Root Mean Square

1. Introduction
The frictional characteristics of the surfaces at the nanoscale are normally different from
macroscale and most of the macroscopic friction laws are not applicable at the nanoscale [1–
3]. The macroscopic frictional characteristics law, pioneered by Amontons in 1699 [4],
relates friction with normal load through the coefficient of friction. According to Amontons’s
law [4], the friction force is independent of the area of contact, which was later improved to
the asperity contact area to include actual asperities coming into contact [5]. However, for
nanoscale friction, many different parameters influence the asperity scale friction including
surface morphology, humidity, contact area, sliding velocity, AFM probe radius, and stiffness
[6–9]. The nanoscale frictional response in the presence of lubricant measure through atomic
force microscope, fluid cell Lateral Force Microscopy (LFM), introduces further complexity
in asperity level frictional characterisation [3,10–19].
An automotive lubricant consists of 10-15% additives and 85-90% base oil. The chemical
additives include anti-wear, dispersants, friction modifiers, oxidation and corrosion stabiliser,
and detergents [20,21]. The presence of additive in lubricants make a complex interaction
with other additives and surface [15,22–26]. To develop a fundamental understanding of the
nanotribological behaviour of lubricants and functioning on engineering surfaces, fluid cell
LFM is widely reported in the literature [14,27–32].
Bhushan [6] studied friction, indentation, lubrication, surface morphology and adhesion at the
nanoscale using atomic force microscopy. They have found that friction is high when
measured in a humid environment. The friction measured using different tip radii showed that
friction increases with the tip radius which was associated with the higher meniscus force for
a larger tip in AFM measurement. It was also determined that friction measured at the
nanoscale is smaller than the measurements conducted at macro/microscales. The friction
measured at higher loads also induces plastic deformation due to AFM probe ploughing
through the asperities. Maharaj and Bhushan [27] investigated the frictional characteristics of
WS2 and MoS2 nanotubes at the nanoscale through use of AFM. They studied surface
morphology, scan size and orientation of nanotube on friction. They have found that the
variation in topography strongly influences the measured friction at nanoscale. The
topography effect is mainly due to collision and ratcheting effect, the function of asperities
slope, observed for AFM probe sliding on surface. Maharaj and Bhushan [7] investigated
nano and microscale frictional characteristics of nano-objects using AFM and ball on a flat
3

tribometer respectively. The study also included measurements in the presence of fluid and
dry environment. The found that the friction is strongly dependent on the roughness, contact
area and adhesion. Nikhil [33] studied the dependence of scale on adhesion and friction at
nano and microscale contact conditions using AFM. The AFM probe with 0.58 N/m of
stiffness and tip radii of 30-50 nm was employed. It was observed that the friction was higher
when measured for the larger scanned area. They have also found that sliding velocity
strongly influences the nanoscale friction. The nanoscale friction and adhesive forces are
strongly dependent on the surface roughness and contact pressure.
There is a requirement of energy to initiate and continue sliding motion. This requirement of
energy is even required in the presence of lubricant to overcome frictional losses. Many
different models explain and relate those frictional losses to quantifiable energy parameters.
The thermal activation cage model is one of the important energy models that includes
contact pressureand sliding velocity. Briscoe and Evens [34] used a smooth and atomically
flat surface to investigate the frictional response of Langmuir-Blodgett [35] monolayer of the
solution of carboxylic at various contact pressure, sliding velocities and contact temperature.
The Langmuir-Blodgett monolayer was prepared on atomically flat mica surface by dipping it
in carboxylic solution and thereafter the monolayer was compressed to ensure stabilisation.
They also used the Eyring theory to develop a thermal activation energy model that includes
contact pressure, sliding velocity and contact temperature. They found that there is a
requirement of energy for the molecules toto initiate and continue sliding motion due to the
presence of neighbouring molecules. Ewen et al [36] investigated the frictional characteristics
of hematite surface in the presence of organic friction modifiers in n-hexadecane. They used
molecular dynamic simulations for non-equilibrium analysis. The simulation study included
the investigation of shear rate, contact pressure and slip length and their effect on the
measured friction. The study included a higher shear rate ranging from 108 to 1011 𝑠𝑠 −1 and it
was observed that the slip length increased with the increase of contact pressure and shear
rate. They also found that higher coverage of h-hexadecane increases slips length and friction.
Tambe and Bhushan [37] developed a mathematical model to investigate the effect of sliding
velocity (1 μm/s to 10 mm/s) and contact area (2 to 25 µ𝑚𝑚2) on the nanoscale friction. They
used dry and surface in presence of lubricant. The found that the nanoscale friction varies
with sliding velocity and the trend of nanoscale friction with sliding velocity reverses at
critical velocity. This critical velocity depends on the interaction of surface with lubricant.
Chong and Rahnejat [11] Used alloys steel and nickel Silicon carbide to investigate Bing
application avoiding energy theory in the presence of fully formulated 10 W 40 and besides
using an atomic force microscope in little force mode. They also used cross-hatched honed,
representing a typical IC engine cylinder liner surface, to evaluate effect of surface roughness
on nanoscale friction. They measured nanoscale friction using a probe with stiffness of 0.35
N/m and tip radius 60 nm. The nanoscale frictional characteristics, for fully formulated
lubricants, was then modelled through application of Eyring thermal activation energy
approach to determine pressure, shear and thermal components. Furlong et al [38] also used
Prandtl-Tomilinson [39] to investigate the effect on the shape of energy barrier due to nonsinusoidal constant force applied at an atomic scale. The developed methodology was then
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validated through nanoscale friction measurement through an atomic force microscope. This
also helped to explain the sliding friction and its dependence on the sliding velocity and
contact temperature. Spikes and Tysoe [40] used an Eyring [41] energy and PrandtlTomlinson [39] models to explain the boundary friction. This can also be used to explain the
wear and tribochemistry during boundary friction for tribological contact conditions. Umer et
al [15,42] studied the nanoscale frictional characteristics of base oil and fully formulated oil
using an atomic force microscope in lateral force mode using DNP 10 AFM probe with a
stiffness of 0.12 N/m. They generated antiwear tribofilm on the surface through the
application of sliding strip tribometer [15,17]. They also experimentally determined the
nanoscale elasticity of the tribofilm and steel surface by using AFM operating in ramping
mode [43] by using RTESPA AFM tip with a stiffness of 200 N/m [44,45]. They used a
thermal activation energy approach based on the cage like model to determine Eyring energy
parameters. They found that pressure and shear activation energies were negative for the base
oil due to higher adhesive forces, but these parameters were positive for fully formulated oil
in the presence of ZDDP based tribofilm. They also determined that the ZDDP based
antiwear presents a higher load-bearing capacity in comparison to the base oil. The energy
barrier height was higher for ZDDP based tribofilm, which also explained the increase in
friction associated with antiwear tribofilm.
Bouhacina et al [46] used Lateral Force Microscopy (LFM) to evaluate friction at nanoscale
for silica wafers, 3-ehtoxysilane with polyacetylene grafted and silica wafer with 3ethodysilate grafted. They used a sliding velocity ranging from 102 to 104 nm/s and three
probes of the stiffness of 0.38 N/m, 0.58 N/m and 0.12 N/m. The nanoscale experimental
results were then modelled using the Eyring energy model and relevant Eyring energy
parameters were evaluated. They used characteristics velocity of 100 m/s and 0.2 nm3
estimated shear activation volume. They also determined activation volume and dependence
of shear strength and barrier height on the sliding velocity. It was also determined that the
measured Eyring energy parameters were independent of the stiffens of AFM probe. Ku et al
[47] investigated an ultra-thin adsorbed boundary layer and its frictional characteristics for
ultra-smooth counteracting bodies. They used Squalane and Hexadecane fluids to describe
the measured friction through the use of Thermal activation Eyring energy approach. Müser
[48] used the Prandtl-Tomlinson model to evaluate the effect of velocity and temperature on
the nanoscale friction. The Langervin equation was numerically solved through the use of
molecular dynamics simulation. The effect of temperature and sliding velocity were modelled
for up to 2nd and 6th order respectively. They found that temperature dependence shows a
transition from linear to coulombic at intermediate temperatures. They also found that friction
is relatively independent of sliding velocity at lower temperatures, but it varies considerably
with the sliding velocity at high temperatures. Buzio et al [12] investigated the applicability
of friction laws for dry and lubricated contact conditions using AFM. They used an AFM
probe with cantilever stiffness of 0.3 N/m and squalene and Octamethylcyclotetrasiloxane
octamethylciclterasilxane (OMCTS) were used as lubricants. They found that the lubricant
contacts at the nanoscale were relatively accurate to model through Amontones law and dry
contacts through power law. They also investigated and determined various energy
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parameters through modelling of nanoscale friction for lubricated contacts using Eyring
energy model.
The literature review shows that nanoscale frictional characteristics of engineering surface
and lubricants are widely used to understand the physical mechanism of friction. In contrast
to the macro scale, the friction measured at nanoscale depends on the contact area, sliding
speed, adhesion, humidity and surface morphology. Therefore, the nanoscale frictional
characterisation requires a careful selection of experimental protocols to ensure repeatability.
The presence of lubricant on the surface under the AFM probe makes it even more
complicated and to develop a fundamental understanding of nanotribological behaviour, a
friction model including a combination of applied pressure, shear and temperature is required.
Therefore, comprehensive energy models based on transition state theory and Thermal
activation energy barrier approach provides an opportunity to include a combination of these
parameters. Application of thermal activation energy barrier approach for commercial
lubricants on engineering surfaces, as well as the effect of surface roughness on nanoscale
friction are widely reported in the literature. This study uses a combined approach to
investigate the effect of surface roughness on nanoscale friction and then use of Thermal
activation Eyring energy approach to understand individual contribution form pressure, shear
and temperature on nanoscale friction are not hitherto reported in the literature.
2. Thermal activation Eyring energy model
The thermal activation Eyring energy model, based on the cage like model as reported by
Briscoe and Evans [49], was used to model nanoscale frictional characteristics measured
through Atomic Force Microscope (AFM) in Lateral Force Mode (LFM). The application of
the thermal activation Eyring energy model requires determining the actual contact pressure
and shear strength which can only be determined by measuring the contact area. The contact
area at the nanoscale can be determined by using one of the continuum contact mechanics
models.
The contact area in the LFM measurements is widely modelled through Maugis [50],
Derjaguin [51], Johnson et al [52], Bradley [53], and Hertzian Theory [54]. All of these
contact mechanics models are used when adhesive forces are non-negligible except the
Hertzian contact theory. The Hertzian contact mechanics model is applicable when adhesive
forces are not negligible. The current study includes measurement of nanoscale friction in
the presence of lubricants that results in negligible adhesion. Therefore, the applicability
Hertzian contact mechanic model is valid in line with [16,42].
Therefore, for nanoscale friction measurement in the presence of lubricants, the Hertzian
contact mechanics model can be used to determine the contact radius (r) as:
𝑟𝑟 = �

3𝑅𝑅𝐹𝐹𝑁𝑁 1⁄3
4𝐸𝐸 ∗

(1)

�
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where, 𝐹𝐹𝑁𝑁 is the applied the normal load 𝐹𝐹𝑁𝑁 is applied during the AFM experiment and 𝑅𝑅 is
the experimentally determined tip radius of the AFM probe used. 𝐸𝐸 ∗ is the combined elastic
modulus including Aluminium sample and silicon nitride tip and calculated as [55]:
1−𝜈𝜈12

𝐸𝐸 ∗ = �

𝐸𝐸1

+

1−𝜈𝜈22
𝐸𝐸2

�

−1

(2)

The contact area can be determined as:
𝐴𝐴 = 𝜋𝜋𝑟𝑟 2

(3)

The contact pressure is determined as

𝑃𝑃 =

𝐹𝐹𝑁𝑁

(3)

𝐴𝐴

The shear stress is evaluated as
𝜏𝜏 =

𝐹𝐹𝑓𝑓

(5)

𝐴𝐴

2.1. Eyring activation potential cage model
Thermal activation Eyring energy cage-like model is used to explain the boundary friction
and lubrication for the surfaces interacting during sliding motion. According to this approach,
there is a need for energy to initiate and continue sliding motion to overcome the energy
barrier present due to neighbouring molecules. It is also assumed that the average time to
overcome the energy barrier for single molecules follows a Boltzmann distribution [41]. This
energy barrier due to neighbouring molecules will be required to be overcome by all
molecules during motion. The schematic of the energy barrier height is shown in Figure 1.
The energy barrier ( 𝐸𝐸) is a function of energy to initiate sliding motion ( 𝑄𝑄 ), pressure
activation energy (𝑃𝑃Ω) and shear activation energy (𝜏𝜏𝜏𝜏).
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Figure 1: Thermal activation Eyring energy barrier height
The energy barrier height increases with the applied contact pressure and energy required to
initiate and continue sliding motion, whereas it decreases with an increase in shear activation
energy that can be described as:
(6)

𝐸𝐸 = 𝑃𝑃Ω + 𝑄𝑄 − 𝜏𝜏∅

where ∅ is the shear activation volume and Ω is the pressure activation volume. Depending
on the thermodynamic equilibrium during sliding motion, the activation energy components
can decrease or increase and hence results in negative or pressure activation energy
components [11,42,49][56–58]. The shear activation energy components can be described by
the as [42,49]:
𝑣𝑣

(7)

𝜏𝜏∅ = (𝑄𝑄 + 𝑃𝑃Ω) + 𝐾𝐾𝑏𝑏 𝑇𝑇 ln �𝑣𝑣 �
0

where 𝑣𝑣 is the sliding velocity, 𝑇𝑇 is the temperature and 𝐾𝐾𝑏𝑏 is defined as the Boltzmann
constant. The constant, 𝑣𝑣0 is the characteristics velocity and estimated by the taking product
of molecules lattice constant of 0.2 nm and vibration frequency of 1011 s−1 . The
characteristics velocity is estimated to be 20 𝑚𝑚⁄𝑠𝑠 . Thermal activation Eyring energy
parameters calculated through the use of this estimated characteristics velocity are relatively
insensitive to characteristics velocity [49].
The equation (6) can be rearranged to represent shear stress as a function of contact pressure
and sliding velocity as [42,49]:
Ω

(8)

𝜏𝜏 = ∅ 𝑃𝑃 + 𝜏𝜏0
𝜏𝜏 =

𝐾𝐾𝑏𝑏 𝑇𝑇
∅

(9)

ln 𝑣𝑣 + 𝜏𝜏1
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where, Ω is the pressure activation volume, ∅ is the shear activation volume, 𝑃𝑃 is the applied
contact pressure. The parameters 𝜏𝜏1 and 𝜏𝜏0 are shear stress at a constant velocity and pressure
respectively and evaluated as [11,42]:
𝜏𝜏1 =

𝑃𝑃Ω−𝐾𝐾𝑏𝑏 𝑇𝑇 ln 𝑣𝑣0 + 𝑄𝑄

𝜏𝜏0 =

∅

𝑄𝑄+𝐾𝐾𝑏𝑏 𝑇𝑇 ln�
∅

(10)

𝑣𝑣
�
𝑣𝑣0

(11)

The shear stress is plotted against logarithmic of sliding velocity and a linear relation is
determined that helped in finding the (𝐾𝐾𝑏𝑏 𝑇𝑇⁄∅) using equation (10). With known values
Boltzmann constant and temperature, the shear activation volume can also be determined.
Similarly, equation (9) is used to plot shear stress against contact pressure and slope (Ω⁄∅)
for a linear trend line was determined. The pressure activation volume, Ω, is then determined
with already calculated values of shear activation volume. The activation energy to initiate
and continue sliding motion can be determined using equation (10). Equation (7) can also be
re-written in terms of coefficient of friction as
𝜇𝜇 = 𝜏𝜏0 ⁄𝑃𝑃 + Ω⁄∅

(12)

𝜑𝜑
𝑙𝑙 = �𝐴𝐴

(13)

The stress activation length, also termed as coherence length, can be calculated as

where 𝜑𝜑 is shear activation volume and A is the contact area determine through Hertzian
contact mechanics model
3. Experimental Procedure

The experimental procedure adopted to prepare surface specimens, measurement of
topography, and nanoscale friction through the use of an Atomic Force Microscope (AFM)
operating in Lateral Force Mode (LFM).
3.1. Preparation samples
The surface sample used in this study was a commercial-grade Aluminium alloy which is
quite commonly used in engine applications [31,59]. Two surface specimens were prepared, a
ground surface and a polished surface. The ground surface represented surface morphology
after grinding without any further surface treatment. Whereas, the polished surface was
prepared by using polisher to attain a mirror finish. The roughness parameters measured
through AFM for both samples are given in the experimental results. A commercially
available Shell Helix Ultra Extra fully formulated 10W40 is used in this study. The current
study focuses on the effect of surface roughness on thermal activation Eyring energy barrier
and relevant parameters when measured through topography dependent nanoscale friction.
Therefore, the study is restrained for only one type of lubricant on two different surface
specimens with different morphology. The samples were cleaned using petroleum ether
before each nanoscale friction measurement in line with [16,42].
9

3.2. Lateral Force Microscopy
The asperity level friction at the nanoscale was measured using Atomic Force Microscope
(AFM) in lateral force mode by using Veeco Dimension 3100 [29,44,60–66]. The friction
was measured for dry surfaces without the presence of lubricant and in the presence of
lubricant for both surface samples. To keep meniscus away from the AFM tip and avoid
capillary adhesion, a fluid cell holder was employed. The schematic of the fluid cell AFM
holder and AFM is shown in Figure 2. The laser source transmits laser directly to the back of
the cantilever and the signal is collected at the quadrant photoreactor. The in-plane motion is
controlled through the piezoelectric scanner by a feedback control loop.
Laser
source

Quadrant
Photodetector
A

B

C

D

Fluid cell
holder

Tip

Fluid
Meniscus

Piezoelectric
Scanner

Feedback
Control
Loop

Topography
Measurement

Figure 2: Schematic of Fluid cell nanoscale friction measurement
Trace minus retrace (TMR) method was employed to measure nanoscale friction. In the TMR
method, the AFM tip scans perpendicular to the direction of tip cantilever [60]. The
continuum contact mechanic models require the use of AFM tip radius which was measured
experimentally by scanning of a sample with known surface morphology, TGT1 characteriser
(NT-MDT). The TGT1 characteriser has a sharp surface featured of up to 0.5 µm heights at a
3µm periodic spacing. The AFM probe for friction measurements was scanned on TGT1
characteriser over a 10 × 10 μm2 scanning area using 0.25 Hz scanning frequency. The
scanned image of the TGT1 characteriser and subsequently the production of tip profile is
shown in Figure 3. The tip radius is then measured by modelling through a best circular fit to
estimated tip profile as shown in Figure 3 b). The tip radius was estimated to be 51 ± 5 nm
for the current study.
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a)

b)

Figure 3: a) Scanned image of TGT1 characteriser and b) estimation of the tip profile and tip
radius
A non-conductive Bruker tip B of DNP-10 with a nominal spring constant of 0.12 N/m was
used for topography and friction measurement. The testing was conducted by using a new
AFM probe for each measurement. The lateral response of the AFM probe was calibrated by
using a blind calibration procedure in line with [17,64,67,68]. The measurement accuracy is
strongly linked to the calibration of the frictional response of tip in use [69]. The blind
calibration required scanning of new AFM probe on a monolithic silicon nitride sample with
a known friction coefficient of 0.19 [11,44,65]. The surface specimens were scanned to
measure topography before the measurement of friction in dry conditions. To calibrate, a 1 ×
1 μm2 the area was selected on the silicon nitride calibration sample. The calibration was
performed with a scanning frequency of 2 Hz and a sample array of 256 x 256 data points.
All of the measurements were conducted at 50 ± 5% RH and 20 ± 2°C of controlled operating
conditions. The AFM probe sensitivity was determined by measuring the slope of the forcedistance curve by operating AFM in ramping mode. This sensitivity was then used to covert
applied load in units of a volt to physical units in Newtons. The friction was also measured in
units of volts and then calibration factor, 𝐶𝐶𝐹𝐹 , for range of applied loads was determined using
[64,65]:
𝐶𝐶𝐹𝐹 = 𝐹𝐹

𝐹𝐹𝑓𝑓 [V]

(12)

𝑁𝑁 [nN]×0.19

The best polynomial function was curve fitted for measured friction for a range of applied
loads. This calibration factor provides the frictional response of the AFM probe. The friction
was then measured for specimen using an equation:
𝐹𝐹𝑓𝑓 [𝑛𝑛𝑛𝑛] =

𝐹𝐹𝑓𝑓 [𝑉𝑉]

(13)

𝐶𝐶𝐹𝐹

The friction is measured for the specimen for a scanning area of 5 × 5 μm2 for a sampling
size of 256 x 256 data points. The purpose of using a larger area was to ensure the
contribution of roughness to be observed in nanoscale frictional characteristics. The friction
measurement was always completed after the topography scanning of a specimen. The initial
11

topography scan before friction measurement also helped in the selection of relatively flat
area as a sharp change in surface affects the nanoscale friction measurements. The
topography data was processed by levelling image through plane level rotate. This levelling
operation subtracts a mean plane from data and rotates the image to make it a plane [70]. The
roughness parameters were then measured for line scan and area scan. The waviness in line
scan was further filtered from roughness by using a cut-off length of 1 μm. The dry friction,
in absence of any lubricant, was measured for the specimen and thereafter lubricant was
carefully added to the confined region of AFM probe and specimen. A wet-AFM holder was
always used for measurements conducted in the presence of lubricants to keep forces due to
capillary action away from the AFM probe scanning area [18].
4. Results and Discussion
The results for the topography scans for polished and ground specimens for dry surfaces, in
the absence of lubricant, are shown in Figure 3. The topography images indicate that the
distribution of height is larger for a ground sample as shown in Figure 3 a) and b). The
topography data was levelled through rotation and waviness was filtered with a cut off length
of 1 µ𝑚𝑚. The line scan of the sample shows the distribution of peaks and valleys across the
sample size of 5 × 5 µ𝑚𝑚 as shown in Figure 3 c).
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a)

b)

c)
Figure 4: Topography data for a) area scan of polished, b) area scan of ground specimen and
c) line scan for both samples
The topographical parameters calculated from area scan including average roughness, RMS
roughness, maximum peak and pit height, and maximum height are shown in Figure 4 a).
Whereas, Figure 4 b) shows the average roughness, RMS roughness, and maximum
roughness height calculated from the line scan. The roughness parameters quantitative
analysis shows that the roughness parameters measured for the polished surface are 5 to 10
times less than the ground surface. These variations in parameters are significantly higher to
affect nanoscale friction measured at asperity level through AFM in lateral force mode.
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a)

b)

Figure 5: Comparison of roughness parameters for ground and polished specimen for a) area
scan and b) line scan
The topographical measurements followed by measurement of asperity level friction in a dry
environment, in the absence of lubricant. The AFM measurement was always carried out
after cleaning samples with petroleum ether. The dry friction was measured at three different
locations with a scanning area of 5 × 5 𝜇𝜇𝜇𝜇2 for 256 × 256 data points array for each
specimen. The nanoscale friction was measured with a scanning speed of 2 Hz representing a
scanning velocity of 10 𝜇𝜇𝜇𝜇/𝑠𝑠. The nanoscale measured friction for dry samples, in absence
of lubricant, for polished and ground specimens are shown in Figure 6 a) and Figure 6 b)
respectively. The coefficient of friction measured for the polished Aluminium surface is
noted to be 0.16 and for ground surface was 0.19. It is also shown that standard error of
measurement for the polished specimen is relatively less in comparison to the ground surface.
The friction is clearly dependent on the surface morphology as shown in Figure 6 and more
widely reported in the literature [6,7,12,27,33].

14

a)

b)

Figure 6: Friction measured at various loads for a) polished and b) ground surfaces in the
absence of lubricant
The force-distance curve is widely used to determine AFM probe sensitivity and adhesive
forces at the confined region of the AFM probe and surface [2,3,44,71]. The force-distance
curve analysis is performed using AFM in ramping mode. The roughness variation on the
force-distance curve was negligible. The adhesive force measured in the presence of lubricant
as shown a red line in Figure 7 is negligible in line with [11,42]. Whereas, the adhesive forces
measured for a dry surface is calculated to be 16.29 𝑛𝑛𝑛𝑛.

Figure 7: Force-distance curve for lubricated and dry surface
After asperity level friction measurement for dry surface and evaluation of adhesive forces,
the lubricant sample was carefully added at the confined region of the AFM probe and
surface. The fluid cell nanoscale was completed for scanning velocities ranging from 0.5 𝐻𝐻𝐻𝐻
to 3 𝐻𝐻𝐻𝐻 that is equivalent to 5 𝜇𝜇𝜇𝜇/𝑠𝑠 to 30 𝜇𝜇𝜇𝜇/𝑠𝑠. AFM is widely used to study accurately the
dependence of friction on low sliding velocities [72] and the selection of sliding velocities
were made in line with the range of sliding velocities used by Brisco and Evans [49] and also
[11,19,42,73,74]. The analysis was completed at a normal applied load of 52.2 𝑛𝑛𝑛𝑛, 66.1 𝑛𝑛𝑛𝑛
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and 80 𝑛𝑛𝑛𝑛. The DNP-10 tip B AFM probe used in this study applied contact loads of 20 −
110 𝑛𝑛𝑛𝑛 . The intermediate loads were selected for Eyring energy analysis to ensure the
application of enough loads to study the behaviour of surface and lubricant at conjunction.
The lower loads could result in false engagement [75] and at higher loads, there is possibility
of lubricant draining out of the confined region of AFM probe and surface due to high contact
pressures. The decrease in values of friction is observed to be changing with the applied load,
i.e. increases with the applied load. However, the friction measured for lubricant on the
ground surface is relatively less changing with the applied load in comparison to the ground
surface. Similarly, the friction is decreasing with sliding velocity for both specimens in line
with [37,49], but the ground surface shows a steeper trend in comparison of polished surface
in the presence of a lubricant. It can be concluded that friction is higher at low sliding
velocity but with further increase in sliding velocity ground surface is more effective in
reducing friction in comparison to the polished surface. The standard error of measurement is
also less in case of a polished surface in the presence of lubricant which agrees to the trend
observed for dry surfaces.

Figure 8: Friction vs sliding velocity for ground and polished surface in the presence of
lubricant
The equivalent Hertzian contact pressures for a range of applied load were 2.3 𝐺𝐺𝐺𝐺𝐺𝐺, 2.5 𝐺𝐺𝐺𝐺𝐺𝐺
and 2.7 𝐺𝐺𝐺𝐺𝐺𝐺 for the applied load. The average tip radius calculated through the TGT1
characteriser was measured to be 51 ± 5 nm and bulk properties of Aluminium elastic
modulus of 69 GPa was used. The shear stress was determined by using equation (5) and
contact area determined through Hertzian contact model in line with [16,67]. The variation of
shear stress against the logarithmic of sliding velocity for ground and polished surfaces is
shown in Figure 8. A linear trend line is also best fitted to the for shear stress and logarithmic
velocity to determine slope in line with [42,49]. It is observed that the slope is decreasing
with sliding velocity for both samples in line with [49]. However, the slope is observed to be
significantly higher for the ground surface in comparison to the polished surface.
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Figure 9: Shear stress variation with logarithmic of sliding velocity for ground and polished
surface in the presence of lubricant
The thermal activation Eyring energy parameters, based on the energy barrier [11,42,49],
were then evaluated using the procedure explained in section 2.1. The parameters are
evaluated using a characteristic of 𝑣𝑣0 =20 m/s. the pressure and shear activation energy
components are shown in Figure 10 a) and Figure 10 b) respectively. The shear and pressure
activation energy components in the thermal activation Eyring energy approach can be
negative due to the nature of the relationship between friction and logarithmic sliding
velocity as originally described by Briscoe and Evans [49] and later in [11,42] as well as [56–
58].
The pressure activation can be interpreted as the ability of molecules to withstand loads, i.e.
the load-bearing capacity of lubricant boundary film [19,49,56]. Therefore, a higher value of
pressure activation energy would be able to provide a better separation between mating
surfaces during sliding [76]. The pressure activation energy shows a slight increase with
sliding velocity for both lubricant samples, which shows an indication of improvement of the
load-bearing ability of the lubricant with sliding velocity. This increase of pressure activation
energy with sliding velocity can potentially be explained, for an AFM probe and sample
confined region, based on a transiting to the hydrodynamic regime of lubrication from
boundary film in line with [13,42,47]. The negative values of pressure activation energy for
all measurements show the presence of adhesive forces and the values are getting more
negative with an increase of contact pressure. This is due to the pressing of AFM probe
against oil at higher loads, approaching towards the surface, therefore the adhesion is higher
at higher loads. This dependency of pressure activation energy on the applied contact load is
higher for a polished surface. Therefore, the ground samples show the presence of enough
lubricant even at higher loads.
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a)

b)

Figure 10: a) Pressure activation energy and b) shear activation energy against sliding
velocity and contact pressure
The required energy to initiate sliding motion is termed as the shear activation energy [11].
The energy required to initiate sliding motion is increasing with the sliding velocity as shown
in Figure 10 b). The shear activation energy values remain negative for all tested loads and
sliding velocities, and this is associated with the presence of adhesive forces at the confined
region of the AFM probe and surface [19,56]. The shear activation energy observed to be
increasing with the sliding velocity, thus showing that the lubricant is effective in reducing
adhesive force at higher sliding velocities. Similarly, with the increase of normal load for
lubricant on the polished surface also increases the shear activation energy component as
shown in Figure 10 b). This can be explained as the lubricant entrainment is increasing with
the contact load at the AFM probe-surface conjunction [42,56]. The variation in shear
activation energy for the lubricant sample on the ground surface shows the insignificant
variation with contact pressures and sliding velocities for the testing conditions selected in
this study.
The stress activation length for ground and polished samples is shown in Figure 9 as
determined by using equation (13). The coherence length can be described as the molecules,
liquid segments, or dislocation that moves during the sliding process in nanoscale friction
measurement as reported in [42,77]. This is also interpreted as the restructuring of molecules
to form entropically cooled boundary layers [77]. The shear force also induces molecular
ordering during sliding motion [78]. The restructuring of molecules due to shear is due to the
relative motion of the AFM probe against the sample. The shear characteristics, at nanoscale
contact conditions measured through AFM, of the surface depends on the surface
morphology due to nanoscale friction dependence on the surface morphology [69,73,79].
Therefore, the entropically cooled boundary layer, formed due to shear of lubricant molecules,
should also be a function of surface roughness’s parameters.
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Figure 11: Coherence length for FF lubricant on ground and polished specimen
The results for FF lubricant on the ground and polished surface for the coherence length
measured at asperity level contact conditions are shown in Figure 9. The negative values for
the coherence length is due to the relation of friction with sliding velocity, which has resulted
in a negative slope as determined from shear stress and logarithmic sliding velocity (Figure 9)
and [42]. The coherence length measured for FF lubricant on the polished surface is observed
to be higher than on the ground surface. The coherence length showed an increasing trend
with the applied load, contact pressure, for lubricant on the polished surface. Whereas, the
coherence length is observed to be smaller and stays relatively constant with further
application of contact load. Therefore, it can be concluded that a polished surface provides a
better ability to align molecules, hydrocarbon polymeric chains, and additives molecules
present in the lubricant, as shown through the stress-induced coherence length in Figure 9.
There is also a possibility that a mixture of long and small molecules, present in FF lubricant
additives [13,80], are experiencing harsher conditions when measured on the ground surface
in comparison to the polished surface as observed in Figure 6 and Figure 8.

a)

b)

Figure 12: a) Energy to initiate and continue sliding motion and b) energy barrier height at
different loads and sliding velocities
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Finally, Figure 12 a) and Figure 12 b) shows the variation of energy required to initiate and
continue sliding motion, 𝑄𝑄, and energy barrier height 𝐸𝐸 respectively. The energy required to
initiate and continue sliding motion is relatively consistent for FF lubricant on the ground
surface whereas, for polished surface, the energy required to initiate and continue sliding
motion is low at low sliding velocity, but it increases with the sliding velocity and then levels
off. At the intermediate sliding velocity, this energy parameter is highest at the contact
pressure of 2.7 𝐺𝐺𝐺𝐺𝐺𝐺 for the polished surface. The value of 𝑄𝑄 has also shown a decrease with
sliding velocity for ground surface followed a similar trend of friction decreasing with the
sliding surface for ground surface [35,77]. The energy barrier, E shows a decreasing trend
for the ground surface with the sliding velocity with a slight increase at 25 𝜇𝜇𝜇𝜇/𝑠𝑠. The contact
pressure does not show any significant effect on the ground surface for energy barrier height,
whereas, for a polished surface, the energy barrier height increases with the contact pressure.
The energy barrier height is higher at low sliding velocity, but it decreases with further
increase in sliding velocity for ground surface; a similar trend was also observed for friction
with sliding velocity for ground surface.
5. Conclusions
The current study focuses on the effect of surface morphology on nanoscale friction in dry
conditions and in presence of commercial FF lubricant measured through use of AFM in
lateral mode at different contact pressures and sliding velocities. The specimen was prepared
to ensure that the surface average and RMS roughnesses are distinctly different, which has
resulted in different nanoscale friction in line with [33,78,81]. The fluid cell LFM
measurements, for samples in presence of FF lubricant were also modelled by using the
Thermal activation Eyring energy approach based on energy barrier theory [19,49,77]. The
energy parameters were then evaluated to investigate the effect of roughness on Eyring
energy parameters including shear and pressure activation energies, energy to initiate and
continue sliding motion, and energy barrier height.
The shear and pressure activation energies have been observed to be negative for the tested
conditions of applied loads and sliding velocities. The negative values of these energy
parameters are due to the relationship between friction and sliding velocity [19,42,49] and
indicate the presence of surface energy at the confined contact of AFM probe and specimen
[11,19]. These parameters also have shown an increasing trend with sliding velocity and
contact pressure, thus indicating the effectiveness of lubricant in the reduction of adhesive
forces at a higher velocity and contact load for the polished surface. The ground surface,
however, showed insignificant variation with contact load. The coherence lengths determined
for surfaces indicate that the polished surface can align polymeric chain molecules better than
the ground surface. The contact pressure has observed to increase energy barrier height for
the polished surface.but, for the ground surface it insignificantly altered the energy barrier
height.
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