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Abstract: Lack of driver’s knowledge about the abrupt changes in pavement’s friction and poor performance of
the vehicle’s stability, traction, and ABS controllers on the low friction surfaces are the most important factors
affecting car crashes. Due to its direct relation to vehicle stability, accurate estimation of tire-road friction is of
interest to all vehicle and tire companies. Many studies have been conducted in this field and researchers have used
different tools and have proposed different algorithms. This literature survey introduces different approaches,
which have been widely used to estimate the friction or other related parameters, and covers the recent literature
that contains these methodologies. The emphasize of this review paper is on the algorithms and studies, which
are more popular and have been repeated several times. The focus has been divided into two main groups:
experiment-based and model-based approaches. Each of these main groups has several sub-categories, which
are explained in the next few sections. Several summary tables are provided in which the overall feature of each
approach is reviewed that gives the reader the general picture of different algorithms, which are widely used in

friction estimation studies.

Keywords: tire-road friction; friction estimation; model-based approach; experiment-based approach

1 Introduction

Approximately 120,000 people were killed on US
roadways between 2010-2013 [1-3]. Even in the case of
non-fatal crashes, the economic costs are undeniably
high [4, 5]. Due to the large number of fatalities and
the high economic costs, different studies have been
conducted on the effects of different factors on car
crashes [6, 7].

Twenty-four percent of all crashes are weather
related, which occur on icy, snowy, or wet pavement
or in the presence of rain, sleet, fog and snow [8].
Several studies have been conducted on crashes during
rainfall and snowfall [9-12]. It was observed in a
study on crashes before and after rain in Calgary and
Edmonton that the crash rate is 70% higher on the
wet pavement [13]. In a similar study, it was shown
that the crash frequency on wet roads is twice the
rate of the crashes on dry pavements [14]. This high

rate of weather related crashes is mainly attributed
to the drivers overestimating the pavement friction,
and the effect of bad weather condition on the vehicle
stability and safety controllers.

Tire-road friction estimation is one of the most
important problems for both vehicle and tire industries
that can decrease the number of weather related crashes
dramatically. The effect of tire-road friction force on
vehicle performance and stability and on the perfor-
mance of traction and ABS controllers is undeniable
[15-19].

Different studies have developed and used different
algorithms to estimate the tire-road friction. Based on
the approaches that they have followed, all of the
related research can be divided into the following two
categories:

1-Experiment-based;

2-Model-based.

In experiment-based approaches, it is attempted to
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find a correlation between the sensor data (acoustic
sensors, temperature sensor, etc.) and tire-road friction-
related parameters. The model-based approaches try
to estimate the friction using simplified mathematical
models, which can be divided into three sub-categories:
wheel and vehicle dynamic based approaches, slip
based approaches, and tire model based approaches.

In vehicle dynamic base approached, different
dynamic models (single wheel model, bicycle model,
planar model, etc.) are used along with an estimation
algorithm (recursive least square, steady state and
extended Kalman filter, sliding mode observer, etc.)
to estimate the tire-road friction force and other
friction-related parameters such as slip ratio, slip angle,
etc. Tire model based approaches use the friction
force and slip data along with one of the tire models
(Magic formula, Brush model, LuGre model, etc.) to
estimate the maximum tire road friction coefficient.
In slip base approaches it is assumed that the value
of friction in the saturated area of u—slip curve can
be estimated based on the slope of the curve in low
slip region (linear region).

This study presents a technical survey of tire-road
friction estimation research. For each of the above
approaches, first, the method is explained briefly
and then the review of the literature on the subject is
presented. The rest of the paper is organized as follows:
first, the tire-road friction force and aligning moment
are introduced; the experiment-based friction estimation
approaches are discussed in the second section. The
model based friction estimation algorithms are reviewed
in the third section followed by the conclusions in the
last section.

Tire-road friction coefficient and self-aligning
moment

In order to start with different friction estimation
approaches, it is required to define the tire forces,
aligning moment, and friction coefficient. Free body
diagram of a single wheel is shown in Fig. 1, which
Ffoysz are longitudinal, lateral, and normal tire
forces, respectively. The normalized tire traction force

is defined as [20]:
p= —F

z

where its maximum value is called the friction

Fig. 1 Free body diagram of a single wheel.

coefficient (u). The wheel aligning moment is defined
as the tendency to align the wheel plane with the
direction of wheel travel, which is caused by steering
geometry and side deformation of a tire, which moves
forward and has nonzero slip angle.

2 Experiment-based

Figure 2 demonstrates the main philosophy behind
experiment-based approaches. As it is shown in
Fig. 2, most of the experiment-based methods use
sensor measurements of the friction-related parameters
(tire noise, tire longitudinal or lateral deformation,
etc.) and try to correlate these parameters to tire-road
friction [21, 22].

Based on the sensor type and the parameter which is
used for this estimation, experiment-based approaches
can be categorized as follows.

2.1 Optical sensors and cameras

Optical sensors and cameras are used to detect surface
properties related to friction. Using optical sensors

Fig. 2 Experiment-based flowchart diagram.
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to measure infrared light at different wavelengths

reflected from the roads, the surface type (dry, wet,

icy, snowy, etc.) can be identified. The principal of
road-eye sensors is shown in Fig. 3 [23]. The other
use of optical sensors is to estimate the sidewall

deformation and correlate it with friction [24-26].
Cameras are also used to identify the texture of

different surfaces. Once the texture is evaluated, a

neural network can be trained to estimate the surface

friction [27]. The conventional methods of detecting

road conditions are [28]:

— Detection by color difference: It uses the ratios of
color signals (R, G and B) to detect road condition.

— Detection by pattern matching: This technique uses
geometrical features along with pixel density to
estimate the condition of the road.

— Detection by infrared rays: Infrared can be used to
detect the presence of water as water has a relatively
large absorption band in the infrared range.

— Detection by difference in polarized level: It uses a
difference between horizontal and vertical polarization
to detect road condition.

What follows is the review of the papers that have
used optical sensors for friction estimation. Holzmann

Fig. 3 The schematic of using optimal sensor to identify different
surfaces [23].

et al. [29] used cameras and microphones for estimating
the friction coefficient. The image captured by the
camera was analyzed for the luminance and
neighborhood of pixels. Microphone was used as a
reactive measurement to improve the accuracy of the
estimation; the frequency range of 100-600 Hz was
analyzed. Kuno and Sugiura [28] used a CCD camera
to detect the road condition. They detected the distri-
bution of gloss on road surface due to presence of
water using the high and low levels of luminance
signals. Jokela et al. [30] used two methods of measure-
ment: polarization change and graininess analysis.
The amount of vertical and horizontal polarized light
reflecting from the surface was used to detect the road
surface condition. Graininess analysis is done by using
a low pass filter on the image making it blurry and
comparing the contrast with the original image.

2.2 Acoustic sensor

Acoustic sensors are used to classify the road surface
type/condition (asphalt, concrete, wet, dry, etc.) based
on the tire noise. In some of the studies, the acoustic
sensors were attached to the vehicle’s chassis [31].
Figure 4 demonstrates the algorithm, which uses
support vector machine (SVM) to classify different
surfaces based on tire noise.

Some other studies have used a microphone, installed
at a fixed road location, to record the noise generated
by the vehicles passing by and use the recorded data
to estimate the pavement status [32-35].

2.3 Tire tread sensors

Tire tread sensors are used to monitor the interaction
between tire and the road, and to estimate the

Fig. 4 Friction estimation algorithm using acoustic sensors. Reproduce with permission from Ref. [31]. Copyright Elsevier, 2014.
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deflection of tread elements inside the contact patch.
The sensor types are mostly accelerometer and piezo
electric and magnetic sensors. Erdogan et al. used the
piezoelectric sensor inside the tire (in the tread area),
which estimates lateral deflection profile of the carcass
and uses it to estimate the friction [36]. Magnets
vulcanized into the tread of a Kevlar-belted tire are
also used in some studies to measure the deflection of
the tread in x, y, and z directions as a function of its
position inside the contact patch [21, 22, 37-39]. Using
the fact that the tread deformation is caused by the
total force acting on the tire, the friction is estimated.
In other studies, tri-axial accelerometers attached to
the innerliner of the tire, shown in Fig. 5(b), are used
to estimate the friction [40].

Matilainen and Tuononen [41, 42] used the signals
from the tri-axial accelerometer inside the tire to
estimate contact patch length. The algorithm detects
two acceleration peaks in the longitudinal acceleration
signal and uses it along with wheel angular speed
to estimate contact patch. Khaleghian et al. [43, 44]
and Singh et al. [40] utilized a tri-axial accelerometer
attached to the innerliner of the tire; using a neural
network algorithm, they estimated the tire normal load.
Niskanen and Tuononen [45-47] used three tri-axial
accelerometers inside the tire to find friction indi-
cators on smooth ice and concrete surfaces. The radial
acceleration signal from the accelerometer is analyzed
at the leading edge of the contact patch for friction

Fig. 5 Using tread sensors (tri-axial accelerometer) to estimate
the friction. Reproduce with permission from Ref. [40]. Copyright
Khaleghian, 2017.

indicators. They have stated that the vibration in the
leading edge due to slip on low friction surfaces can
be used to determine the road surface type.

In addition to the studies and approaches that were
introduced in this section, several patents have been
submitted, and have used different experiment based
methods to estimate the friction or other related
parameters; some of these patents are summarized in
Table 1.

Although the tire-road friction can be estimated
using some of the experiment based approaches, in
most cases their accuracy is reduced when the testing
condition deviates from the condition under which the
algorithm was trained. In order to make the estimation
algorithms more robust and take the dynamic of the
vehicle into account, model-based approaches are
introduced.

3 Model-based

Model-based approaches contain all the studies that
use a mathematical/dynamical model to estimate the
friction. No need of any expensive special sensor
which is standard on today’s vehicles and accuracy
and repeatability of the results in most of the cases,
makes this category more popular as compared with
experiment-based approaches. The model-based studies
can be divided into three main groups: wheel and
vehicle dynamic based, tire model based, and slip-slope
based approaches.

3.1 Wheel and vehicle dynamics based

Studies, which are based on this approach, use the
dynamical model of the system, in which some of the
states can be measured (like angular velocity of the
wheel) and some other states cannot be measured
(like friction force, longitudinal speed, etc.). Based on
dynamical model of the system and the measured
states, the rest of the states can be estimated using
different estimation algorithms such as recursive least
square (RLS), Kalman filter, etc. The general flowchart
of algorithm which is used in most of vehicle dynamic
based studies is shown in Fig. 6.

Some of the most common dynamical models in the
friction estimation studies are wheel tire model, roll

| https://mc03.manuscriptcentral.com/friction
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Table 1 Summary of the patents which have used experiment based methods.

Inventor name

Estimated parameters

Summary of invention

Klein [48]

Singh [49, 50]

Singh et al. [50]

Singh et al. [51]

Miyazaki [52]

Hattori [53]

Hillenmayer and
Kuchler [54]

Miyoshi et al.
[55]

Sistonen [56]

Bell and Bell
[57]

Abe and Sawa
[58]

Friction coefficient

Tire normal load,
side slip-angle

Tire normal load,
side slip-angle

Tire sidewall force

Tire forces,
friction coefficient

The strain state
of the tire

Tire static load,
nature of the
road surface

Tire longitudinal
force

The friction on a
surface

Friction coefficient

Dynamic friction
coefficient

He used a steering system which was controlled by a control module. They estimated the
steering gain and steering load hysteresis along with a reference, they determined the friction.

Two strain sensors are attached to the inner and outer sidewalls of a tire (sidewall strain
sensors) , using the average power of these signals in different tire pressures to estimate the
normal load, also they developed an algorithm to estimate the side slip-angle based on
properties of strain signals (then vehicle dynamic based approach was used to estimate the
tire longitudinal and lateral force).

They used a set of strain sensors affixed to opposite sidewalls of the tire. Estimating the
slope difference in opposite sidewalls strain signals, they estimated the side slip angle.
They also estimated the tire normal load based on the average power of strain signal.

They used a piezo film in one or both sidewalls of the tire. The sensor generates a signal
within the contact patch area (can be used to estimate the length of the contact patch), where
power of the signal indicates the sidewall deformation. The power to load map for different
tire pressure is used to estimate the sidewall force.

Several strain sensors are attached to the vicinity of the wheel on the axle, which provide
the strain signals. The produced signals are used to estimate the tire forces and tire-road
friction coefficient (from the correlation between strain signals and desired parameters).

A series of conductors composed of plurality of conductor pieces (embedded in lines at
specific interval in circumferential direction of the tire) are used to provide the strain states
of the tire. A monitoring device releases signal (pulse electromagnetic wave), also receive
the reflected signals from the foils. The time difference between radiation and reception in
different conditions is used to evaluate the strain stress of the tire.

A pressure sensor and a deformation sensor are used in the tire; using frequency-dependent
analysis on the sensor signal they estimate the static loading and the nature of the road
surfaces.

Two magnetic sensors are used to measure the rotation angle of the wheel and wheel axle.
Then they used a computing device to calculate the tire warp angle, which is derived by
the difference between tire rotational angle during load and no-load condition. Then they
estimated the tire longitudinal force as a function of tire warp angle.

He developed a new device consist of a wheel, an arm which is attached to wheel axle and
a spring, which is attached between measuring wheel and its axle to estimate the friction.
The degree of rotation of the measuring wheel at the point, where the wheel starts to slid, is
used to estimate the friction.

They used tread force sensor, one end of the sensor is fixed on the tread and the other end is
on the tire structure, where slipping of small discrete tread element can be detected. Compiling
the sensor data of the tire deformation-induced tread gripping force, the friction coefficient
is estimated.

They developed a new device to measure the dynamic friction coefficient which includes a
disk with measuring rubber member, a driving disk adapted to rotate co-axially with the disk
and dynamometer interconnects the disk and the driving disk. A tachometer is also used to
measure the speed of the rubber. Using X-Y recorder, which records the output signals of
friction measuring portion and the tachometer, the friction coefficient is estimated.

dynamic model, bicycle model, quarter-car model, and
four-wheel vehicle dynamic model, which are explained
in more details next.

3.1.1 Wheel dynamic model

Free-body diagram of a single wheel is depicted in
Fig. 7 in which, F_ is the rolling resistance force, and

Fig.6 The general flowchart for vehicle dynamic based T is the transmitted wheel torque. The equations of

approaches.

motion for this problem are as follow:

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig. 7 Free body diagram of a single wheel.

m, o =F —F, @)
], o, =(T, ~T,)-Fr, ~F,r 3)

W

where m  is the total mass of the wheel, | is the
moment of inertia of the wheel, and T ,T, are the
drive and brake torques, respectively. The value of
wheel rolling resistance force can be calculated as:

E.=fW 4)

where W is the weight on the wheel and f, is the
rolling resistance coefficient that can be expressed as
a function of tire pressure and wheel velocity. Several
equations have been developed over years to estimate
the rolling resistance. One suggests following equation
for rolling on concrete surface [59]:

V 2.5
f.=f, +324f (m] )
where V is the speed in mph, f and f, are basic
coefficient and speed effect coefficient respectively that
depend on inflation pressure. Equation (3) is widely
used in the literature in order to estimate the tire
longitudinal friction force [18, 60, 61]. However,
the accuracy of estimated longitudinal force highly
depends on the accuracy of the effective rolling
radius of the tire (7, ). The effective rolling radius is

: rstatic
sin| arccos| ——
7’0

presented as [20]:

r =

w
7
arccos[mm} (6)
rU
FZ
r. =1 ——=
static 0 k

t

where 7, is the initial radius of the tire and k, is the

vertical stiffness of the tire. Wheel dynamic model is
mostly used with a tire model in order to estimate
the longitudinal force and longitudinal friction [62,
63]. Hsiao et al. [63] substituted the measured wheel
torque and wheel angular velocity into Eq. (3), obtained
from moment balance equation of each wheel, to
estimate the tire longitudinal force. Rajamani et al. [64]
used the measured data of angular wheel speed and
proposed a sliding mode observer to estimate the tire
longitudinal force based on single wheel dynamic
model. Cho et al. [65] used the same approach to
estimate the longitudinal tire force and showed that
the estimated force is accurate for the low slip vehicle
maneuvers. Rabhi et al. [66, 67] used a single wheel
model with cascaded first and second sliding observers
to estimate the contact force. They used the measured
data of longitudinal speed of the vehicle, angular posi-
tion of the wheel and wheel torque along with robust
differentiator and sliding mode observer to estimate
the velocity and acceleration of the wheel, longitudinal
and vertical tire forces and friction coefficient.

3.1.2  1DOF roll dynamic model

The most common vehicle models, which are used to
estimate the roll dynamics of the vehicle, are 3DOF
model, which represents lateral, yaw and roll motions
of the vehicle, and 1DOF model, representing the roll
dynamics.

The 1DOF roll dynamic model has practical advan-
tages in comparison to 3DOF model, which does not
need the cornering stiffness (which is not easy to be
estimated), besides it is not sensitive to the nonlinear
tire dynamics. For these reasons, 1DOF model is widely
used in the vehicle state estimation studies. Figure 8
demonstrates the schematic of 1IDOF vehicle roll model
[68], where k_,c, .
coefficients for the combination of tire-suspension,

are roll stiffness and roll damping

respectively (which are assumed to be constant), and
h

CG. Assuming the roll axis is fixed and there is no

is the distance from the roll center to the vehicle

roll
vertical motion, the equation of motion is formulated as:

-m.h_.a

s ‘roll "y, m

@)

is the moment of inertia around the

+k

roll ”'chassis roll ehassis —

9 .
(Ix + msh roll)¢chassis +c

where I_+m_h’

roll

roll axis, I is the moment of inertia around x axis and
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Fig. 8 The schematic of 1DOF roll vehicle model. Reproduce
with permission from Ref. [68]. Copyright Singh, 2012.

m_ is the sprung mass of the vehicle. The vehicle roll
dynamic model is mostly used to estimate the vehicle
roll angle, which is a key factor to obtain the normal
load at the wheels. Some of the studies, which have
used roll dynamic model, are summarized in Table 2.

3.1.3  Quarter car model

The quarter car model is a 2DOF model which is
mostly used to model the vertical dynamic (especially
suspension) of the car. As it is shown in Fig. 9, quarter
car model is represented with two lumped masses,

m,,m,, (sprung mass and un-sprung mass), which

qs’
are i vehicle body mass and wheel mass respectively.

The suspension system of the vehicle is presented
as a set of spring damper system (k_,c_ ) while the

tire is presented as a single spring (k,) (however

in some other studies, tire is considered as set of

Table 2 Some of the studies which have used roll dynamic model.

spring-damper too).
The equations of the motion for the quarter-car
vehicle model shown in Fig. 8 are presented as:

msjés +Cs(5(s _Xu)—i_ks('xs _xu)zo

m X, +c (x, —x)+(k, +k)x, —kx =0 ®)
Quarter car model is mainly used in friction estimation
studies to obtain the tire normal force and road
profile. Several studies have measured the vertical
acceleration of the un-sprung mass and the suspension
deflection and have used them to estimate the normal
force using the following equation [75-77]:

F =c(x,—x,)+k(x,—x,)-mX, 9)

Doumiati et al. [78, 79] used the quarter car model to
estimate tire normal load and the road profile. First,
they used accelerometer measurements to calculate
the vehicle body vertical position, and then used it as
a measured state for Kalman filter to estimate the
normal wheel load and road profile.

Next, the planar dynamic models of the vehicle are
introduced; four-wheel vehicle model and its simplified
version, bicycle model are discussed in more details
which are widely used in vehicle state estimation
studies.

3.1.4 Four-wheel vehicle model

Four-wheel vehicle model (also called two-track model)
just considers the longitudinal, lateral and yaw motions
of the vehicle, while roll, pitch, and vertical motion
are ignored. The schematic of this model is shown in
Fig. 10 [20], where t is the track length, [.,I are the

Authors Measured states Estimated states

Method

Closed-loop adaptive observer was used to estimate the roll angle and
roll rate with respect to the road.

Two rolls over indexes are introduced and analyzed; these indexes are:
actual lateral transfer ratio (LTR) and predictive lateral transfer ratio

and predictive lateral transfer ratio (PLTR).

Combination of vehicle dynamics control system and a roll over

mitigation system is used to estimate the roll angle.

Hac et al. [69] Lateral acceleration, Roll angle

yaw rate
Tsourapas et al. [70] Load transfer ratio Vehicle roll
dynamic

Gripetal. [71]  Roll rate Roll angle

Chenetal. [72] Lateral acceleration, Roll angle

Ryuetal. [73]  yawrate

Choetal. [74] Longitudinal speed, Roll angle

yaw and roll rate,
lateral acceleration

They used a roll vehicle model (either 3DOF model or 1DOF model)
along with Kalman filter to estimate the roll angle.

Vehicle state index based switching is used on the roll dynamic and
kinematic model to estimate the roll angle.

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig. 9 Schematic of quarter car vehicle model.

Fig. 10 The schematic of four wheel vehicle model.

distance of center of gravity of the vehicle (CG) from
the front and rear axle respectively, V, is the velocity of
CG and Vx,Vy are its component in x and y direction
respectively. Also i is the yaw rate, ¢ is the steering
angle and it is assumed that both front wheels have
the same steering angle (J,, =J,, ). The equations of
motion for this model are as follows [20]:

I [Pyn cos§+F,,cosd+F  sind+F,sin 5]

.1 t . .
W= I_ -1 [Fyﬂ +Fy22]+E[Fyn smé‘—Fyu sind

z

+F

x12

F

cosé—F, coso+F ]

x22

(10)

—(F,+F.,,)sin(f-a)
+F,, cos(f—a)+F , cos(f-a)

yl1

mV | +F cos(ﬂ—a)+(1—"y21+Fy22)cos(ﬁ—a)

v'g y11

—(F,, +F_,)sinf

p=yis

(11)
a = 1 Fpycosd+F,,cos0+F, +F, (12)
Y m,|+F,, siné+F ,sind
a —i _Fy“ Sin5_Fy12 Sin5+Fx21 +Fx22 (13)
* m,|+F, cosd+F,,cosd
V,=Vy+a, (14)
V,=-Vy+a, (15)
(Fyy +Fyy)cos(f—06)+F,, sin(f-0)
v zi +Fy12 sin(f-90)+(F,, +F,,)cos B 16)
#om | +(F, +F,,)cos
HF,, +F ,)sin

where I is the moment of inertia of the car around
z axis, m, is the vehicle mass and S is the vehicle
side slip angle. Table 3 summarizes some of the studies
which have used the four-wheel vehicle dynamic model
to estimate the friction force, friction coefficient or
other parameter related to friction estimation problem.
The simplified version of four-wheel vehicle model is
bicycle model (also called single-track model) which
is introduced in the next section.

3.1.5 Bicycle model

The schematic of the bicycle model is shown in Fig. 11,
which was introduced by Segel in 1956 [20]. The
bicycle mode is widely used to describe the handling
dynamics of the vehicle, in which vertical and roll
motions are not taken into account.

The simplified equations of motion for the bicycle
model are as follow:

v :Il[lf [E,sing+F, coss|-LE, | (17)

z

.1 [-F,sin(B-8)+F sin(f-5)|
p=—r| —y (18)
m,V | +F,cos f—F, sinf |
. F  cos(o6—-pB)-F, sin(6-p ]
V=l s 1w
m, +szcosﬂ+Fyzsmﬂ |
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Table 3 Some selective studies which have used four-wheel vehicle model.

Method

vehicle

Authors Measured states Estimated states
Samadi et al. Longitudinal acceleration, lateral Longitudinal tire force
[80] acceleration for the front and for all wheels and lateral
rear axles, angular velocity of the force for front and rear
wheels axles
Baffetetal. Yaw rate, velocity of CG, longi- Tire forces,
[81] tudinal & lateral acceleration velocity, yaw rate
Shimand  Longitudinal & lateral accelera- Tire forces
Margolis tion, steering angle, wheel angular
[82, 83] velocity
Doumiati etal. Longitudinal & lateral accelera- Tire forces, vehicle side
[84-88] tion, steering angle, wheel angular slip angle

Ghandour et

velocity, yaw and pitch rate,
suspension displacement

Longitudinal & lateral accelera-

Tire lateral force and

al. [89, 90] tion, steering angle, wheel angular side slip angle
velocity, yaw and pitch rate,
suspension displacement

Ghandour et Longitudinal & lateral accelera- Lateral load transfer,

al. [91] tion, steering angle, wheel angular lateral skid indicator
velocity, yaw and pitch rate,
suspension displacement
Dakhlallah  Longitudinal & lateral accelera- Tire forces and road
etal. [92] tion, steering angle, wheel angular  grade
Sebsadji velocity, yaw rate
etal. [93]
Chengetal. Longitudinal & lateral accelera- Vehicle side slip angle,
[94] tion, steering angle, wheel angular lateral tire force and tire
velocity, yaw rate road friction coefficient
Ray Yaw and roll rate, wheel angular Slip ratio, slip angle,
[95, 96] velocity, longitudinal and lateral wheel velocity, normal
acceleration force at each wheel,
longitudinal and lateral
force
Jinand Yin Longitudinal & lateral accelera- Tire forces for all wheels,
[97] tion, steering angle, wheel angular roll angle, yaw & roll
velocity, yaw & roll rate rate, velocity of CG
Rajamani  Longitudinal & lateral accelera- The tire forces, longitu-
etal. [98] tion, steering angle, wheel angular  dinal and lateral vehicle

velocity, yaw & roll rate

velocities, yaw and roll
angle

They used extended Kalman filter to estimate the tire
forces, they used Pacejka as the tire model and nonlinear
model for hydraulic braking system.

They used extended Kalman filter (with random walk
model for the forces) to estimate the tire forces, then
they estimated the side-slip angle based on dynamic of
the problem. Cornering stiffness was estimated based on
the data of tire forces and side slip angle through another
Kalman filter algorithm.

They used four-wheel dynamic model and estimate the
tire forces base on the analytical tire model (relation
between the measured and estimated states) which they
proposed.

They used vehicle roll model to estimate the tire normal
force and then used a four-wheel vehicle model dynamics
of the problem; using two observer (extended and
unscented Kalman filter) they estimated the tire force
and vehicle side slip angle.

Using the roll vehicle model, they estimated the tire normal
load, then they used extended and unscented Kalman
filter to estimate the lateral force and side slip angle.

They used the vehicle roll model for the normal load
then they proposed a maximum friction coefficient
estimation based algorithm to evaluate a lateral risk skid
indicator.

They used an extended Kalman filter and Luenberger
observer based method on the nonlinear vehicle model to
estimate the forces and road grade.

They used unscented Kalman filter based estimation
algorithm to estimate the vehicle’s desired states and tire
road friction coefficient.

They used a nine degree of freedom model, which is a
four-wheel model with vehicle roll dynamic along with
extended Kalman filter to estimate the desired states.

They proposed two extended and unscented Kalman filter
based observers which used four-wheel model with the
roll vehicle model to estimate the tire forces and other
vehicle states

They used extended Kalman filter approach with 8DOF
model (four-wheel model with roll vehicle dynamic model)
to estimate the tire forces and other vehicle’s states.

Many studies have used this vehicle model along
with some estimation algorithms to estimate the lateral
vehicle states, friction force and/or coefficient. Table 4
summarizes some of the research which have used
bicycle model in their algorithms.

The most popular vehicle models, which are widely
used in friction estimation studies, are introduced in
this section; Table 5 reviews these vehicle dynamic
models, their common measured states and the states
which are usually estimated with these models as a
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Fig. 11 The schematic of the bicycle model.

summary of dynamic wheel/vehicle based approaches.
The tire model based algorithms are introduced next.

3.2 Tire model based

Tire models generally express the relationship between
tire forces and moments with slip ratio/slip angle,
which have been used in various studies to estimate
the friction forces and friction coefficient. It is assumed
that the tire forces and moment, also slip ratio and/or
slip angle are available (or can be estimated) then by
comparing the force/moment—slip data with different
tire models, the model parameters and friction

Table 4 Some studies which have used bicycle model.

Authors

Measured states

Estimated states

Method

Baffet et al. [99, 100]
Zhang et al. [101]

Baffet et al. [81]

Baffet et al. [102]

Ahn [103]

Zhang et al. [104]

Zhu and Zheng [105]
Pan et al. [106]
Chu et al. [107, 108]

Hsu et al. [109]

Ray et al. [110]

Gao et al. [111]

Yaw rate, longitudinal &
lateral acceleration, steering
angle

Yaw rate, longitudinal &
lateral acceleration, vehicle
velocity

Longitudinal & lateral
acceleration, steering angle,
wheel angular velocity, yaw
rate

Longitudinal & lateral
acceleration, steering angle,
wheel angular velocity, yaw
rate

Yaw rate

Longitudinal &  lateral
acceleration, steering angle,
wheel angular velocity

Yaw rate, longitudinal &
lateral acceleration, steering
angle, wheel angular velocity

Yaw rate, longitudinal &
lateral acceleration, steering
angle

Yaw rate, longitudinal &
lateral acceleration, the wheel
angular velocity

Lateral acceleration, yaw rate

Tire forces, vehicle side slip
angel

Tire forces, side slip angle,
cornering stiffness

Lateral tire force, vehicle
side slip angle and yaw rate
and vehicle speed

Lateral force, aligning
moment, side slip angle,
friction coefficient

Side slip angle and yaw rate

Wheel side slip angle and
yaw rate

Vehicle longitudinal and
lateral velocity

Tire slip angle

Vehicle’s longitudinal and
lateral speed, vertical dis-
placement of front, rear
and CG, pitch angle, the
longitudinal and lateral force
for front and rear wheels

Side slip angle

They used sliding mode observer to estimate tire
road forces, then using and extended Kalman filter
they estimated the cornering stiffness and side-slip
angle.

First, they used extended Kalman filter to estimate
the tire longitudinal and lateral forces, then another
extended Kalman filter algorithm was used to
estimate the side slip angle and cornering stiffness.

They used three different extended Kalman filter
based algorithm along with Burckhardt and linear
tire force model to estimate the tire force, yaw
rate, vehicle speed and side slip angle.

They used bicycle model with state estimator to
estimate the lateral force and aligning moment;
then using a sliding mode observer with brush tire
model, they estimated the side slip angle and friction
coefficient.

They used a nonlinear observer to estimate the side
slip angle, its stability conditions were obtained
from analysis of energy to peak performance of
the estimation error system.

They used unscented Kalman filter to estimate the
side slip angle and the yaw rate.

They used an adaptive unscented Kalman filter to
estimate the vehicle longitudinal and lateral velocity.

They used a model base estimation approach;
utilizing pneumatic trail information they identified
the vehicle’s lateral limits.

They used a nine degree of freedom model, which
is a bicycle model with a quarter-car model to
simulate each of the front and rear tire and
suspension. Using extended Kalman filter, they
estimated the tire forces and other states.

They used a high gain observer along with a
nonlinear tire model to estimate the vehicle side
slip angle. They compared the results of high gain
observer with the estimation results of extended
Kalman filter and Leunberger observer.
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Table 5 Summary of wheel/vehicle dynamic models which are used for friction estimation.

Common

Model name measured states

Common
estimated states

Features

Wheel dynamic acceleration,

model

Longitudinal
& braking torque, rolling
resistance force

1-DOF roll model CG’s lateral acceleration

Quarter car model
mass and un-sprung mass

Vertical acceleration of sprung Tire vertical force,
vertical position and

velocity of sprung mass

Longitudinal tire force, 1. Used to study the longitudinal dynamics of the vehicle.
wheel angular velocity, drive longitudinal speed, 2. The accuracy of the estimation using this model highly

depends on the accuracy of the tire effective radius
which is used for estimation.

Roll angle, roll rate 1. Used to estimate roll dynamics of the vehicle.

N

. Roll stiffness and damping coefficient are assumed to
be constant.

. The roll axis assumed to be fixed.

. Does not need the information of cornering stiffness.

. It’s not sensitive to nonlinear tire dynamics.

= Ok~ w

. Mostly used to model vertical dynamics of the vehicle
and suspension modeling.
. Pitch and roll motion are not taken into account.

N

and un-sprung mass 3. The wheels are assumed to roll without slip and contact

Four-wheel vehicle Longitudinal and

model acceleration, yaw acceleration,
steer angle
Bicycle model Lateral acceleration, yaw Front and rear lateral

acceleration, steer angle tire force

loss.

lateral Tire’s longitudinal and 1. Used to study the longitudinal and transversal vehicle
lateral force, wheel hub
velocity of each wheel

dynamics.
. Roll and pitch motion are ignored.
. Doesn’t have a suspension.

. Used to describe lateral dynamics of the vehicle.
. Rear steering angle assumed to be zero.
. Vertical and roll motion are ignored.

WNEFE W

coefficient are estimated.

Different mathematical tire models have been
developed based on model of the tire and the time
behavior that can be captured (steady-state or transient)
(Fig. 12) [68]; some of them which are more common
for the friction estimation purpose are introduced in
this article.

3.2.1 Pacejka tire model

Pacejka tire model (which is also called magic formula)

Fig. 12 Different tire models. Reproduce with permission from
Ref. [68]. Copyright Singh, 2012.

is a semi-empirical tire model that was introduced
for the first time by Pacejka in 1992 [112]. The model
uses special functions to represent the longitudinal and
lateral forces and the aligning moment. The formula-
tion of this tire model for longitudinal and lateral force
and aligning moment are as follows:

F(s+S,,)=
D _sin[C arctan(B s—E (B s—arctan(B s)))]+S
F (a+ Shy) =
D, sin[Cy arctan(Bya -E, (Bya - arctan(Bya)))] + Svy
M (a+S5,, )=
D, sin[C, arctan(B a - E_(B,a —arctan(B a)))]+S,
(20)

where s is the slip ratio, « is the side slip angle and
F., F,, M, are the longitudinal force, lateral force and
aligning moment respectively. The meaning of other
parameters (B, C, D, S, , S, ) are shown in Fig. 13.

In the newer version of the magic formula, the
camber angle, cornering stiffness, and load variation
also transient properties of the tire are also taken
into account [113]. Magic formula has been widely
used in literature for vehicle states and tire friction
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Fig. 13 Magic Formula’s parameters.

estimation [112, 114, 115]. van Oosten et al. [116] clarified
the determination of Magic Formula parameters from
the experimental data, and discussed all the difficulties
involved. Kim et al. [117] used the traditional concept
of friction to formulate the friction; they assumed
that the coefficients of Magic Formula are known.
Using an instrumented vehicle they estimated the
forces on each wheel with the help of Magic Formula.
Then they estimated the longitudinal and lateral friction
coefficients. Yi et al. [118] used an observer-based
algorithm, in which the Magic Formula with known
parameters was used for the longitudinal force, to
estimate the tire road friction coefficient. First, they
used a sliding mode observer (angular velocity of the
wheel was measured) to estimate the vehicle states,
then using a recursive least square algorithm, they
estimated the tire road friction coefficient. Jayachandran
et al. [119] developed a fuzzy logic based algorithm
to estimate the value of longitudinal and lateral forces,
also aligning moment based on slip ratio and slip angle.
They used Magic Formula with known coefficients
to calculate the tire forces and moment based on
different slip values; then they defined a fuzzy
membership function between the inputs (slip ratio,
slip angle) and outputs (tire forces, aligning moment)
of fuzzy-logic algorithm based on the calculated values.

3.2.2  Dugoff tire model

Dugoff tire model is a physical model, which was
introduced by Dugoff et al. in 1969 [120]. In this mode],
a uniform vertical pressure distribution is assumed
on the tire contact patch. In its simplest form, Dugoff
model expresses the relation between longitudinal
and lateral force and the slip as a function of two
parameters; the tire stiffness (C,,C, ), which explains
the slope of force-slip curve in low slip region and
the tire-road friction coefficient () that describes
its curvature and peak value. The Dugoff model is
formulated as follows:

s
F=C —Ff(A
g X1+sf()

. tan(a)
1:;/ - Cy 1+S f(/l)
uF,(1+5) (21)
A=
2,J(C,57 +(C, tan )’
Q-4 i<1
fA= 151

where C,C, are the slopes of the longitudinal force—
slip ratio and lateral force—slip angel in the low slip
values (linear part of the curve respectively). In the
following context, some of the studies that have used
the Dugoff tire model in order to estimate the friction
or related parameters are introduced. Ghandour et al.
[89] developed an algorithm, using Dugoff to simulate
the lateral force, to estimate the lateral friction coeffi-
cient. First, they developed an estimation algorithm
to obtain the lateral force and slip angle. Then, they
estimated the friction coefficient utilizing nonlinear
method of optimization to minimize the error between
estimated lateral force and lateral force provided by
Dugoff model. In another study, a new algebraic
filtering technique was used by Villagra et al. [121] to
estimate the longitudinal and lateral force and slip ratio,
then they used a weighted Dugoff model to estimate
the friction coefficient, for instance for the longitudinal
direction simplifying the Dugoff equation gives:

Cr

F +

Cr

/’lj*maXFZZ _Zlux—max FZ = 0 (22)

R . s . .
where in this equation 7 = Tio The solution for this
+5

equation is expressed as:

(lc.exesCe-F))
My max = F (23)

z

Comparing the behavior of Dugoff model with Pacejka’s
model, the maximum friction coefficient is obtained
as follows:

D _
/ux—max(tk) - FZ (t)(

At) <1
luxD—max(tk) = /’l)?—max(tk _1) ﬂ’(tk) 2 1

C.7(t)|-C.r(t)(C.r(b) - E(1))

(24)
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where ¢, is a weighting factor. Nilanjan et al. [122]
proposed a sliding mode observer along with modified
Dugoff model to estimate the longitudinal velocity
and friction coefficient; the only measured state was
wheel angular velocity. Doumiati et al. [86] proposed
a real time algorithm to estimate the tire-road lateral
forces and side slip angle using two estimation
algorithms of extended and unscented Kalman filter,
in which the lateral force was modeled using Dugoff
model. Four-wheel vehicle model was used as the
dynamical model of the system, and the measured
states were longitudinal and lateral acceleration, yaw
and roll rate, left and right suspension deflection and
the angular velocity of each wheel.

3.2.3 Brush tire model

In this model, it is assumed that the surface area which
is in contact with the road can be modeled as infini-
tesimal bristles. As it is shown in Fig. 14, the contact
patch area is partitioned into two regions [123]:
adhesion and sliding. In the first region, the bristles
transfer the force by mechanical adhesion and in
the second region the slide of the bristles on the road
results in friction force; the vertical pressure distribu-
tion is assumed to be parabolic.

The brush tire model can be divided into 3 cases:
pure side-slip, pure longitudinal slip, and combined
slip problem.

3.2.3.1 Pure side-slip

Figure 15 demonstrates the schematic of the contact
patch in small and large side slip conditions. For the
pure side slip problem, the formulation of brush tire
model for low slip angle values is as follows [124]:

Fig. 14 The schematic of adhesion and sliding regions in the
contact patch [123].

Fig. 15 Schematic of the contact patch: (a) load distribution and
(b) deflection.

F =C,a
y a
25
M =4F (25)
z 3y

where a is the contact patch length and C,_ is the cor-
nering stiffness. For large side slip values the equations
are expressed as [125]:

F =3uF tan(a) {1_| tan(a) |+1 tan’ () J

v “tan(a,)| [tan(ay)| 3 tan®(ay)
2
M. =—uF.a tan(ar) 1_3| tan(ax) |+3 tar; ()
tan(eay) |tan(asl) tan” ()
R (26)
| tan(e)
tan(ay)
2
c A
u="2"tan(a,)

z

where c,, is the lateral stiffness of the tread element
per unit length of the contact area, o is the side-slip
angle and «, is shown in Fig. 15(b).

3.2.3.2  Pure longitudinal slip

With the assumption of pure longitudinal slip, parabolic
vertical load distribution, and constant friction level,
the longitudinal force is expressed as follows [126]:

Cisls] CJs’

—C,5+ =5 S<
F = 3uF, 27u°F (27)
HUE, sgn(s) otherwise
o _aME . o
where s° =3-— and s is the slip ratio.

X
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3.2.3.3 Combined slip

For the case that both longitudinal and lateral slip
are available, to simplify the problem it is assumed
that the normal force distribution is parabolic, and the
longitudinal and lateral stiffness of the tread elements,
and the longitudinal and lateral friction coefficients
are equal [124].

CP = CPX = CP}/ (28)
M=, =g,

The theoretical slips are defined as follow:

S

T 1+s
_tana

o,=
’ 1+s
GIJGXZ-FO'j

The magnitude of total force is expressed as follows:

X

(29)

Fe UF {300 - 3(0c) +(00)°} o< oy
F o 2 0o,
H z , 1 (30)
_2¢,a
3 ME,

where o =% and a is half of the contact patch

length as it is shown in Fig. 14. Several studies have
used different forms of brush model in their friction
estimation algorithms, some of these studies are
summarized in Table 6.

3.2.4 LuGre tire model

LuGre tire model is a physics based dynamic tire model,
which was first introduced by de Wit et al. in 1995. The
surfaces are assumed to be in contact through elastic
bristles. This is shown in Fig. 16 [130].

Fig. 16 LuGre model-contact surfaces.

The average deflection of the bristles in the lumped
LuGre model (which is presented by z) is expressed
as [130]

dz 0]

—=0-——z

dt 8(v)

F=0,z+0 Eﬂyv (31)
0 1 dt 2

0,8(v)=F.+(F,-F. )e{ﬂ

where v is the relative velocity between the two
surfaces, v_ is Stribeck velocity, F. is the Coulomb
friction level, F, is the level of stiction force, o, is
rubber stiffness, o, is rubber damping coefficient, and
o, is the viscous relative damping. In the distributed
LuGre Model, an area of contact is assumed between
the tire and the road, which formulates the friction
force as follows [131]:

_oolld
F(s) = sgn(v,)F,g(s)| 1+ y 8O (50 1) |+ F o ros
GoLlsl
y=1-0,|v,|/8(s)
§(s) = . +(pt, + g1 )e "
(32)

where F_is the normal load, L is the contact patch
length and v, = (r@—7v) is the relative velocity. Several
studies have used LuGre model to estimate the friction
force or friction coefficient. de-Wit et al. [62] used
a single wheel dynamic model with lumped LuGre
friction model and introduced a new parameter which
represented the road change. Using the measured
data of angular velocity of the wheel, they designed an
online observer for the vehicle longitudinal velocity
and the road condition parameters [62, 60]. Alvarez
et al. [132] also used the same approach to design a
tire friction model for emergency braking control.
They also used a single wheel dynamic model along
with lumped LuGre formulation for the force. Utilizing
the measured data of wheel angular speed, the internal
state of the LuGre model (z), the longitudinal and
relative velocity (v, ) are estimated. Chen et al. used a
bicycle model and propose the following observer
in order to estimate the internal states of LuGre tire
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Table 6 Sample studies in which brush model have been used.

Author’s name Method which was used

Svendenius [120] Developed a brush based tire model to derive the tire forces and moment at combined slip, from scaling the forces
given by empirical pure slip (o, 0,7 ), at certain pure slips:

(o0(0y0y,7),00,(0,,0,,7))

Fx (O-x ' o-y ! }/) = Gax FOx (O-Oxa) + Gsx FOx (O-Oxs)

Fy (O-x’o-y’}/) = Gay FOy (O-Oya) + Gsy FOy (GOys) + Gcamy FOcam (7/)
M z (O-x ' Uy ’ 7/) = GayFOy(O-Oya) + GI‘ﬂZMOZ (GOZ) + Gcamz FOcam (}/)

where F,,,F, are from the empirical pure slip model, F,,, is the empirical pure cambering model, the normal
load assumed to be parabolic distributed and the scale factors G; are derived from the analytical expressions of
brush model.

Andersson etal. They used an extended brush model in combined with slip mode to estimate the lateral friction. They used
[127] self-aligning torque as the estimation basis, instead of lateral force (because it shows more nonlinear behavior at
low slip angle) to broaden the operation area of lateral estimator.

Nishiharaetal. They used brush model to describe the essential relation between the tire forces and aligning moment and the grip

[128] margin, which is defined as the residual tire forces normalized by the radius of friction circle:
JF +F;
e=1-Y" 1
uF,

It is assumed that the lateral force, aligning moment and the contact patch length are available, the friction
coefficient is determined as:

"= (1_5)':2
A [2Reeeey  W@T oM,
729 W(&) 213 F,a

1
W (E) = (2&° + 27 + 243 + 27,7 +14¢ +81)3
Matilainen and  They estimate the friction potential during the lateral driving maneuver without any knowledge of tire stiffness

Tuoronen [41]  based on brush tire model. Having the tire forces (estimated using bicycle model) the friction potential is calculated
as follows:

3

Fy IF, . .
Hoorentian (Fy T F i A) == 1 where A is defined as

M A°

z

aF, A4A+l

Yamazaki etal. They used brush tire model (with the assumption of parabolic distributed normal load) to estimate the longitudinal
[129] friction coefficient for two cases of partially sliding and pure sliding. For the case of partially sliding x can be
determined from:

9ulF}(F, —C,s) +3u,F,Cls’ ~ClsY3=0

And for pure sliding mode:

K

,ux - FZ
model [126]. K= 1/ o, and y = ?i which is calculated form
Z=0v —0o,f(v)2+K(u - ) (33)  dynamical equation of the motion for each wheel.

_ _ Knowing the parameters of the LuGre tire model, the
With 4 =0,z-00,0,f(v,)z+(0, +0,)v, and € is a  friction coefficient is estimated using a recursive least

constant, ensure that lim, 2=z for each tire,  square algorithm. In another study, Alvarez et al. [132]
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developed an adaptive friction estimation algorithm
based on LuGre tire model. They used a quarter car
model in which the forces were modeled using LuGre
formulation and estimated the vehicle velocity and
internal parameters of LuGre model using sliding
mode observer. The measured states were the wheel
angular velocity and the longitudinal acceleration.
Matusko et al. [133] have used lumped LuGre model
to explain the dynamics of friction force. They used a
single wheel dynamic model along with LuGre tire
model to estimate the friction force. A Neural Network
(NN) algorithm is also used to compensate the
uncertainties in the tire friction model. They used
Lyapanov Direct Method to adapt the parameters of
the NN algorithm. In some studies, LuGre tire model
has been used as the basis to develop new dynamic
models. Cleays et al. [61] have developed a LuGre
based tire model, which describes the longitudinal
and lateral forces and the aligning moment with a set
of first order differential equations suitable for use in
traction and ABS braking controllers.

In this section, four tire models which have been
used more than other tire models were discussed; the
overall specifications of these models are summarized
in Table 7.

3.3 The slip-slope method

This method is based on the hypothesis that the low
slip—low u part of the slip curve (during normal
driving condition) can be used to estimate the
maximum tire-road friction. This has been claimed in
several studies [22, 63, 66, 134-136]. Slip is defined as
the relative velocity between the tire and the road [77].
= Lulw 7P during braking

" (34)
during accelerating

o1,

where 7 is the effective rolling radius of the wheel,
o,,, v, are the angular and circumferential velocity of
the wheel respectively. It is assumed that the values

F
of slip ratio and normalized traction force [ . j are
N

available (through ABS sensor or other methods). Using
different regression models on the linear region
of u-slippage curve, the maximum value of friction
coefficient is estimated. In other studies a linear
model has been used to fit the data. Gustafsson [77]
suggested the following regression model to be used
for u-slippage curve:

The slip-slop based algorithm which is another u=ks—ko
member of the model based approaches are discussed S=s| k= du (35)
in following section. n0 dx |=0
Table 7 Specifications of discussed tire models.

Year Name properties Feature

. It’s a general model which is physically derived from variants of brush model.
. Describe the forces in: pure accelerating/braking, pure cornering and combined mode.

1958 Brush model Physical based

. The friction assumed to be constant.
. Partition the contact patch to two parts: adhesion and sliding regions.

. The effect of carcass deformation is neglected.
. The elements are assumed to be linearly elastic.

. It’s a velocity independent tire model.

1969  Dugoff model  Physical based

. Use two constants: longitudinal and lateral stiffness (Cx,Cy) to describe the tire behavior.
. Describe the forces in: pure accelerating/braking, pure cornering and combined mode.

. Can accurately fit to measured data.
. Describe the steady state tire behavior.

1987  Magic formula  Semi-Empirical

. Has lots of revised version.

. It’s physically meaningful.

. Easy to use.

. It’s a velocity dependent tire model.

1995 LuGre model  Physical based

. Can capture the Stribeck” effect.

1
2
3
4
5
6
1
2
3
4. Consider a coupled relationship between longitudinal and lateral tire force.
1
2
3
4
5
1
2
3. Can describe the hysteresis loop, pre-sliding displacement, ...

4

. Has two versions of lumped mass and distributed mass.
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Then a Kalman filter supported by change detection
algorithm is used to accurately estimate the so-called
slip slope. Germann et al. [137] used a second order
polynomial to express the u—slip relation as follows:

{=0a,+0a,5+a,s (36)

where the coefficients of this polynomial are calculated
from u-slip curve, they showed that this model works
well for the slip range of less than 0.3 (30%). Miiller et
al. [138] used the u-slip data collected from a braking
maneuver and proposed the following regression
model:

. s

Y 37
# 'uc]sz+czs+1 47

where ' is the slope of p—slip curve and c,,c, are
calculated using a least square algorithm. Several other
studies have used similar algorithms to obtain the
maximum friction coefficient from the slip-slope curve
[135, 139]. Lee et al. [140] used a wheel dynamic model
to estimate the longitudinal force and wheel slip; then
using recursive least square, they calculated the slope
of u-slip curve.

3.4 Other friction models

Although the main focus of this study is to introduce
the most popular approaches, which are widely used
in tire-road friction estimation, there are many valuable

studies that have tried to develop a new friction model.

Some of these approaches are discussed in this section.

The first model which is discussed is Persson’s
friction model. Persson [141, 142] proposed a physics-
based multiscale friction model based on the nature
of the substrate surface roughness and viscoelastic
behavior of the rubber at different length scale from
micro to macro scale. He assumed that the friction
force is directly related to internal friction of the rubber
which occurs due to oscillating forces on the rubber
surface at different magnifications. He obtained the
hysteresis friction as a function of sliding velocity v,
and wave vector g at different length scales as:

E(a),Tq)
1-%)o

0

(38)

w(0) =3[ " dag’C@P()] " dgcosgim

where $ and o, are Poisson ratio and the nominal
pressure of the tire, respectively. The Young modulus
E is a function of loading frequency (@ =qv, cosg)
applied by multiscale asperities of the road surface
and flash temperature T, at different length scale. C(g)
is the roughness power spectrum of the surface and
P(q) is the ratio of the tire-substrate apparent contact
area to the nominal contact area, both as a function
of spatial frequency. The lower limit of the integral
is a reference wave vector at the lowest magnification
go and the upper limit is the large wave vector cut-off
g1 which is related to material properties of tire when
there is no contamination on the substrate surface,
otherwise it is related to the size of contamination
particles.

Later, Lorenz et al. [143] added a semi-empirical
adhesion model of friction coefficient to Persson’s
hysteresis model to find the total friction at low
velocities.

T _ U
ﬂAd(m:mexp{ {log(vo H J (39)

where ¢, v,, and 7;, are empirical constants.

Kliippel and his colleagues [144, 145] proposed a
friction theory similar to Persson’s. Their approach
also relates the rubber friction on rough surfaces to
the dissipated energy of the rubber during sliding
stochastic excitations on a broad frequency scale.
Instead of wave vector (spatial frequency), they worked
in temporal frequency domain @ =qu, and separated
the effect of macro and micro texture using following
model:

16
2 o,v,

(0 =521 [ do olm(E@)S, (@)
(40)

+ j :"‘“dw wIlm(E(w))S, (w)}

where () is the excited layer thickness which is
proportional to the mean penetration depth of rubber.
5/(w) and S,(w) are the power spectrum densities
in frequency space for the macrotexture and the
microtexture, respectively. In contrast to Persson’s
model, which is fully 3D, Kliippel model takes into
account the 3D profile of surface roughness in some
average way and gives different numerical results.
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Later, Motamedi et al. [146] combined the two-scaling
regimes approach (macro and micro) of Kliippel [144]
with theoretical model of Persson [141] to compare
the physics-based theory with indoor experimental
results. He found fair agreements between theory and
experiments. He also discussed the possible factors
involved in experiments, which is not considered in
the theatrical model such effect of rubber wear and
wear particles on rubber friction.

Since all these physic-based theories developed based
on mechanisms of a sliding rubber block, they cannot
solely provide a complete description of tire friction.
Ignatiev and Wies [147] demonstrated a hierarchy of
approaches on vehicle, tire, and rubber-road contact
scales should be used to obtain a good estimation of
tire-road friction. They also reviewed modeling,
simulation and experimental approaches for inves-
tigations of tire-road interactions in their article.

Henry et al. [148, 149] developed a friction model
(also known as Pennsylvania State friction model)
that uses an exponential form to express the relation
between the friction and slip in steady state condition.
A modified version of Pennsylvania State friction
model is Permanent International Association of Road
Congresses or the World Road Association (PIARC)
friction model [149], which is as follows:

—(sv)o=(sv);

SN,=SN,e (41)

where SN,, SN, are the skid numbers measured at
the slip speed of (sv), and (sv), respectively and S,
is the speed constant related to the macrotexture of
the pavement that is determined using following
equation [148]:

S, =14.2+89.7MPD (42)

where MPD stands for the mean profile depth of the
pavement. The most important advantage of both of
these friction models (Penn State model and PIARC
model) is that they included the pavement macrotexture
properties along with the slip speed in the friction
model.

4 Conclusions

Sudden change in the pavement friction, caused by

change in weather condition (rain, snow, etc.) plays
one of the most important roles in car crashes.
Unawareness of the driver about the pavement friction
change and malfunction of vehicle’s stability controllers
lead to fatal car accidents; therefore, friction estimation
is of interest to vehicle and tire industries. Several
research studies have been conducted to estimate the
friction force, friction coefficient and other parameters
related to tire-road friction problem.

These studies can be divided into two main
categories: experiment-based and model based. In
the experiment-based approaches, it is attempted
to correlate the measured data to friction related
parameters. While in model based approaches, a
mathematical model of the problem is developed first,
then based on the developed model and measured
states, the friction force or other friction related
parameters are estimated. The properties of each of
these methods are summarized in Table 8. Two factors
of accuracy and repeatability are used in this table.
Different methods are ranked as low, medium and
high, which demonstrates how accurate a method
is to estimate the desired parameters or how a study
is repeatable.

The most important shortcoming of experiment-
based approaches is observed to be the repeatability.
When the testing conditions have some deviations from
which these algorithms were trained, their accuracy
decreased dramatically. Also, for the slip slope based
approach, although it is claimed in several studies
that there is a direct relation between the slip slope
and the maximum friction coefficient, it is observed
that changing the testing conditions (tire pressure, tire
temperature, etc.) will change the slope of x—slip curve
in the linear region which affects the accuracy and
repeatability of this method.

This literature survey introduces the development
of the most popular algorithms which are widely used
to estimate tire-road friction and other friction-related
parameters.
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Table 8 Summary of friction estimation approaches.

Major category Sub- category Short description Accuracy Repeatability
Optical sensors  Using optical sensors ar_1d cameras to detect friction Medium Medium
and camera related surface properties.
Acoustic The tire noise is used to classify the surface type
Experiment-based or surface condition and correlate it to the tire- Medium Low
sensors L
road friction.
Tire tread Using different sensor inside the tire to monitor Hiah Medium
sensors the interaction between tire and the road. g
Vehicle Using a dynamical model of the problem and the
dynamic based data of measured states and try to estimate the High High
method unmeasured states.
Tire model Using a tire model, which expresses the relation
Model-based between slip/slip ratio and tire forces and moments High Medium
based method . -
to estimate the friction.
Slin-slope Try to estimate value of friction coefficient in the
p-siop saturated part of x—slip curve based of the slope Medium Low

based method

of the curve in linear region

to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if

changes were made.
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Abstract: This study involves the application of carbon nanotubes (CNTs) to a piston ring and cylinder liner
system in order to investigate their effect on friction and wear under dry and lubricated conditions. Carbon
nanotubes were used as a solid lubricant and lubricant additive in dry and lubricated conditions, respectively.
Simulation and measurement of friction and wear were conducted using a reciprocating tribometer. Surface
analysis was performed using a scanning electron microscope and an energy dispersive spectrometer. The
results indicate that carbon nanotubes can considerably improve the tribological performance of a piston ring
and cylinder liner system under dry sliding conditions, whereas improvement under lubricated conditions is
not obvious. Under dry friction, the effective time of the CNTs is limited and the friction coefficient decreases
with an increase in CNT content. Furthermore, the dominant wear mechanism during dry friction is adhesive.

Keywords: carbon nanotubes; piston ring; tribological behavior; friction; wear

1 Introduction

The piston ring and cylinder liner (PRCL) is a key
tribosystem in an automotive engine. The friction
and wear properties of the PRCL directly relate
to automotive engine performance. Meanwhile, the
never-ending evolution of energy conservation and
emission reduction regulations for automobiles has
driven the auto industry to continuously attempt to
reduce friction loss in engine components in order to
meet such regulations and maintain a competitive edge
in the market [1]. The tribological problems regarding
the PRCL system remain; however, they must be over-
come in order to keep adapting with the development
of auto engines [2].

Researchers have developed or improved various
motion models to understand the detailed interactions
between the piston ring and cylinder liner [3-6].
Numerous methods have been proposed for reducing

the friction and wear of the PRCL tribosystem, e.g.,
surface modification [4, 5], lubrication improvement [6],
and mechanical design [7]. Currently, lubricating oil
additives have gained considerable research interest [3].
Carbon nanotubes (CNTs) [8, 9] have attracted much
attention for industrial applications [10-13] owing to
their outstanding mechanical properties, e.g., high
elastic modulus, high tensile strength, and good ther-
mal conductivity. Although CNTs provide excellent
performance, whether they are a viable lubricating oil
additive for the PRCL system is still in question.
Some investigations show that CNTs can be used as
a reinforcing material in polymer-based composites.
For example, Yan et al. [14] investigated the friction
and wear properties of pure epoxy resin and aligned
carbon nanotube-reinforced epoxy resin composites
under water lubricated conditions and found that the
latter showed a lower friction coefficient and higher
wear rates than pure epoxy resin. Diizciikoglu et al. [15]
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and Cui et al. [16] investigated the tribological
behavior of multiwall carbon nanotube (MWCNT)-
modified epoxy resin under dry sliding conditions
and concluded that nanoparticle modification resulted
in enhanced wear resistance and reduced friction
coefficient and working temperature under dry con-
ditions. LaBarre et al. [17] evaluated the influence of
MWCNTs on the impact performance and contributing
constituent properties of Kevlar. The results suggested
that MWCNT treatment has the potential to improve
the ballistic limit of fabrics through increased inter-
filament and inter-yarn friction without compromising
fiber strength or adding significant mass. Gandhi et
al. [18] presented the effect of the addition of CNTs
to polypropylene on wear performance under dry
sliding conditions. They found that an increase in
CNT content improved the wear properties of the
studied material and an increase in CNT percentage
increased the wear resistance. Lee et al. [19] studied
the effect of CNT length on the wear of polyamide 6,6
nanocomposites and observed that wear resistance
improved with long CNTs and this improvement was
more obvious at elevated temperatures.

CNTs can also be used as a reinforcing phase in a
metal matrix, because their high strength and tough-
ness help to decrease friction and wear. Al-Qutub et
al. [20] studied the friction and wear behavior of an
Al6061 monolithic alloy and a 1 wt% CNT-reinforced
Al6061 composite prepared via ball milling and spark
plasma sintering. They observed that under mild wear
conditions, the composite displayed a lower wear rate
and friction coefficient compared with the monolithic
alloy. However, under severe wear conditions, the
composite displayed a higher wear rate and friction
coefficient compared with the monolithic alloy.
Bastwros et al. [21] studied the effects of CNT content
on the wear behavior of aluminum-carbon nanotube
composites. They found that hardness and wear
resistance significantly increased with CNT content.
The CNTs were either partially or fully crushed,
forming a carbon film that covered the surface and
acted as a solid lubricant, significantly enhancing
the wear behavior. Abdullahi et al. [22] developed a
wear map that served as a tool for identifying and
displaying regimes of different types of wear for a
CNT-AI nanocomposite material, e.g., mild adhesive

wear, mixed wear and severe adhesive wear. Khuu et
al. [23] investigated the effects of MWCNT content on
the adhesive strength, wear, and corrosion resistance
of epoxy composite coatings prepared on aluminum
alloy 2024-T3 substrates and found that the adhesive
strength improved with increasing MWCNT content.
In addition, increased MWCNT content decreased
the friction coefficient and increased the wear and
coating pore resistances.

Furthermore, CNTs can be added to oil to form a
stable and homogeneous CNT grease that provides
better lubrication performance and wear resistance
than oil [24]. To reduce the friction loss in an internal
combustion engine, Katuzny et al. [25] conducted
engine tests using pistons with carbon nanotubes
covering the skirt and demonstrated the resulting
advantages. They found that a nanotube layer on the
piston skirt contributes to a considerable reduction in
friction losses under a wide range of engine opera-
tional conditions. In fact, in an internal combustion
engine, about 20%-30% of the mechanical power loss
is caused by friction loss in the PRCL tribosystem
[2]. Therefore, the application of CNTs to a PRCL
tribosystem may be beneficial. To the best of our
knowledge, limited research has been conducted on
this topic.

This study applied CNTs to a PRCL tribosystem and
analyzed the tribological performance of the system
under different working conditions. In the dry sliding
tests, the CNTs acted as a solid lubricant by decreasing
friction and wear. In the lubricated tests, the CNTs
were used as a lubricant additive to improve lubrication
performance. The tests were conducted using a friction
abrasion testing machine, and the wear surfaces were
observed with a scanning electron microscope (SEM)
and energy dispersive spectrometer (EDS).

2 Experimental method
21 Samples

The test ring samples were prepared by cutting com-
mercial piston rings (top piston ring with a barrel
profile) into small specimens. The piston ring was
made of low-carbon steel P617 with a 0.01-mm-thick
multi-layered Cr coating on the outer circle. The height
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of the piston ring and barrel profile were 1.2 mm and
2.0x10° mm, respectively. The cylinder liner sample
was made of 70-mm long, 35-mm wide, and 3-mm
deep steel 45. Figure 1 shows the structure of PRCL
samples, and their material properties are presented
in Table 1.

The lubricant was a high-performance semi-synthetic
oil, i.e.,, SLIOW-30. The key performance factors of this
kind of oil include a density of 0.8627 g/cm3, flash
point of 218 °C in an open environment, and a viscosity
of 11.12 mm?/s at 100 °C.

Fig. 1 Samples and structure of piston ring and cylinder liner.

The carbon nanotubes (model L-MWNT-2040) were
supplied by the Shenzhen Nanotech Port Co. Ltd.
These carbon nanotubes are synthesized by the catalytic
chemical vapor deposition (CVD) process and possess
excellent mechanical performance, superior electrical
conductivity, and good thermal conductivity. The outer
diameter of the CNTs was 2040 nm, the length was
5-15 um, and the purity was over 97%. The specific
surface area was 90-120 m?/g, the ash content was
below 3 wt%, and the tap density was 0.15-0.28 g/cm?.
These properties are summarized in Table 2.

2.2 Experimental technique

The experimental work was performed in the Key
Laboratory of the Education Ministry for Modern
Design and Rotor-Bearing Systems at Xi'an Jiaotong
University. The tribological testing of the PRCL system
was conducted using a multifunctional tribometer
(e.g., pin-on-disc and reciprocating tribology tests),
which was designed and developed by the third
and first authors, as shown in Fig. 2(a). The friction
coefficients were continuously recorded by the

Fig. 2 Multi-functional tribometer. (a) Reciprocating tribometer test rig; (b) in-situ wear scar measurement and visualization system;

(c) test control system; (d) online in-situ wear scar analysis.

Table 1 Material properties of piston ring and cylinder liner.

Samples Material Elasticity modulus Hardness Bending strength
Piston ring P617 ~186 Gpa =HV400 =1470 MPa
Cylinder liner Steel 45 (C45) ~206 Gpa =HRC55 =355 MPa
Table 2 Properties of carbon nanotubes.
Outer diameter Length Purity SSA ASH Tap density
20-40 nm 5-15 um >97% 90-120 m%g <3 wi% 0.15-0.28 g/cm®
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reciprocating tribometer, as shown in Fig. 2(c). The
wear scars on the PRCL samples were measured and
visualized using an in situ wear scar measurement
system and visualization software, as shown in Figs. 2(b)
and 2(d). The environmental conditions for the
experiment were approximately 70% relative humidity
and about 20°C room temperature. Experimental
parameters for the tribological testing are presented
in Table 3.

Four types of tribological testing were conducted
in this study: (1) dry friction without CNTs, (2) dry
friction with CNTs, (3) lubricated conditions without
CNTs, and (4) lubricated conditions with CNTs. All
tests were performed at a speed of 100 rpm under a
constant load of 2 N. Each test was performed for
45 min or more and repeated at least twice. Before
and after testing, the samples were cleaned in acetone
for 15 min and then dried in a drying chamber for
30 min.

2.3 Surface analysis

Surface analysis of the worn area was conducted in
order to study the wear mechanism. First, a moving
digital microscope on a micro displacement table was
used, and the focal length and amplification factor
were set in advance with the help of a surveyor’s
rod. During the friction test, a camera was pointed at
the wear scar via the micro displacement table, and
the focus was adjusted. After taking a photograph,
the image of the wear scar was imported into the
analysis system. The computer software analyzed and
calculated the width of the wear scar in real time.
Accordingly, the wear data was stored and displayed.
Second, an SEM (MERLIN COMPACT) and an EDS
(OCTANE PLAS) were used to analyze the micrograph
of the worn surfaces and the chemical element con-
figuration, respectively.

Table 3 Tribological testing parameters.

Test specification Value
Load (N) 2
Speed (r/min) 100
Frequency (Hz) 10
Stroke (mm) 40
Room temperature (C) 20
Oil temperature (C) 100

3 Results and discussion
3.1 Friction

Figure 3 shows the friction coefficients, with and
without CNTs, under dry sliding conditions. It is
clear that the friction coefficient value without CNTs
is about 1 during the stable period, whereas that with
CNTs is 0.1-0.2. Comparison of the tribological testing
results shows that the friction coefficient with CNTs
is far less than that without CNTs. We conclude that
during dry sliding tests, adding CNTs as a solid
lubricant to the PRCL system can greatly decrease
friction [26] because CNTs cover the contact surfaces
and have sp2 bonding that generates a lower shear
force and helps to reduce friction [15, 27]. Moreover, a
decrease in the friction coefficient can reduce the heat
generated during sliding. Owing to the outstanding
thermal conductivity of CNTs, the thermal conductivity
of the PRCL system is enhanced, and this helps to
liberate the heat generated during the sliding process.
Figure 4 presents the friction coefficient with CNTs
over a longer period of time. Before the test, we
added some CNTs to the contact region. During the
first 100 min, the friction coefficient was low. From
100 to 127 min, the friction coefficient greatly increased
because of a reduction of CNTs in the motion trail. At
the 127th minute, we added more CNTs to the motion
trail. The friction coefficient then decreased over
127-145 min. It can be concluded that the effective

Fig. 3 Friction coefficients with or without CNTs under dry
sliding condition.
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Fig. 4 Friction coefficient with CNTs in a long time.

time of CNTs is limited and the magnitude of the
friction coefficient decreases with an increase in CNT
content [28, 29].

Figure 5 presents the friction coefficients with and
without CNTs under lubrication. It can be seen that
the friction efficient increased slightly when CNTs
were added to the lubricant. This may be because the
CNTs act as grains in the lubricant, increasing abrasive
wear and friction. Therefore, CNTs are not considered
suitable as lubricant additives based on current
investigation. However, further study is required to
investigate whether CNTs can be used as lubricant
additives in engines using bench test approach.

Fig. 5 Friction coefficient with or without CNTs under lubricated
condition.

3.2 Wear

Figure 6 depicts the wear traces on the contact surfaces
under dry sliding conditions. Figure 6(a) shows a wear
trace, about 1 mm wide, on the cylinder liner without
CNTs. Figure 6(b) shows a wear scar on the piston
ring without CNTs, which is elliptic and dictated
by the profile of the piston ring. The wear scar is not
in the middle of the ring surface because the holder
position was offset. Figure 6(c) shows a wear trace,
about 0.6 mm wide, on the cylinder liner with CNTs.
Figure 6(d) shows a wear scar on the piston ring with
CNTs, which is obviously smaller than the one in
Fig. 6(b).

It is evident that the width of the wear trace with
CNTs under dry sliding conditions is smaller than
that without CNTs. Hence, it can be concluded that
adding CNTs to the PRCL system can result in wear
reduction.

Under lubricated conditions, the wear trace is not
obvious and cannot be measured directly. It is known
from Fig.5 that adding CNTs to the PRCL system
under lubricated conditions slightly increases the
friction coefficient. Also, it can be estimated that the
difference between the wear traces under lubricated
conditions with and without CNTs is small.

Fig. 6 Wear scar under dry sliding conditions. (a) Cylinder liner
without CNTs; (b) piston ring without CNTSs; (c) cylinder liner
with CNTs; (d) piston ring with CNTs.
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3.3 Surface analysis

Surface analysis was conducted to investigate the wear
mechanism under dry sliding condition with CNTs,
and the contact surfaces were observed with an SEM
and EDS. Figure 7 shows the SEM images of the
piston ring with CNTs under dry sliding conditions.
Figures 7(a) and 7(b) show the ring surface before
and after testing, respectively. Before the test, the ring
surface was homogenous, while after the test, a large
wear scar was observed on the contact surface. It can
be seen that a carbon film formed on the surface. The
elements in the contact region after the test are shown
in Fig. 8. The elements were C, O, Fe, and Cr, where:
Fe is the substrate of the piston ring; Cr is the coating
on the ring surface; O comes from the oxide layer;
and C comes from the CNTs. It can be deduced that

the CNTs covered the contact surface and protected it
from friction and wear. The special tubular structure,
high strength, and high toughness of CNTs can signifi-
cantly improve the anti-friction and wear resistance
of the metal matrix [24].

Figure 9 presents the wear trace of the cylinder liner
with CNTs under dry sliding conditions. Figure 9(a)
is the SEM image and Fig. 9(b) is the EDS spectrum.
It is clear from Fig.9(a) that the dominant wear
mechanism is adhesive wear [20]. As can be seen in
Fig. 9(b), the elements in the contact region are C, O,
and Fe; Fe is the substrate, O comes from the oxide
layer, and C comes from the CNTs. It is confirmed
that the CNTs adhered to the contact surface of the
cylinder liner and formed a protective layer. Because
of the low shear characteristics of CNTs, the friction
coefficient is smaller than without CNTs.

Fig. 7 SEM images of the piston ring under dry sliding conditions with CNTs: (a) before the tribological testing, and (b) after the

tribological testing.

Fig. 8 EDS spectrum of the ring surface after the test.
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Fig. 9 Wear trace of the cylinder liner under dry sliding conditions with CNTs. (a) SEM image, and (b) EDS spectrum.

4 Conclusions

This study investigated the effects of carbon nano-
tubes on the tribological performance of a PRCL
system under dry and lubricated conditions. Under
dry friction, the CNTs act as a solid lubricant, and
under lubricated conditions, it can be regarded as a
kind of additive to the lubricant. Under dry sliding
conditions, adding CNTs to a PRCL system can result
in a large reduction in friction and wear. Based on
SEM and EDS analysis, it was found that CNTs
formed a carbon film covering the contact surfaces.
Because of the low shear property of CNTs, the friction
coefficient decreased compared to those samples
without CNTs. Under dry friction, the effective time of
CNTs is limited, and the friction coefficient decreases
with an increase in CNT content. The wear mechanism
under dry friction is mainly adhesive wear. Under
lubricated conditions, adding CNTs to the lubricant
slightly increases the friction coefficient.
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Abstract: The prediction and optimization of surface roughness values remain a critical concern in nano-fluids
based minimum quantity lubrication (NFMQL) turning of titanium (grade-2) alloys. Here, we discuss an
application of response surface methodology with Box-Cox transformation to determine the optimal cutting
parameters for three surface roughness values, i.e., R, R, and R, in turning of titanium alloy under the
NFMQL condition. The surface roughness prediction model has been established based on the selected input
parameters such as cutting speed, feed rate, approach angle, and different nano-fluids used. Then the multiple
regression technique is used to find the relationship between the given responses and input parameter. Further,
the experimental data were optimized through the desirability function approach. The findings from the
current investigation showed that feed rate is the most effective parameter followed by cutting speed, different
nano-fluids, and approach angle on R, and R, values, whereas cutting speed is more effective in the case of
R, under NFMQL conditions. Moreover, the predicted results are comparatively near to the experimental
values and hence, the established models of RSM using Box-Cox transformation can be used for prediction

satisfactorily.

Keywords: nano-fluids; optimization; surface roughness; turning; titanium alloy

1 Introduction

Nowadays, surface finishing is considered as a critical
performance parameter in various manufacturing
industries that appreciably affects the mechanical
properties of parts namely creep life, resistant to
corrosion and fatigue behavior. It additionally influences
other useful qualities of machined parts like wear,
friction, lubrication, heat transmission and electrical
conductivity [1]. Thus, accomplishing good surface
quality is of immense significance for the usefulness
of the machine parts [2]. The various factors such as
cutting speed, feed rate, depth of cut, and tool material
directly affect the surface quality of the machined
parts [3]. Among these factors, the uses of cutting fluids
are still considered as one of the major factors [4].

Cutting fluids not only improve the surface finishing
by reducing the cutting temperature, but also provide
the proper lubrication effect between the tool-chip
interfaces. The various sorts of environmentally
friendly strategies such as dry machining, minimum
quantity lubricant (MQL) and nano-fluids with MQL,
have been presently developed to increment the overall
efficacy of the machining process [5].

Dry machining is not feasible during machining
of difficult to cut and sticky materials like titanium
base alloy, because these materials when machined
dry tend to stick to the tool face leading to tool failure
and result in a poor surface finish on the machined
surface [6]. Therefore, the use of the MQL technique
can be regarded as an attractive alternative solution,
in which a very small amount of cutting fluid along

* Corresponding author: Munish K. GUPTA, E-mail: munishguptanit@gmail.com



156

Friction 5(2): 155-170 (2017)

NOMENCLATURE

a,, Depth of cut (mm)

V., Cutting speed (m/min)
ANOVA, Analysis of variance
CBN, Cubic boron nitride

MoS,, Molybdenum disulfide

R,, Average roughness (um)

R,, Maximum peak to valley (um)
SEM, Scanning electron microscopy

f, Feed rate (mm/rev)

¢, Side cutting edge angle or approach angle (degree °)
Al,O;, Aluminium oxide

C.F,, Cutting fluid

NFMQL, Nano-fluids based minimum quantity lubrication
R, Root mean square (um)

RSM, Response surface methodology

with compressed air is directly applied to the machining
area through the set of nozzles by drop-by-drop and
mist [7, 8]. The MQL technique with nano-particles
(nano-fluids) also contributes to greener or cleaner
manufacturing, as the harmful effects of other
MWFs are completely eliminated from the machining
process [5].

A perusal of current literatures provides numerous
studies which primarily focus on nano-fluids with the
MQL technique in various machining operations. For
the first research group, the grinding experiments were
performed by Shen et al., on cast iron to evaluate the
tribological behavior and performance of novel MoS,
nano-particles. The outcome seems that the cutting
fluid with novel MoS, nano-particles drastically reduce
the friction and grinding force [9]. Several other
researchers, namely Ramesh et al. [10-12], Sridharan
and Malkin [13], Kwon and Drzal [14], Nam et al. [15],
Samuel et al. [16], Park et al. [17], Vasu and Reddy [18],
Ramesh et al. [19], Khanderkar et al. [20], Kalita et al.
[21], Nguyen et al. [22], Amrita et al. [23], Paul and
Varadarajan [24], Srikiran et al. [25], Amrita et al. [26],
Sharma et al. [27], Su et al. [28] and Gupta et al. [5]
have applied different nano fluids in various sorts of
machining operations. Table 1 clearly describes that,
the use of nano-particles with MQL in machining
has proved to be an effective method to minimize the
given responses. Moreover, some former researchers
such as Barzani et al. [29, 30] and Unune et al. [31]
presented the various prediction model used for
estimating the surface roughness values (as described
in Table 1). From the published works in the scientific
database, it has been revealed that, the majority of work
done under NFMQL has been carried out on various

other materials, such as EN 24 alloy steel, Inconel-600
alloy, Ti-6Al-4V alloy, AISI 4340 steel, AISI 1040 steel,
AISI 316L steel etc.,, and the general machining
characteristics in terms of cutting forces, tool wear,
cutting temperature and arithmetic average surface
roughness (R,) have been investigated. But, to the
best of our knowledge, till now there has not been any
systematic study conducted on turning of titanium
(grade-2) alloy under NFMQL conditions while con-
sidering three surface roughness values, i.e., average
roughness (R,), root mean square (R,), and maximum
peak to valley (R,). However, this does not exclude
its importance, as there are also highly used alloys
in orthopedic applications, such as implants and
prosthesis, airframe and aircraft engine parts, marine
chemical parts, condenser tubing and heat exchangers.
Apart from this, it is totally resistant to corrosion.
Thus, it would be interesting as well as enlightening
to study the machining characteristics of this particular
grade such as titanium (grade-2) alloy considering
NFMQL conditions. Therefore, this study represents
the first attempt to investigate the effect of process
parameters while turning titanium (grade-2) alloy
under NFMQL conditions by using response surface
methodology (RSM) with Box-Cox transformation.
For this purpose, the series of experiments on the CNC
turning center have been performed. After that, the
input (machining parameters) and output (surface
roughness values) data have been collected (1) to
develop the prediction model by using RSM with
Box—Cox transformation, (2) to study the effect of
machining parameters on surface roughness values,
and (3) to optimize the machining parameters by using
the desirability function approach.
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Table 1 Literature survey/ work done using the NFMQL technique.

. Type of nano- Machining I -
References  Author and year W/P material particles used operation Investigations/findings
o i- - - i a,
[10] Ramesh et al., 2008  Ti-6Al-4V alloy Turning Surface roughness (R,)
Cutting force, surface
[11] Ramesh et al., 2008  Ti-6Al-4V alloy — Turning d
Roughness (R,), tool flank wear
Cutting force, surface
[12] Ramesh et al., 2009  Ti-6Al-4V alloy — Turning g
Roughness (R,), tool flank wear
[13] Sridharan & Malkin, o CNT & MoS, Grinding G-ratio, surface roughness, specific
2009 energy
[14] Kwon & Drzal, 2010 — Graphite — —
[15] Nam et al., 2011 Al-6061 alloy Diamond Micro-drilling Drilling torque, thrust force &
quality of hole
[16] Samuel et al., 2011 — Graphene — Fluid properties
[17] Park et al., 2011 AISI 1045 steel Graphene Ball milling Tribological behavior & tool wear
[18] Vasu & Reddy, 2011  Inconel-600 alloy Al,O, Turning Tool wear, gurface roughness (),
cutting temperature
[19] Ramesh et al., 2012 Ti-6Al-4V alloy — Turning Surface roughness (Ry)
Wettability, cutting force,
20 Khanderkar etal., AISI 4340 Al,O3 Turning tool wear, surface roughness (R,),
2012
chip morphology & chip thickness
. - Specific energy, friction
[21] Kalita et al., 2012 EN 24 alloy steel MoS, Grinding coefficient, Grinding (G)-ratio
XGnP & hBN - - . .
[22] Nguyen et al., 2012 AISI 1045 steel nano-platelets Ball milling Tribological behavior & tool wear
[23] Amrita et al., 2013 AISI 1040 steel Graphite Turning Cutting force, cutting temperature,
tool wear
. A Cutting force, cutting temperature,
24 Paul & Varadarajan, AISI 4340 steel Sem|?SoI|d Turning tool wear & surface roughness
2013 Lubricants
(R,), tool vibrations
L Nano-crystalline . Cutting forces, tool temperature &
[25] Srikiran etal., 2014  AISI 1040 steel graphite powder Turning surface roughness (R,)
Cutting force, cutting temperature,
[26] Amrita et al., 2014 AISI1040 steel Graphite Turning tool wear, surface roughness (R,),
chip morphology
[27]  Sharmaetal, 2015  AISI D2 steel CNT Turning Cutting temperature, surface
roughness (R,)
Dynamic viscosity, surface tension,
[28] Suetal., 2015 AISI 1045 steel Graphite Turning wettability, thermal conductivity,
cutting forces, cutting temperature
- Graphite, MoS, . Cutting force, cutting temperature,
[5] Gupta et al., 2016 Titanium alloy & AlLO, Turning to0l wear & surface roughness (R.)
[29] Barzani et al., 2015 AI—SE;“S; cast Dry Turning Surface rougpor;ezses and cutting
[30] Barzani et al. 2015 Al-Si-Cu-Fe die D Turnin Prediction of average surface
" casting alloy ry 9 roughness using Fuzzy logic
eﬁiﬁg‘}:ﬁ;?ﬁ;fde Prediction of material removal rate
[31] Unune et al., 2016 Nimonic 80A Dry g and average surface roughness

diamond surface
grinding

using Fuzzy logic

“hBN = hexagonal Boron Nitride, xGnP = Graphene, CNT = Carbon nano-tubes, MoS, = Molybdenum disulfide, Al,O; = Aluminum oxide

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



158

Friction 5(2): 155-170 (2017)

2.1 Materials and methods
2.2 Preparation of nano-fluids

In this study, the nano-fluids were prepared using a
two-step method. The three different types of nano-
particles, i.e., aluminum oxide (Al,O;), molybdenum
disulfide (MoS,) and graphite, each having an average
diameter of 40 nm were used. Vegetable oil was chosen
as the base oil due to its good biodegradability
and low environmental impact. The concentrations of
nano-particles in the vegetable based oils were 3 wt%.
The concentration was then ultra-sonicated in a
sonicator (40 kHz, 100W) (for 1 h) and magnetic stirrer
(30 min), respectively. The process was repeated several
times until all the nano-particles dispersed consistently
within the vegetable based oil. The results indicated
that the nano-fluid prepared was steady and no
settlement of particles was found throughout the entire
machining operation. The properties of the nano-fluids
were measured and shown in Table 2.

2.2 Work material and cutting tool

For the experiments, titanium (grade-2) alloy having
50 mm diameter and 150 mm length was used. The
chemical composition of the selected material is
shown in Table 3. The cubic boron nitride inserts
(CCGW 09T304-2, Positive 7°, Clearance 80°, rhombic,
nose radius 0.4 mm) were used for performing the
experiments.

2.3 Turning tests

A high precision CNC turning center (Sprint 16 TC
equipped with a Siemens control system) having three
simultaneously controlled axes (X, Y, and Z axis), was
used for machining the given alloy. The NFMQL set
up used in the current investigation was imported
from Israel (NOGA made, mini cool system). The flow

Table 2  Properties of nano-fluids.

rate of 30 ml/h, air flow rate and pressure of 60 L/min
and 5 bar, respectively were fixed throughout the

turning experiments.
2.4 Surface roughness measurements

Surface roughness is defined as the finer irregularities
of the surface texture that usually result from the
inherent action of the machining process. The portable
roughness tester (SJ301-MITUTOYO make) was used
for measuring the three surface roughness values, i.e.,
average roughness (R,), root mean square (R,) and
maximum peak to valley (R,). The roughness tester
has three measuring driving units namely the standard
drive unit, the transverse tracing drive unit and
the retractable drive unit. In the present study, the
measurements have been taken with the standard
drive unit according to the ISO 97 R standard, which
includes the measuring force of 4 mN, stylus tip radius
of 5 um and tip material diamond and conical-taper
angle of 90°. Moreover, one height stand is used (to
hold and adjust the surface roughness tester), one
surface plate and one V-block are required for the
workpiece placement. The complete procedure for
measuring the surface roughness is discussed here.
Firstly, a stylus with the help of a moving height stand
is adjusted on the machine surface of the workpiece,
which is placed on the V-Block. Then, the center line
of the stylus tip and workpiece has been matched.
When the stylus is moved on the center “cut” lines
made by the point cutting tool, the readings are
displayed on the screen. After that, the workpiece is
rotated three times at an angle of 120° and measures
the surface roughness values. Finally, the mean of all
three surface roughness values are considered. Figure 1
explains the measurement procedure of the surface
roughness. In the end, the machined surface of titanium
(grade-2) was characterized by scanning electron
microscopy (SEM, Bruker make).

Properties Vegetable based oil Al,O3 nano-fluid MoS, nano-fluid Graphite nano-fluid
Appearance Bright and clear White Black Grayish black
Viscosity (CP) (at 20 °C) 68.16 120.23 100.56 83.12
Thermal conductivity (W/(m-K)) 0.1432 0.2085 0.2362 0.2663
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Table 3 Chemical composition of Titanium (grade-2).
C Fe H 0] N Ti

0.1% max 03% 0.015% 0.25% 0.03% 99.2%

Fig. 1 Equipments used to measure the surface roughness values.

2.5 Cutting parameters and their levels

The turning tests were performed at different levels
of cutting speed, feed rate, approach angle and different

nano-fluids. A poor surface finish due to premature
tool failure was observed at higher level of cutting
speed (>300 m/min). However, no such phenomenon
occurred when turning at lower cutting speed
(>200 m/min). Therefore, the cutting speed range of
200-300 m/min was selected for turning of titanium
(grade-2) alloy under NFMQL conditions, whereas
feed rate and approach angle ranges were decided
based on literature reviews and tool manufacturer’s
recommendations. A constant depth of cut of 1 mm was
used for the experiments. The complete experimental
procedure is displayed in Fig. 2.

2.6 Design of experiment

The purposed methodology is divided into the following
stages. Firstly, the experiments were designed and
planned using the Box-Behnkens RSM technique. It
is a group of numerical and measurable strategies

Fig. 2 Experimental procedure used to determine surface roughness values.
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that are helpful for displaying and examining issues
in which a reaction of interest is impacted by a few
variables and the goal is to improve this output [32-34].
The experimental conditions and results of the given
responses are tabulated in Table 4. In the second stage,
the predictive models are established with the help of
regression equations and the Box-Cox transformation.
Generally, the Box—Cox transformation gives a group
of changes to standardize the information, which

is not typically conveyed by distinguishing a fitting
example (lambda, A). The lambda demonstrates the
ability to which all information ought to be raised.
The Box-Cox transformation initially imagined this
change as a panacea for and at the same time revising
typicality, linearity and homogeneity. In the third stage,
the multi-response optimization is performed by using
the desirability function approach. The flowchart of
the RSM technique is shown in Fig. 3.

Table 4 Machining parameters with the experimental design and their results.

Sr. No. V¢ (M/min) f (mm/rev) @ (°) Nano-fluids” Ra (um) Rq (UmM) R, (um)
1 300 0.15 75 3 0.90 1.48 4.15
2 250 0.15 75 2 0.92 142 3.51
3 250 0.15 75 2 0.91 141 3.50
4 250 0.1 90 2 0.74 1.18 3.46
5 250 0.1 75 3 0.68 1.24 3.63
6 250 0.2 60 2 1.10 1.62 4.73
7 250 0.15 75 2 0.92 1.42 352
8 250 0.15 90 1 0.88 1.38 4.03
9 300 0.15 90 2 0.98 1.40 4.02
10 200 0.15 90 2 0.72 122 3.74
1 250 0.15 90 3 0.80 1.30 3.98
12 250 0.2 75 1 1.12 1.54 4.38
13 250 0.15 75 2 0.92 142 3.51
14 200 0.15 75 1 0.79 127 3.42
15 250 0.2 90 2 1.04 1.60 4.83
16 300 0.15 75 1 1.08 1.46 4.59
17 300 0.2 75 2 1.02 1.70 4.93
18 200 0.15 75 3 0.71 121 3.38
19 250 0.15 60 1 1.08 1.58 4.38
20 250 0.15 75 2 0.91 141 3.52
21 300 0.15 60 2 0.96 1.58 4.48
22 250 0.2 75 3 12 1.52 4.68
23 200 0.15 60 2 0.77 1.27 3.86
24 250 0.1 60 2 0.82 1.32 4.12
25 300 0.1 75 2 0.70 1.28 4.08
26 200 0.2 75 2 0.78 1.28 3.67
27 200 0.1 75 2 0.66 1.16 3.40
28 250 0.1 75 1 0.78 1.20 4.73
29 250 0.15 60 3 1.02 1.52 3.81

“Cutting fluid: 1—Signifies Al,O5 based nano-fluid, 2—signifies MoS, based nano-fluid, and 3—signifies graphite based nano-fluid.
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Determination of input variables and
operating range of experiments

|

Response surface design matrix

Selection of NFMQL and
cutting parameters

Performing experiments
"| with Box-Behnkens RSM

A4

Do experiment and obtained output
responses

| Surface roughness values
as response factors

\4

Using design of expert
software

Perform statistical analysis with
ANOVA

l

Derived quadratic models and error
analysis for prediction models

With (Box-Cox)
transformation

A4

Study the effect of machining
parameters on responses

!

Determination of optimal parameters

'

Confirmation experiments at optimal
parameters

Through perturbation
graphs

Multi-response
optimization using
desirability analysis

Fig. 3 Flow chart of the response surface methodology (RSM)
technique.

3 Results and discussion

The experimental results obtained from Table 4 were
used to establish the prediction models for R,, Ry and
R, through RSM with the Box-Cox transformation.
The adequacy of the established models was affirmed
with the help of ANOVA. Then, the square root change
on the reaction is required to make the residuals
regularly disseminated. Finally, the error analysis of
the predictive models and effect of the machining
parameters on surface roughness were investigated
and discussed.

3.1 Development of the prediction model with
transformation for R, R; and R,

The best-fit equations to relate the responses (R, R,
and R,) to the cutting parameters (V,, f, ¢ and C.E.) are
achieved by adapting general measurable techniques
of regression analysis with the benefit of design

expert software. In the case of the R, and R, (Table 5
and Table 6, respectively) a linear model is selected,
and the cutting speed (V.), the feed rate (f) as well as
the nano-fluid (C.F.) are the significant model terms.
Whereas, for R, (Table 7) the quadratic model is
suggested and the main effect of cutting speed, feed
rate and nano-fluid, second-order effect of feed rate,
approach angle (¢) and nano-fluid, interaction effect
of feed rate and nano-fluid are the noteworthy terms.
The Prob > F” from ANOVA for all demonstrations
are less than 0.0500; hereafter, the models are thought
to be adequate. The correlation coefficient (R* close
to unity) was persistent to depict the adequacy of a
fitted regression models and it was found that for all
models R? was close to solidarity. Moreover, there is
reasonable agreement between the “Pred R-Squared”
and “Adj R-Squared” values, which confirms the
adequacy of the model. The adequate precision ratio
of all established models (ratio>4 is desirable) provides
a satisfactory indication to utilize the proposed model.
The final regressions Egs. (1)—(3) with the square root
transformation for R,, R, and R, are represented as:

JR, =0.59012 + 1.08538E-003 x V. + 1.65475 x f —
1.72109E-003 X ¢ — 0.019258 x C.F. (1)

qu = 0.86963 + 1.05573E-003 x V. + 1.32362 x f —
1.89800E-003 x ¢ — 5.61066E-003 x C.F. (2)

JR, = 5.07360 + 1.99235E-003 x V, - 15.11368 x f -
0.053138 x ¢ — 056240 x C.F. + 4421514 x f* +
3.41977E-004 X 2 +0.067071 x C.F2 +1.70043 X f x C.F.

®)

Furthermore, in order to confirm the adequacy or
efficacy of the develped model, diagnostic plots were
used. They guarantee that the measurable theory
fits the systematic information accodingly. Figure 4
uncovers that, in the case of R, the residuals for all
demonstrations fall on a straight line, which signifies
that the errors were normally distributed. The simillar
trend is observed for the remaining responses, i.e.,
for Ry and R, which confirms the adequacy of the
developed models. Simillarly, Fig.5 shows a Box—
Cox plot for power transformation with respect to R,.
For all the models, the blue line indicates the current
value of lambda for residuals as 0.5, which lie outside
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Table 5 ANOVA for R, with transformation.

Source Sum of squares DF Mean square F value Prob > F Remarks
Model 0.129937 4 0.032484 18.48896 <0.0001 Significant
Ve 0.035342 1 0.035342 20.11545 0.0002
f 0.082146 1 0.082146 46.75517 <0.0001
@ 0.004451 1 0.004451 2.533099 0.1246
C.F. 0.007998 1 0.007998 4.552105 0.0433
Residual 0.042167 24 0.001757
Lack of fit 0.042134 20 0.002107 257.0153 <0.0001 Significant
Pure error 3.28E-05 4 8.2E-06
Cor total 0.172103 28
Std. Dev. 0.041916 R-Squared 0.754992
Mean 0.942079 Adj R-Squared 0.714157
C.V. 4.449302 Pred R-Squared 0.619395
PRESS 0.065503 Adeq Precision 15.74371
Table 6 ANOVA for R, with transformation.
Source Sum of squares DF Mean square F value Prob > F Remarks
Model 0.096101 4 0.024025 38.94489 <0.0001 Significant
V. 0.033437 1 0.033437 54.20177 < 0.0001
f 0.052559 1 0.052559 85.19868 <0.0001
Q@ 0.000378 1 0.000378 0.612342 0.4416
C.F. 0.009727 1 0.009727 15.76676 0.0006
Residual 0.014806 24 0.000617
Lack of fit 0.014784 20 0.000739 139.466 0.0001 Significant
Pure error 2.12E-05 4 5.3E-06
Cor total 0.110906 28
Std. Dev. 0.024837 R-Squared 0.866503
Mean 1.178531 Adj R-Squared 0.844254
C.V. 2.107497 Pred R-Squared 0.793814
PRESS 0.022867 Adeq Precision 23.07093

the 95% confidence limit. But the best recommended
value of lambda is approximately -0.42 for R,, —0.61
for Ry and -1.06 for R, as shown by the green line.
The optimum Box-Cox transformation was calculated
by finding the value of lambda that maximizes the
negative log likelihood. Moreover, from ANOVA it
was found that the feed rate is the most effective
parameter followed by cutting speed, different nano-
fluids and approach angle on R,and R, values under

NFMQL conditions; whereas cutting speed is more
effective in the case of R,.

3.2 Error analysis for prediction models

In order to verify the predictiveness of the established
models using the Box-Cox transormation, an error
analyis based on statistical methods of percentage
mean absolute error (%MAE) and percentage mean
square error (%MSE) was performed. These values
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Table 7 ANOVA for reduced quadratic model for R, with transformation.

Source Sum of squares DF Mean square F value Prob > F Remarks
Model 0.366231 8 0.045779 15.54117 <0.0001 Significant
V. 0.119083 1 0.119083 40.42686 < 0.0001
f 0.072236 1 0.072236 24.52277 < 0.0001
Q 0.009156 1 0.009156 3.108434 0.0932
C.F. 0.018303 1 0.018303 6.213477 0.0216
f2 0.082198 1 0.082198 27.90486 < 0.0001
@ 0.039829 1 0.039829 13.52122 0.0015
C.F? 0.030263 1 0.030263 10.27386 0.0044
f*C.F. 0.028915 1 0.028915 9.816054 0.0052
Residual 0.058913 20 0.002946
Lack of fit 0.058893 16 0.003681 738.4153 <0.0001 Significant
Pure error 1.99E-05 4 4.98E-06
Cor total 0.425144 28
Std. Dev. 0.054274 R-Squared 0.861428
Mean 1.996677 Adj R-Squared 0.805999
C.v. 2.718209 Pred R-Squared 0.6685
PRESS 0.140935 Adeq Precision 12.32878

Fig. 4 Normal probability plot for R,.

were determined using Egs. (4)—(5), respectively:

% MAE = [12 ﬂDx 100 @)
n+ e;
% MSE = (12|e,. —pi|2)><100 (5)
nw

where e is the experimental value, p is the predicted

Fig. 5 Box-Cox power transformation plots for R,.

value and n is the number of iterations for experi-
mentation. From the error analysis, it was found
that the value of maximum percentage absolute error
reduces from 48.56 to 8.79 for R,, 36.78 to 111.42 for
R, and 56.63 to 9.69 for R, using a Box—Cox trans-
formation. Furthermore, the maximum percentage
square error reduces from 8.23 to 0.421 for R,, 7.96 to
0.134 for R,, and 16.33 to 1.914 for R,. This indicates
the better prediction ability of the developed models
using the Box—Cox transformation.

In the end, the adequacy of the developed model is
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validated and checked by comparing the predicted
and experimental surface roughness values. Figure 6
represents the comparative assesment of the predicted
and experimental values for R,. As shown in Fig. 6, it
was found that the predicted values for R, are very
closer to the experimental values and the errors are
also found to be much less, which confirms good
efficacy of the developed model. The same trend is
found for the remaining responses and good agreement
is observed between these values. Hence, an application
of RSM with the Box-Cox transformation was found
to be an effective method for identification and
development of models within the seletced ranges of
cutting parameters.

3.3 Effect of machining parameters on surface
roughness values

The influence of all cuttting parameters after the Box-
Cox transformation on average surface roughness was
performed with the help of perturbation analysis, as
shown in Figs. 7(a)-7(c).

Effect of cutting speed on R,, R, and R,: Cutting
speed greatly influenced all surface roughness values,
ie., R, R, and R,. So the three values of cutting speed
(200, 250, 300 m/min) have been considered for the
current investigation. The characterization of machined
samples is performed at the preferred machining
parameters. It was found that, in the case of NFMQL
turning during sticky material like titanium (grade-2),
the values of surface roughness moderately increase
with the change in cutting speed from 200 m/min to
300 m/mn. This might occur because, at higher values

Fig. 6 Surface roughness as a function of experimental run using
predicted and experimental R,.

of cutting speeds, the major portion of the chips will
move from the tool cutting edge and generate high
friction, which results in higher values of surface
roughness. Also, the high cutting speed creates the built
up edge at the tool, thus lowering the surface finish.
Effect of feed rate on R,, R, and R,: Due to the high
ductility of titanium and its alloys, the built up edge are
formed on the tool rake face. At the point when the
impact of the built-up edge is viewed as unimportant,
the cutting tool profile, i.e., curved or pointed gets
embossed on the workpiece and the surface roughness
starting here relies on upon the feed rate. Furthermore,
it is well known fundamental of metal cutting that,

the pitch of the surface to be machined is greatly
2

affected by the feed rate (R, = BfT ). This explains why
r

the surface roughness is sharply incremented with the
increase in feed rate from 0.10 mm/rev to 0.20 mm/rev.
Also, it has been found that the tool moves very
qucikly at higher cutting speed and feed rates, resulting
in deteriorated surface quality, machine chattering
and vibrations. Hence, the leads to higher surface
roughness values. Gupta et al. also discovered the
similar results [35].

Effect of approach angle on R,, R, and R,: The main
cutting edge moves towards the workpiece with an
approaching angle. For large approach angles, the
contact surface is distributed over a shorter section of
the cutting edge whereas with small approach angles,
it is spread over a greater length. The thickness of the
cutting chip also depends on the approach angle. The
approach angle plays an important role in the tool’s
life, therefore it is imperative to evaluate the effect of
approach angle on other parameters such as surface
roughness by keeping the speed and feed constant.
It is for this reason that with the increased approach
angles, the contact length of the cutting tool tip with
respect to the work material is less, which further
decreases the friction between the tool and work
piece, which leads to low vibration in the machining
and increases the surface finishing.

Effect of different nano-fluids on R,, Ry and R,: The
change in nano-fluid also shows surprising results on
the surface roughness values. It has been found that,
the values of surface roughness decrease with the
change in nano-fluid from aluminum-oxide based
nano-fluid to graphite based nano-fluid. Because the
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viscosity of graphite is lower compared to the other
two fluids, which results in the proper settlement of
the nano-fluids between the workpiece and the tool,
hence, this provides the cushioning effect which may
induce low machine chattering and vibrations and
increase the surface finishing of the titanium (grade-2)
alloy. Moreover, the decrease in surface roughness
values with graphite based nano-fluid is also associated
with its thermal conductivity. The higher thermal

Deviation from reference point

conductivity of graphite based nano-fluids helps to
dissipate the heat from the primary cutting zone,
which leads to less tool wear. Less tool wear helps in
accomplishing better surface quality by diminishing
the redeposition of materials on the machined surface.
The same trend was examined by Sharma et al. [27].
Figure 8 uncovers the reduced redeposition on the
machined surface while utilizing graphite-based nano-
fluids. Figure 9 depicts that feed marks are clealry

Fig. 8 Machined surface at cutting speed = 250 m/min, feed rate = 0.2 mm/rev and approach angle = 75°: (a) Al,O; based
nano-fluid, (b) MoS, based nano-fluid, and (c) graphite based nano-fluid.
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v g

" Unclear feed marks due to worn tool

B 4 4 W

Fig. 9 Machined surface at cutting speed = 250 m/min, feed rate = 0.2 mm/rev and approach angle = 75°: (a) Al,O3; based nano-fluid,

(b) MoS; based nano-fluid, and (c) graphite based nano-fluid.

visible and clean surface are obtained without any
plastic deformation under graphite based nano-fluids
as compared to others.

4 Desirability based multi response
optimization

The desirability based multi response optimization
is performed to obtain minimal surface roughness
values. In this study, the ranges of input parameters
viz. cutting speed and feed rate are selected to be
maximum, whereas the approach angle and nano-
fluids are selected within ranges shown in Table 8. An
arrangement of three ideal solutions are determined
for the particular design space constraints for surface
roughness values by using the design expert statistical
software. The arrangement of conditions having the
most desirability value is chosen as ideal conditions

for the given outputs. Once the ideal level of the
procedure parameters is chosen, the last stride is to
predict and confirm the enhancement of the perfor-
mance characteristics utilizing the ideal level of the
machining parameters [35]. The ramp function graph
for the desired objectives was selected as shown in
Fig. 10. The point on every ramp shows the parameter
setting or output prediction for that output charac-
teristic. The height of every point demonstrates the
level of desirability. Furthermore, the contour plots
for overall desirability has been plotted to show the
sensitivity of the results as shown in Fig. 11. The near
optimal area was positioned close to the the left hand
base area of the plot, which had a general desirability
value more prominent than 0.6 that slowly decreased
as we moved right and upwards. Sensitivities are
acquired utilizing the shape of the contour lines in
Fig. 11. The optimal values are tabulated in Table 9.

Table 8 Range of input parameters and responses for desirability optimization.

Parameter Goal Lower limit Upper limit Lower weight  Upper weight Importance
Cutting speed maximize 200 300 1 1 3
Feed rate maximize 0.1 0.2 1 1 3
Approach angle is in range 60 90 1 1 3
Nano-fluid is in range 1 3 1 1 3
Sart (Ra) minimize 0.812404 1.095445 1 1 3
Sart (Rg) minimize 1.077033 1.30384 1 1 3
Sart (Ry) minimize 1.83848 2.22036 1 1 3
Table 9  Optimization results.
Sr.No. Cuttingspeed Feedrate  Approachangle  Nano-fluid Sqrt(R.) Sqrt(Ry) Sart(R,) Desirability
1 253.55 0.14 87.04 3 0.899 1.146 1.913 0.615721  Selected
2 245.17 0.13 87.28 2 0.883 1.124 1.895 0.502346
3 273.89 0.14 72.25 2 0.961 1.200 1.937 0.501354
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Fig. 10 Ramp function graphs of desirability optimizations.

Then, the confirmation experiments have been per-
formed to validate the established model as presented
in Table 10. The predicted and experimental values are
near to each other, which demonstrates the importance
of the established models.

Fig. 11 Contour plots for result of overall desirability function
(cutting speed vs. feed rate).

5 Conclusion

In the present work, nano-fluid based MQL environ-
ments are developed to meet the the demands for
environmentally friendly machining processes. The

Table 10 Confirmation test for the optimization value.

Initial resultat ~ Experimental result at

Parameters optimum value optimum value
Cutting speed 253.55 253.55
Feed rate 0.14 0.14
Approach angle 87 87
Nano-fluid 3 3
Sqrt (R,) 0.899 0.874
sart (Rq) 1.146 1.1123
Sart (R,) 1.913 1.803

effect of the machining variables (cutting speed, feed
rate and approach angle) and different nano-fluids on
three surface roughness values in turning of titanium-II
under NFMQL conditions has been investigated. Then,
the surface roughness prediction model using RSM
with the Box-Cox transformation has been established.
The following conclusions are drawn from the
analysis of the results within the selected range of
parameters:

1. The outcomes demonstrate that, feed rate is the
most effective parameter followed by cutting speed,
different nano-fluids and approach angle on R, and
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R, under NFMQL conditions, whereas cutting speed
is more effective in the case of R,.

2.1t has been observed that as in the case of NFMQL
turning during sticky materials like titanium (grade-2),
the values of surface roughness moderately increase
due to the rise in cutting speed, whereas it sharply
increases due to the rise in feed rate. This might occur
because, at higher values of cutting speeds, the major
portion of the chips will move from the tool’s cutting
edge and generates high friction, which results in
higher values of surface roughness.

3. However, with increasing in approach angles the
contact length of the cutting tool tip with respect to
the work material is less, which further decreases the
friction between the tool and the work piece, which
leads to low vibration in the machining and an increase
in the surface finishing.

4. The change in nano-fluid also shows surprising
results on the surface roughness values. It has been
found that, the values of surface roughness decrease
with the change in nano-fluid from aluminum-oxide
based nano-fluid to graphite based nano-fluid. Because
the viscosity of graphite is lower compared to the
other two fluids, this results in proper settlement of
the nano-fluids between the workpiece and the tool,
hence, which provides the cushioning effect which
may induce low machine chattering and vibrations and
increase the surface finishing of the titanium (grade-2)
alloy.

5. The RSM with the Box-Cox transformation was
found to be an effective method for identification and
development of significant relationships between the
cutting parameters and the given responses.

6. The contour effect plots for overall desirability
function revealed the desirability range when responses
are given equal weighting. It shows that the cutting
speed of 253 m/min, the feed rate of 0.14 mm/rev, the
approach angle of 87° and the graphite based nano-
fluids are desirable for obtaining the optimal conditions.

The results clearly showed that this optimisation
method was effective and incredibly diminished the
machining cost. This model can be efficiently applied
to find the suitable cutting conditions, in order to
achieve the preferred surface roughness value. The
future empirical work will look into the effect of
different parameters such nose radius, tool materials,

work materials, etc. on the surface roughness values
under NFMQL conditions.
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Abstract: Reinforced polymer—matrix composites are widely used under sliding contact conditions in various

boating and automotive applications. In this paper, the friction and wear of bulk epoxy and carbon filler

reinforced epoxy composites have been investigated using a pin-on-disc tribometer. The effect of different

fillers on the tribological behavior of an epoxy has been studied using treated and untreated carbon nanotubes,

graphite, and a mixture of graphite and carbon nanotubes. Filler addition greatly enhances the tribological

properties of the epoxy resin, by reducing the friction coefficient and the wear rate. In addition, it was found

that the treated carbon nanotubes/epoxy composites have the best tribological behavior. Moreover, a correlation

between contact temperature and friction coefficient is reported. Finally, the wear mechanisms were determined

by scanning electronic microscopy.

Keywords: epoxy composites; carbon nanotubes; wear; friction temperature

1 Introduction

Polymers play a very important part in mechanical
and materials engineering, not just because they are
easy to manufacture and their per unit cost is low,
but also for their excellent tribological performance
in engineered forms [1]. In the bulk or pristine form,
only a few polymers would satisfy most of the
tribological requirements; however, in their hybrid and
composite forms, polymers often have the advantage
of low weight and corrosion resistant over other
materials such as metals and ceramics [1]. Tribological
applications of polymers include gears [2], a range of
bearings [3], artificial human joint bearing surfaces
[4], bearing materials for space applications [5], tires,
shoe soles, automobile brake pads, non-stick frying pans,
floorings, and various types of surfaces for optimum
tactile properties, such as fibers [6]. Similar to the bulk
mechanical responses, tribological characteristics of
polymers are greatly influenced by temperature, relative

speed of the interacting surfaces [7], the normal load
[8], and the environment [9]. Therefore, to deal with
these effects and for better control of the responses,
polymers are modified by adding appropriate fillers
to suit the particular application. Thus, they are
invariably used as a composite or in a blended form
for optimum friction and wear performance [10].
Over the last decade, epoxy composites have
seen increased use as structural materials in boating,
automotive, and various other industries due to their
lower weight compared to traditional materials like
metals and ceramics [11]. Among these applications,
many are related to the tribological components,
where the self-lubrication properties of epoxy-based
composites are very important [12]. The characteristic
that makes epoxy composites promising in many
applications is the possibility to control their pro-
perties by adding special fillers with different volume
fractions, shapes, and sizes [13, 14]. The integration
of well-dispersed carbon particles into an epoxy
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matrix has been demonstrated to be quite effective
at improving the performance of epoxy composites,
including their tribological properties [15]. It has been
found that nano- and micro-sized carbon particles
can be used to modify the tribological properties of
polymeric materials [16]. Friedrich and Schlarb have
demonstrated that these fillers could considerably
improve the wear and friction properties of both
coatings and bulk materials by strengthening the
matrix (high load-carrying capacity), improving the
sub-surface crack arresting ability (better toughness),
and improving the lubricating effect at the interface by
decreasing shear stress [6]. Among all fillers, graphite
is widely used as an efficient solid lubricant to enhance
the tribological properties of polymer composites
due to the weak Van der Waals bonds between the
graphite layer structures. In fact, under sliding con-
ditions, the shear force can easily break the graphite
structure. Graphite flakes are symmetrically distributed
on the sliding surface, which reduces the direct contact
between the composites and steel counterparts [17].
Zhang et al. [18] confirmed that the wear rate and the
friction coefficient of polyphtalazinone ether sulfone
ketone (PPESK) composites decreased with the increase
of the graphite volume fraction. Chang et al. [19] found
that the specific wear rate of polyetherimide (PEI)
filled with graphite was 800 times lower than that of
a neat matrix under standard testing conditions.

Shalwan et al. studied the influence of date palm
fiber and graphite filler on mechanical and wear
characteristics of epoxy composites. They concluded
that the addition of graphite allows the enhancement
of wear resistance over the natural fiber/polymer
composites. However, the authors also found that
a high graphite ratio deteriorates the mechanical
properties [20].

Apart from graphite, other fillers can be used to
enhance the tribological properties, especially nano-
scale fillers. It has been found that particle size has
great influence on the tribological performance of
polymer composites [21]. When the particle size is
reduced down to the nanoscale, the friction and wear
behavior of filled polymers is greatly affected at very
low nanoparticle content as compared to the effect of
low micro-filler content on friction and wear behavior
of the filled polymers [22]. But the influence on friction

and wear behavior of nanoparticles in polymer
matrices depends on many factors such as the type
of polymer, type of nanoparticle, filler content, size,
shape, and operating conditions [6].

Multiwalled carbon nanotubes (MWCNTs) are a
class of nanomaterials that have a diameter of a few
dozens of nm and a length of some mm. Thanks to
this high-aspect ratio, carbon nanotubes (CNTs) can
provide special mechanical properties, which are
experimentally demonstrated by different researchers
[23-26]. Several research efforts on the effect of CNTs
on the tribological properties of polymers have been
published. Gong et al. compared the tribological
properties of carbon fiber composites with CNT com-
posites. They proved that composites with CNTs as
reinforcing elements exhibit more stable frictional
coefficients and lower wear rates, especially at high
temperatures due to their perfect graphite layered
structure [27]. Chen et al. report that CNTs can clearly
decrease the friction coefficient and the wear rate
of copper and polytetrafluoroethylene (PTFE) based
composites [28,29]. Lim et al. [30] studied carbon/
carbon composites coated with CNT reinforced carbon,
and they found that the wear rate decreased with
increasing CNT volume fraction. In the case of PTFE
based composites, the friction coefficient decreased
continuously with increasing CNT content up to
30 vol%. Zoo et al. studied the effect of MWCNT
addition on the tribological behavior of ultra high
molecular weight polyethylene (UHMWPE) [31]. In
contrast to the previous findings for PTEE, they found
that the friction coefficient increases continuously
when CNTs are added up to 0.5 wt%. These results
were explained by the poor dispersion of MWCNTs
in the composite, which has a direct impact on the
composite tribological and mechanical properties.

To solve this dispersion problem, many solutions
[32-34] have been suggested, like the addition of
dispersing agents [35], shear mixing [36], and func-
tionalization [37]. The last solution is one of the most
efficient methods, which improves compatibility
between CNTs and the polymer matrix. For example, by
adding 0.1 to 1 wt% MWCNTs grafted with epoxy, Jia
et al. [38] observed a 45% increase in tensile strength
and 90% improvement in tensile modulus. Sun et al.
[39] successfully grafted PAMAM-0 on thesurfaces
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of the single walled carbon nanotubes(SWCNTs),
which induced an enhanced dispersion and adhesion
state of CNTs in epoxy resin.

Cha et al. have tried to improve the dispersion of
carbon nanotubes (CNTs) in epoxy matrix composites
by attaching polystyrene sulfonate (PSS) and poly(4-
aminostyrene) (PAS) on the surface of CNTs by
noncovalent functionalization; they found that this
incorporation of noncovalently functionalized CNTs
into the modified bisphenol-A type epoxy matrix
yielded a Young’s modulus of 3.89 GPa and a tensile
strength of 82.59 MPa, with the addition of 1 wt.%
PAS-CNTs. These results were explained by the better
dispersion of CNTs in the matrix and the chemical
bonding generated between the amino groups and
the epoxide groups in the epoxy matrix [40].

The fundamental and detailed understanding of the
influence of nanoparticles on tribological properties
of filled polymers remains an open field for further
research. Several studies have been conducted on the
tribological properties of carbon/epoxy composites,
but few have focused on the correlation between the
friction coefficient and generated heat. Unfortunately,
few authors have given much attention to the synergetic
effect of two incorporated fillers on epoxy matrix.
In the present study, graphite and/or CNTs were
incorporated into an epoxy matrix. The purpose of
our work is to investigate the synergistic effect of the
two fillers on the tribological behavior of epoxy-carbon
filler composites. Scanning electron microscopy (SEM)
observations were used to determine the wear
mechanisms of the implemented composite. Finally,
special importance is attributed to thermal phenomena
related to the coefficient of friction.

2 Experimental details
21 Materials

The epoxy resin used in this study, Epolam 2020, was
purchased from Axon Technologies. It was designed
for the production of composite structures by the usual
wet lay-up methods, vacuum infusion, low-pressure
injection, or filament winding. Carbon nanotubes master
batches, 3150 and 3152, were provided by NANOCYL
(Belgium). The main difference between the two
grades is the use of functionalized CNTs for the 3152

grade, where NH, groups are grafted to CNTs via a
NANOCYL patented process. CNTs are produced via
the catalytic carbon vapor deposition (CCVD) process.
The average diameter of the CNTs was 9.5 nm, and the
average length was about 1 pm. Graphite TIMREX
BNB 90 was provided by TIMCAL (Switzerland).
Expanded graphite foil size varied between 10 um
and 85 pm.

2.2 Sample preparation

Five different types of samples were prepared as
mentioned in Table 1. In each of the non-neat samples,
a 1.5% weight fraction of either CNTs, NH,-CNTs
(TCNTs), graphite or CNTs/graphite were introduced.
The ratio used for the mixture of CNT and graphite
was 1/3 to 2/3, respectively. A reference sample was
prepared from neat epoxy. Samples were prepared
by mixing the epoxy resin with 34 wt%. of hardener.
Subsequently, the mixture was flowed into a mold of
2 mm thickness.

The reticulation process was conducted by drying
the mixture for 24 hours at room temperature. The
post curing cycle (Fig. 1), uses a temperature ramp
of 20 °C/h. The epoxy was held at 40 °C for 3 hours,

Table 1 Designation and composition of the different prepared
samples.

Specimens Composition
Ep Neat epoxy
Ep-Gr Epoxy + 1.5 wt% graphite
Ep-CNTs Epoxy + 1.5 wt% CNTSs
Ep-TCNTs Epoxy + 1.5 wt% TCNTs
Ep-HYB Epoxy + 1.5 wt% (1/3 CNTSs + 2/3 graphite)

Fig. 1 Postcuring cycle of epoxy samples.

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



174

Friction 5(2): 171-182 (2017)

at 60 °C for 2 hours, at 80 °C for 2 hours, and then at
100 °C for 5 hours. The cooling rate was 30 “C/hour.
The obtained plates were cut by milling to get square
samples of 20 mm on a side. All samples were polished
using abrasive papers (from 400 to 1000 grades) and
diamond paste.

2.3 Friction and wear test

Friction and wear tests were conducted using a rotating
pin-on-disc tribometer under dry sliding conditions.
This tribometer is shown in Fig. 2. The friction test
was performed using a 6 mm diameter 100Cr6 ball
bearing, and the radius of the wear track is 5 mm.
The different values of normal load and velocity are
illustrated in the legend of Fig. 3. The steel ball was
kept stationary and a continuous rotating motion was
applied to the composite specimen. The maximum
contact pressure, calculated with Hertz theory, was
130 MPa. Tests were performed at 25 °C and a relative
humidity of 60%. The sliding test duration was about
64 min. At least three tests were performed for each
set of conditions. The average contact temperature
was measured during the test using a thermocouple
connected to the steel ball that was 2 mm from the
contact point and located at the edge of the ball.
Weight loss values were determined by using a balance
of 10™* g of precision.

The wear rate was calculated by measuring weight
loss of each sample Am after wear testing, divided by
the applied load F, and the sliding distance S. The
corresponding density was given by p. The cumulative
wear rate W, can be determined by the following
equation:

Fig. 2 Pin-on-disc tribometer.

The main variables that affect wear are sliding velocity
and normal load. In addition, the materials’ structure,
properties, and the environmental conditions affect
the wear rate.

2.4 Scanning electron microscopy

After the wear test, wear tracks were observed (after
metal coating) with a JEOLJSM-6031F scanning electronic
microscope, using a conventional tungsten cathode at
12 kV accelerating voltage in secondary electron image
mode.

3 Results and discussion
3.1 Friction coefficient

The friction coefficients of the prepared samples are
presented as a function of time in Fig. 3. We notice
that, at first, the friction coefficients can be significantly
less when fillers are incorporated into the epoxy matrix.
The highest friction coefficient value of 0.65, and the
lowest, of 0.1, were obtained with neat epoxy and
treated carbon nanotube filled composites, respectively.

Moreover, we could easily distinguish the existence
of two different types of response curves; it is clear
that Ep and Ep-TCNT samples behave differently from
other samples. In the case of the Ep-TCNT composite,
treated carbon nanotubes are well dispersed on the
epoxy due to the presence of NH, groups. As a result,
generated debris, which are probably rich in NH,-CNT,
will change the friction contact properties by the
creation of a low-friction tribo-layer. The transfer film,
obtained during sliding, could act as a lubricant, which
would lead to a significant decrease of the friction
coefficient [41].

In the case of the Ep samples brought into contact
with the 100Cr6 steel ball, we assume that a transfer
film was formed on the ball and stuck to it, via tribo-
chemical interactions with the counter body material
[42]. When this layer is present on both contacting
surfaces, the composition of the sample and the sliding
counter body becomes similar and then the coefficient
of friction becomes stable [43].

For the second type of curves (Ep-CNT, Ep-Gr, and
Ep-HYB in Fig. 3), three stages can be observed. The
first stage, which corresponds to a run-in-period, is
characterized by a stable friction coefficient of 0.1, 0.1,
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Fig. 3 Coefficient of friction evolution for the different types of samples at 400 rpm and F,, =4 N.

and 0.2 for the Ep-CNT, Ep-Gr, and Ep-HYB, res-
pectively. The duration of this stage is about 1,750 s,
1,200 s, and 250 s for each of those. Consequently, it
can be concluded that CNTs have the best adhesion
to the epoxy matrix, since it takes more time for them
to be extracted. In fact, CNTs have higher specific
surfaces than graphite, which explains their better
adhesion to epoxy. The second stage was characterized
by a significant increase of friction coefficient from 0.1
to 0.47, 0.1 to 0.4, and 0.2 to 0.55 for Ep-CNT, Ep-GR,
and Ep-HYB, respectively. The increase of friction
coefficients could be explained as follows. Firstly,
debris was created, which then accumulated on the
sliding track, and finally adhered to the steel ball.
At this moment, the contact was no longer between
100Cr6 and the sample but, instead, switched to
sample-sample contact. In the third stage, the sliding
rotating motion intermittently ejects a fraction of the
created debris out of the wear track circumference,
which explains the fluctuations of the friction coefficient
curves.

3.2 Correlation between friction coefficients and
temperature

A strong correlation between friction coefficient
and temperature is observed in the samples (Fig. 4).
Specifically, the temperature considerably increases
when debris are initially created (stage II) at the
interface. The wear track roughness increases and
local heating begins. In fact, on the microscopic scale,
the flash temperature occurs at the contact asperities
over a very short duration, lower than a millisecond.
These local, but microscopic, flash temperature fluc-
tuations are, actually, hundreds of times higher than
the average contact temperature [44]. The accumulation
of these flash temperature events could be responsible
for the rise of the average temperature measured by
the thermocouple. It is also observed that a higher
velocity of rotation leads to a higher temperature
(Fig. 5). This result is explained by the increase of
sliding distance, which creates more heat.

Figure 5 shows the presence of brown zones, which
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Fig. 4 Correlation between the coefficient of friction and temperature for the Ep-CNT samples at F, = 8 N and different velocities.

Fig. 5 Surface color modification after dry sliding test of Ep
sample at F, =8 N and V = 1,000 rpm.

are a thermal modification of the wear track surface.
In fact, the color of the tested surface shifts from
yellowish to brown after the sliding test. Similar results
were also reported by Hancox [45] and Greer et al
[46], and they explain the color change by a chemical
modification of the resin surface. More precisely,
it was thought that color change is essentially the
result of thermal oxidation caused by the flash tem-
perature [47].

3.3 Wear loss and wear mechanism

Figure 6 shows the effect of the incorporation of
TCNTs, CNTs, GR, and HYB fillers on the wear rate
of the epoxy resin. It is clearly shown that filler
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Fig. 6 Wear rate of different types of samples.

addition, to the neat epoxy, can decrease significantly
the wear rate. It was found that the least wear rate
was obtained when 1.5 wt% TCNTs was added to the
epoxy matrix; in fact, the wear rate of Ep decreases
from 22.1 x 10° mm*N™"m™ to 3.37 x 10° mm*N"'m™.
Moreover, similar behavior was observed for the other
composites. Samples could be classified according to
their wear rate, from the highest to the lowest, as
follow: Ep, Ep-HYB, Ep-GR, Ep-CNTs, and Ep-TCNTs.
These results may be explained by the difference of
adhesion quality between fillers and the epoxy matrix
[48, 49]. CNTs have a better adhesion due to their
high aspect ratio. However, graphite pieces are easily
extracted as they have a layered planar structure
[50, 51]. The functionalization of CNTs with amine
groups enhances the interaction between CNTs and
the epoxy matrix [52], which improves the mechanical
properties and the wear resistance of the obtained
composite.

The SEM images of the worn surfaces, presented
in Fig.7, give some information about the wear
mechanism. The lack of grooves on the wear track
indicates that an abrasive mechanism does not
contribute to the wear for all composites. The worn
surfaces (Figs.7(a)-7(d)) are rough and present
delamination marks suggesting an adhesive wear
mechanism. This result is due to the poor wear
resistance of the Ep [53] and the poor adhesion of
fillers to the epoxy matrix. Moreover, it seems that
wear debris are crushed and spread on the wear track
surface.

Figure 8 shows a thin film adherent to the steel
ball after testing. Thus, wear progress of the composite

can be described by three different stages [54]. First,
adhesive processes cause the resin transfer to the ball
surface and a progressive rise of the real contact
surface. At the same time, in the sub-surface of the
epoxy resin, progressive damage is taking place that
is caused by the propagation of sub-surface cracks.
When these cracks emerge on the surface, the final
phase occurs, which is characterized by mechanical
and thermal fatigue wear [54].

However, Ep-TCNTs composites have a different
behavior, as they were characterized by a smooth
worn surface and the absence of delamination marks
(Fig. 7(e)). It can be concluded that the adhesion on
the worn surface of Ep-TCNT composites is reduced.
Thus, it seems that the improved adhesion of CNTs
can considerably decrease the adhesion mechanism.
As a result, the Ep-TCNTs composites show better
wear resistance than the neat epoxy.

According to Chen et al. [54-56] and Cai et al. [57],
wear of Ep-TCNT nano-composites, in dry sliding
against a carbon steel ball, may be controlled by two
factors. The incorporation of CNTs in Ep helps to
ameliorate the mechanical properties of the nano-
composites (Table 2), which leads to an enhancement
of the wear resistance [50].

Moreover, the well dispersed TCNTs (Fig.9) are
removed from the nano-composites and transferred
to the interface between the nano-composites and the
steel ball. Hence, CNTs may play the role of spacers
preventing close contact between the steel ball and
the nano-composites. In fact, CNTs will be shortened
first and then flatten to form a graphene-like lamella,
which decreases the wear loss and causes the decrease
of the friction coefficient [51] (Fig. 10).

4 Conclusions

The study of the effects of carbon fillers on the

tribological behavior of an Epolam 2020 epoxy resin

sliding against a 100Cr6 steel ball revealed some
interesting points in relation to the wear and friction
of this material.

e Two tribological behaviors are observed: the first is
characterized by a constant friction coefficient (Ep
and Ep-TCNTs) and the second by the detection of
three friction stages.
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Fig. 7 SEM observation of worn surfaces for the different types of samples: (a) Ep, (b) Ep-Gr, (c) Ep-CNT, (d) Ep-HYB, and
(e) Ep-TCNT.
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Fig. 8 Transfer film adherent to the steel ball: (a) Ep and (b) Ep-Gr.

Table 2 Young’s modulus of the different tested specimens.

Specimens Young modulus (GPa)
Ep 2.6
Ep-Gr 2.9
Ep-CNTs 33
Ep-TCNTs 3.8
Ep-HYB 2.7

Fig. 9 SEM images showing the dispersion of (a) TCNT and

(b) CNT in an epoxy matrix.

Fig. 10 Schematic diagram showing the effect of carbon additives
on the wear resistance of epoxy matrix: (a) stage 1, (b) stage 2,
(c) stage 3, and (d) stage 4.

Wear resistance is enhanced by the incorporation
of carbon fillers in the epoxy matrix. The best result
is obtained with TCNTs, which are well dispersed
in the epoxy matrix due to the presence of the NH,
groups.

A correlation between friction coefficient and the
measured average contact temperature is found.
The rise of this temperature could be explained by
the accumulation of flash temperature events, which
are higher than the average contact temperature.
The predominant wear mechanism is adhesive wear,
which leads to both crack emergence on the surface
and delamination. This mechanism is encountered
in all composites, except Ep-TCNT composites.
Despite the enhanced wear resistance of both Ep-
CNTs and Ep-Gr, Ep-HYB has the inferior tribological
properties of the three. Consequently, there is no
synergetic effect between graphite and CNTs.
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Abstract: The cotton fiber reinforced polyester composites were fabricated with varying amount of graphite
fillers (0, 3, 5 wt.%) with a hand lay-up technique. Wear tests were planned by using a response surface (Box
Behnken method) design of experiments and conducted on a pin-on-disc machine (POD) test setup. The effect
of the weight percentage of graphite content on the dry sliding wear behavior of cotton fiber polyester
composite (CFPC) was examined by considering the effect of operating parameters like load, speed, and sliding
distance. The wear test results showed the inclusion of 5 wt.% of graphite as fillers in CFPC increase wear
resistance compared to 3 wt.% of graphite fillers. The graphite fillers were recommended for CFPC to increase
the wear resistance of the material. A scanning electron microscope (SEM) was used to study the wear
mechanism. To predict the wear behavior of the composite material, comparisons were made between the
general regression technique and an artificial neural network (ANN). The conformation test results revealed
the predicted wear with the ANN was acceptable when compared with the actual experimental results and the
regression mathematical models.
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1 Introduction

Within the last few decades natural fiber reinforced
polymer matrix composites (NFRPCs) were in boom
due to their low cost, low weight, easy availability,
and biodegradability. The natural fibers were in
demand in automobile and structural sectors [1]. In
the present work focus was placed on the cotton fiber
due to its high strength, durability, biodegradability,
and ease of blending with other fibers and resin.
Failure due to wear was more common in automobile
and failure of small parts leaded to the shut down in
the industry. In this present investigation emphasis
was placed on the wear behavior of the cotton fiber
reinforced polyester composite (CFPC).

* Corresponding author: Hiral H. PARIKH, E-mail: hiralp@nuv.ac.in

Many researchers have worked on different types
of NFRPCs and have analyzed the effect of operating
parameters (like load, speed, sliding distance, and
temperature) and material parameters (like fiber length,
fiber volume fraction, fiber orientation, and fiber
treatment) on the wear behavior of NFRPCs. The
work done of a few researchers is shown in the Table 1.

Table 1 reveals that most of the researchers have
analyzed the wear rate of NFRPCs by varying
different material parameters and different operating
parameters. Very few have added fillers with the
natural fiber and see the effect of fillers on the wear
behavior of materials. Few studies show that use of
proper wt.% of fillers with synthetic fiber helps to
increase the wear resistance of the materials [16, 17].
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Table 1 Wear study by different researchers.

Research Polymer Fiber Fillers Variables Observed wear rate
Chittaranjan Acharya [2] Epoxy Lantana camara — SD Decrease
Chin Yousif [3] Epoxy Kenaf — L,FO, S Decrease
Ganguluri et al. [4] Epoxy Pin wood dust — FVF Decrease
Yousif et al. [5] Polyester Betelnut fruit — L Decrease
Mishra and Acharya [6] Epoxy Sugar cane — FO, L Decrease
Sayed et al. [7] Polyester Linen & Jute — FO Decrease
Yousif et al. [8] Polyester Coir — FT Decrease
Boopathi et al. [9] Epoxy Borassus fruit — L,S, SV, FT Decrease
Yousif and El-Tayeb [10] Polyester Untreated & treated oil palm — FT,L Decrease
Umar et al. [11] Epoxy Bamboo — FO Decrease
Majhi et al. [12] Epoxy Rice husk — FT,L Decrease
Dwivedi et al. [13] Polyester Bamboo powder — FVF, L Decrease
Chandra et al. [14] Epoxy Coir — FVF, L Decrease
Narish and Dirk [15] Polyurethane (PE) Kenaf — L, SD Decrease

L: Load, S: Speed, SD: Sliding distance, FVF: Fiber volume fraction, FO: Fiber orientation, FT: Fiber treatment, SV: Sliding velocity

In the present investigation graphite fillers are used
with the CFPC to analyze the effect of different wt.%
of fillers on the wear behavior of CFPC.

The response behavior of material is implicit in
the experiments. Usually, the behavior of materials is
modeled analytically using mathematical expressions.
However, it may not always be possible to have a
simple expression. To create a complicated expression
is difficult. The artificial feedforward neural network
may be extremely helpful in terms of Refs. [18, 19]:

o The ability to implicitly detect complex nonlinear
relationships between dependent and independent
variables.

o The ability to detect all possible interactions between
variables.

e The neural network is effective in terms of predicting
the behavior of a new material before the material
is produced. This may reduce the experiment cost
and time.

An exhaustive literature review has been completed
on the artificial neural network (ANN) to predict
mechanical and tribological behavior of fiber reinforced
polymer composites. Table 2 provides the summary
of various studies for predicting the mechanical and
tribological behavior of fiber reinforced polymer (FRP)
composites with the ANN. In the present investigation

Table 2 Summary of various studies for predicting the properties of FRP composites with ANN.

Author

Study

Aymerich et al. [20]
Velten et al. [21]

Pleune et al. [22]
Haque et al. [23]
Allan et al. [24]
Hany and Yousif [25]
Jia and Davalos [26]
El Kadi [27]

Sha [28]

Fatigue strength of composites

Wear volume prediction of polyamide 4.6 matrix composites reinforced with short
carbon/glass fiber

Fatigue life of carbon and low alloy steel

Corrosive fatigue behavior of steel

Predicting structural properties of polypropylene fiber
Fatigue life of glass fiber epoxy composite

Fatigue model for FRP wood composite

Mechanical modelling of FRP

Machinability aspect of unreinforced and reinforced PEEK composites
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predictions of wear behavior of the composite material
comparisons are made between general regression
statistical techniques with the ANN.

2 Experimental
2.1 Specimen preparation

Single wound 7 count cotton yarn procured from
PBM Polytex Limited, Petlad, Gujarat was used as
reinforcement. Unsaturated polyester resin, accelerator
cobalt naphthenate and hardener were supplied by
S K Enterprise, Surat, India. Matrix was prepared
with a resin to hardener ratio 10:1. Graphite particles
obtained from Heny Chemicals, Vadodara, India was
used as filler with the average particle size 11.91 um.
Hand lay-up technique was used to prepare the
composite plates of size 300 mm x 300 mm x 10 mm.
The composition of fabricated composites with hand
lay-up technique was listed in Table 3.

To determine graphite particle size distribution in
the composites, the tensile test was carried out on the
composites at Advance Metallurgical Services (AMS)
Laboratory, Vadodara, Gujarat. The tensile test was
performed according to the ASTM D 3039-M14
standard. A 10 kN load cell was used and three tests
were repeated for each set of specimen and the
average values were calculated and plotted in Fig. 1.

It was clear from the results that the addition of
3 wt.% graphite reduced the tensile strength of the
cotton fiber polyester composites. The strength of the
composite was even more deteriorated by increased
graphite wt.%. This result was in agreement with
Shalwan and Yousif [29] who concluded from their
study that the addition of the graphite was highly
recommended for the natural fiber composites which
could enhance the wear characteristics of the polymer
composites. However, the high content of the graphite
deteriorated the mechanical properties. The micrograph

Table 3 Formulation of fabricated graphite filled CFPC.

Material code Resin content  Cotton fiber ~ Graphite
(Wt%) (Wt%) (Wt%)
CFPC 82 18 0
3GCFPC 79 18 3
5GCFPC 77 18
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Fig. 1 Tensile strength of CFPCs.

of CFPC, 5 wt.% graphite filled cotton fiber reinforced
polyester composite (5SGCFPC), and 3wt.% graphite
filled cotton fiber reinforced polyester composite
(3GCFPC) were displayed in the Figs. 2-4, respectively.

Fig. 2 Micrograph of CFPC after tensile test.

Fig. 3 Micrograph of 3GCFPC after tensile test.
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Fig. 4 Micrograph of 5GCFPC after tensile test: (a) low magnifacation and (b) high magnification.

From Fig. 2 good bonding between the resin and
the fiber could be seen. This adhesion might be
responsible for higher tensile strength. Figure 3
revealed that by adding 3% graphite in the CFPC, the
first failure process was initiated from the matrix
crack and then it was followed by the fiber failure in
the direction of loading. Fiber pull out and fiber failure
revealed from Figs. 4(b) and 4(a) for 5SGCFPC that
might be responsible for the low tensile strength of
the material.

2.2 Test setup, test conditions, test parameters and
design of experiments

To perform the wear test on the CFPCs, a pin-on-disc
(POD) test setup (supplied by DUCOM, Bangalore)
was used at CHARUSAT, Changa, Gujarat and it was
shown in Fig. 5. The specimen was kept stationary
against the disk and the counterface rotated. The load
was functional through the lever mechanism.

Fig. 5 Pin-on-disc wear test rig.

The detailed experimental conditions were listed
in Table 4. The specimen surfaces were prepared by
rubbing them on different grade emery paper followed
by acetone cleaning. The average surface roughness
for the specimens before and after the test was measured
with a Taylor Hobson Roughness tester and listed in
Table 5.

Response surface methodology (Box Behnken method)
was used to reduce the number of experiments in an
organized way.

3 Results and discussion
3.1 Wear data from pin-on-disc machine

The operating parameters were set on the POD
machine and experiments were performed. The wear
response of composite materials was plotted from the
POD machine and listed in Table 6.
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Table 4 Experimental conditions.

Parameters

Operating Conditions

Temperature
Relative humidity
Test disc

Roughness of EN-31
Duration of rubbing
Surface condition
Load

Sliding speed
Sliding distance

Pin Material

Pin size (ASTM G99 Std.)

The average contact pressure between the

disc and specimen surface

Ambient conditions (temperature: 29 °C)

55(+5)%

Hardened ground steel (EN-31, hardness 60 HRC)

1.6 mRa

600 s
Dry

2 kg, 3 kg, 4 kg

1.66 m/s, 2.49 m/s, 3.33 m/s
1,000 m, 1,500 m, 2,000 m

Cotton fiber polyester composites (CFPC), 5wt.% graphite cotton fiber polyester
Composites (5GCFPC), 3 wt.% graphite cotton fiber polyester composites (3GCFPC)

30 mm x 10 mm x 10 mm
0.3 MPa

Table 5 Surface roughness of test specimen.

Average surface roughness Ra (um)

Material
Before test After test
CFPC 1.45 1.7
3GCFPC 2.166 3.2
5GCFPC 1.7 2.2

Table 6 Observed data from POD.

Operating parameters

CFPC 3GCFPC 5GCFPC

Exp.

Sliding Load Contact Sliding Wear

Wear Wear

3.2 Mean effects of operating parameters on response

The results of the mean wear for CFPC and graphite
filled composites for different operating parameters
were shown in Fig. 6.

Figures 6(a), 6(b), and 6(c) showed the effect of a
normal load, speed, and sliding distance on the wear
behavior of composite materials. The figures revealed
by adding 5 wt.% graphite fillers wear resistance of
the CFPC increased irrespective of operating parameters.
Conversely, 3 wt.% of graphite fillers increased the
wear of the CFPC. This finding was in agreement with
Shivamurthy et al., Basavarajappa et al.,, and Rajesh
et al. [30-32], who concluded from their studies that
proper weight percentage of filler could improve the
wear resistance of the materials.

To analyze the wear mechanism for the composite
materials SEM analysis was performed on the wear

3.3 Surface morphology

Figure 7(a) showed the SEM image for CFPC. It was
clearly visible that good bonding between the fibers
and matrix occurred. The fibers were not debonded
normally from the matrix due to proper bonding.
They were worn out during the wear process. Some
fibers were peeled off during the wear process.
Figure 7(b) revealed that 3GCFPC had undergone

No. S(rrfg)j (kg) p(rﬁ/?;l;;e dis(tr;aqr)\ce (micron) (micron) (micron)
1 249 2 0.2 1,500 42 54 36

2 333 4 04 2,000 23 56 34

3 333 2 0.2 2,000 37 30 28

4 249 3 0.3 1,500 37 38 40

5 333 3 0.3 2,000 40 66 30

6 166 3 0.3 1,000 42 47 31 surfaces.
7 249 2 0.2 1,500 30 24 43

8 166 2 0.2 1,000 28 23 48

9 249 3 0.3 1,500 29 47 32
10 249 4 0.4 1,500 41.2 53 26
11 166 3 0.3 1,000 30 25 17
12 333 3 0.3 2,000 22 37 25
13 166 4 04 1,000 35 35 39
14 249 3 0.3 1,500 29 47 32
15 249 4 04 1,500 44 69 39

severe damage under the dry sliding conditions. Large
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Fig. 6 Effect of operating parameters on wear.

Fig. 7 Worn surface SEM analysis of (a) CFPC, (b) 3GCFPC, and (c) 5GCFPC.

and small wear debris was left over from the dry sliding  disconnection of the matrix material and fibers pro-
condition on the worn surface of the specimen. The = duced several deep grooves on the specimen surface.
presence of this debris was mainly responsible for the = Figure 7(c) indicated the formation of a friction film
large scale of wear. Matrix cracking was also found on ~ between two contact surfaces due to this less matrix
the worn surface. These mechanisms were responsible  cracks found and the tribological properties of a
for the high wear rate for 3GCFPC. Large scale  material improved in terms of less wear.
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4 Regression mathematical models for wear

An ANOVA statistical tool was used with 95% con-
fidence level with Minitab 17 software to quantify the
influence of process parameters. Response surface
methodology was used to create a mathematical
model for wear of CFPCs. The second order general
regression mathematical equations representing the
relation between the wear and the input parameters
(like load, speed, and sliding distance) for different
materials were obtained and listed below.

CFPC

Wear = —22.883 — 0.108672 x S —19.25 x L + 0.118664 x
SD -0.012x S x L -0.013 x L x SD — 3.4 x 10 x SD +
0.000114 x S*+7.875 x L* - 1.95 x 107 x SD? 1)

3GCFPC

Wear =-243.0 + 61.13 x L + 0.1095 x S + 0.2080 x SD -
0.05200 x L x S = 0.000090 x S x SD + 0.00650 x L x SD -
3.750 x L2+ 0.000132 x 5* - 0.000052 = SD? 2)

5GCFPC

Wear = -174.05 + 0.11238 x S + 10.91 x L + 0.11435 x
SD - 0.020800xS = L — 0.000038 x S x SD + 0.000010 x
§%+1.145 = L* x 0.000028 x SD? (3)

where L=1oad, S = Speed, and SD = Sliding distance.
The coefficient of determination (R?) obtained for
different models was listed in Table 7. It represented the
ratio of variability explained by the model to the total
variability in the actual data. Larger values of adjusted
R? suggested models of greater predictive ability.
Table 7 showed that all models satisfy this condition.
All the response predicted R-sq values were in agree-
ment with the adjusted R-sq values. This indicated the
capability of the model was used effectively.

Table 7 Anova for the response surface.

CFPC 3GCFPC 5GCFPC

R-sq 99.67% 99.82% 99.65%

R-sq (adjusted) 99.07% 99.57% 99.03%
R-sq (predicted) 94.69% 98.45% 94.44%

5 Configuration of artificial neural network
(ANN)

The process of creating an artificial neural network
(ANN) for the present research work was summarized

in the following steps:

1. Collect the data and prepare the database: With
the help of POD machine wear for the three different
materials (CFPC, 3GCFPC, and 5GCFPC) was obtained.
Box Behnken gave 15 design of experiments for the
each material. Total 45 different wear values with one
replica that is total 90 wear data were obtained for
the three different materials.

2. Train the network: In this step network architecture,
training functions and training algorithms for the
network were required to select. The ANN model
developed in the present research work was created
using a MATLAB R13 software package. This package
allowed the modification of the network architecture,
such as generalized regression, Hopfield and feedfor-
ward backpropogation. Also the design parameters
like number of neurons in each layer, number of hidden
layers, neurons in the hidden layer, learning rate and
momentum could be modified. Although this package
offered a mixture of possible modification to the
network design, not every modification was investigated.
The work mainly focused on developing an ANN
model for the wear instead of addressing an optimum
network design. In the present work 72 data points
(80%) were used for training/calibration and the
remaining 18 data points (20%) were used for testing.
The calibration/training data set and testing data set
were selected randomly from the entire population.
The schematic configuration of ANN was shown in
the Fig. 8. Table 8 showed the design parameters used
to train the network. The network was trained with a

Fig. 8 Schematic configuration of ANN.

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Table 8 Design parameters to train the network.

Table 9 Simulated results with ANN.

Design parameters

Network type Feed forward backpropogation
algorithm

Training function Train scaled conjugate gradient
(TRANSCG)

Learning function Gradient decent method
(LEARNGDM)

Performance function
No. of hidden layer 01
Neurons in the hidden layer 10

Mean square error (MSE)

satisfactory coefficient of determination R = 0.99281
and was shown in the Fig. 9. For a better prediction
the R value should be near 1. This network was used
to simulate the test results.

3. Test the trained network: This was used to
evaluate the network performance. After training the
network, it was simulated for the test data in the
same knowledge domain. For the testing total 18 data
sets were used. Table 9 showed the simulated results
with the ANN. A negative sign of the difference
indicated underfitting the network while a positive
sign indicated overfitting the network.

4. Use the trained ANN for simulating and predicting
the wear behavior for new domain data set: To simulate

Fig. 9 Cofficient of Determination obtained by training a
network.

Experimental  Predicted wear

Exp. No. wear with ANN Difference
1 39 32.594 6.406
2 29 28.9987 0.0013
3 52 43.9037 8.0963
4 39 42.6385 -3.6385
5 32 31.9995 0.0005
6 39 45,5757 -6.5757
7 35 44.6696 -9.6696
8 47 46.9988 0.0012
9 69 77.5934 -8.5934

10 39 32.594 6.406

11 29 28.9987 0.0013
12 52 43.9037 8.0963
13 39 42.6385 -3.6385
14 32 31.9995 0.0005
15 39 45.5757 —-6.5757
16 35 44.6696 -9.6696
17 47 46.9988 0.0012
18 69 77.5934 -8.5934

the network conformation experiments were performed.
Table 10 showed the selected input parameters and
wear test results obtained from POD, ANN and
regression equations. The test results were evaluated
in terms of mean fitting error and mean average
percentage deviation. The mean fitting error showed
the overfitting for the ANN model and underfitting
for the regression model. From the mean percentage
deviation the ANN was an effective tool to predict
the wear behavior of the material compare to the
regression model.

6 Conclusion

Experimental investigation and prediction of wear
behavior of CFPC were summarized in the following
points:

o The experimental results indicated that proper wt.%
fillers had a considerable effect on controlling
the wear rate of the material. The objective of the
study was to identify the effect of the filler weight
percentage of wear response of materials. It was
observed from the results that adding graphite

| https://mc03.manuscriptcentral.com/friction
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Table 10 Conformation test data set and test results.

Coto O IoOC sGomC s o e el pediedues
1 1 0 0 1.25 3 750 33 30 29
2 0 0 1 1.67 4 1,000 34 32 40
3 0 0 1 2.49 3 1,500 33 31 43
4 0 1 0 249 2 1,500 42 45 40
5 0 1 0 3.33 4 2,000 80 76 70
6 0 0 1 249 3 1,500 37 42 50
Mean absolute deviation = i[@} 3.166667 7.5
i=1
Mean fitting error = i[@] O-iiginr?gicgtg(sjec:;ler %ﬁge(r”;ﬂ;ic:gt;es
i= model)
Mean average percentage deviation = {i[i(%_mj xloo]} 9.336774 18.74
i=1 i
where M; is measured wear and P; is predicted wear.
5 wt.% wear resistance of the CFPC could increase. and its applications. International Journal of Polymer Science
On the other hand, 3 wt.% graphite increased the 2015: 243947 (2015)
wear of the CFPC. [2] Chittaranjan D, Acharya S K. Effect of fiber content on
e A well trained ANN was created with a mean abrasive wear of Lantana Camara fiber reinforced polymer
square error of 0.99281. The conformation test results matrix composite. Indian Journal of Engineering and Materials
revealed the ANN to be an effective tool that Sciences 17: 219-223 (2010)
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Abstract: The influence of out-of-plane oscillations on friction is a well-known phenomenon that has been
studied extensively with various experimental methods, e.g., pin-on-disk tribometers. However, existing theoretical
models have yet achieved only qualitative correspondence with experiment. Here we argue that this may be due
to the system dynamics (mass and tangential stiffness) of the pin or other system components being neglected.
This paper builds on the results of a previous study [19] by taking the stiffness and resulting dynamics of the
system into account. The main governing parameters determining macroscopic friction, including a dimensionless
oscillation amplitude, a dimensionless sliding velocity and the relation between three characteristic frequencies
(that of externally excited oscillation and two natural oscillation frequencies associated with the contact stiffness
and the system stiffness) are identified. In the limiting cases of a very soft system and a very stiff system, our
results reproduce the results of previous studies. In between these two limiting cases there is also a resonant case,
which is studied here for the first time. The resonant case is notable in that it lacks a critical sliding velocity, above
which oscillations no longer reduce friction. Results obtained for the resonant case are qualitatively supported
by experiments.

Keywords: sliding friction; out-of-plane oscillation; stiffness; system dynamics; macroscopic friction coefficient

1 Introduction the sliding direction; (2) perpendicular to the sliding

direction in the contact plane; (3) perpendicular to

Vibrations can be applied to reduce and control friction,
which is widely used in many industrial branches,
such as metal forming, wire drawing and drilling [1, 2].
One of the earliest studies of friction reduction due to
oscillations was carried out by Godfrey in 1967 [3]. He
conducted experiments, in which a rider slid along
a steel plate and was vibrated in the direction per-
pendicular to the plane. Afterwards numerous studies
were carried out, which can be roughly classified by
whether the static or sliding friction is considered and
by the direction of the oscillations, see, e.g., Refs. [4-6].
The three possible directions of oscillation are: (1) in

the contact plane (out-of-plane oscillations). Arbitrary
combinations of these three modes are also possible,
some of which can produce directed motion even in
the absence of a directed mean force, thus producing a
frictional drive. In this regard, active control of friction
through oscillations is closely related to oscillation-
based frictional drives [7, 8]. However, in the present
paper we consider only sliding friction under the
influence of out-of-plane oscillations.

Friction under the action of out-of-plane oscillations
has been studied experimentally in the past in a number
of works [9-12]. The first theoretical description
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was proposed in Refs. [13, 14], where the movement
of a rigid body under constant tangential force and
oscillating normal force was considered. Unfortunately
this model achieved only qualitative correspondence
with experimental results. In Ref. [7], it was shown
that the macroscopic behavior of a frictional contact
is strongly influenced by the contact stiffness. Related
studies of the dependence of friction on tangential
oscillations [15, 16] and a study of frictional drives [17]
came to the same conclusion. In a recent experimental
study [18] the contact stiffness was also confirmed as
one of the main parameters governing the response of
a tribological contact to high frequency oscillations.

Based on these indications of the importance
of contact stiffness, Popov et al. [19] carried out a
theoretical study of friction under the action of out-
of-plane oscillations with explicit account of finite
contact stiffness. In this paper it was assumed that the
stiffness of the system is much larger than that of
the contact, which allowed avoiding consideration
of system dynamics. In real systems, depending on
their particular mechanical design, the stiffness of the
system may be comparable with the contact stiffness,
thus bringing the whole system dynamics into play. In
the present paper, we extend the previous study [19] by
considering the complete dynamics of a system with
a tribological contact.

2 Simplified model of the experimental
set-up

The model studied in the present paper is motivated
by experimental studies of active control of friction by
out-of-plane oscillations in a pin-on-disk tribometer
(e.g., Refs. [7, 14-16]). The design of the pin is shown
in Fig. 1(a). Assuming that the vertical stiffness of the
set-up is much larger than the normal contact stiffness,
the vertical macroscopic motion of the pin can be
considered to be displacement controlled. The tangential
stiffness of the pin assembly is much smaller than its
vertical stiffness, so that it is no longer guaranteed
that the tangential stiffness of the pin is larger than
the tangential contact stiffness. Therefore, the tangential
stiffness of the pin is explicitly taken into account in
our model. Assuming that the transversal dynamics
of the pin is controlled by only one bending normal

mode of the pin, we arrive at the simplified model
of the system, which is sketched in Fig. 1(b): a one-
degree-of-freedom model taking into account the
normal and tangential contact stiffness, the inertia of
the pin and its tangential stiffness. Modal analysis
of the pin could be used for estimation of a more
accurate modal mass, but we do not do this here, as
our aim is to present a high-level analysis without
considering particular geometrical realizations. We
will show that the frequency of free oscillations of
the pin, @, =\/k /m, is the most important system
parameter; when describing a real experiment, it has
to be adjusted to the ground frequency of the free
oscillations of the pin. Naturally, our model abstracts
away many (possibly important) aspects of real frictional
systems, in particular the differential contact stiffness
of curved bodies (we model the contact as a single
spring with constant stiffness). However, in the first
part of this series [19] we found that the detailed
contact mechanics had surprisingly little influence on
the results, relative to a one-spring model. In particular,
abstracting the exact geometry of the contact does
not change the relevant dimensionless variables. Due
to this, and in view of the already large number of
system parameters, we restrict ourselves to the simple
model described above.

The model, as shown in Fig. 1(b), consists of a rigid
body with mass m that is connected to an external
actuator, which imposes the body’s z-coordinate. The
body is pulled by a spring with a tangential stiffness
k. and interacts with the substrate through a “contact
spring” that has the normal stiffness k_ . and tangential
stiffness k .. The vertical movement of the mass is
determined explicitly by the external oscillation:

u, =u,,+Au, cosot (1)

where u_, is a constant initial indentation, Au_ is the

0
amplitude of normal oscillations, and @ is the angular
frequency of the oscillation. The attached “system
spring” is pulled tangentially with a constant velocity
v, . The motion of the body in the x-direction under
the influence of the attached springs is described by
Newton’s Second Law for the tangential displacement
u_ . The tangential displacement of the immediate
contact point is denoted with u,_ . For simplicity, we

assume Coulomb’s law of friction with a constant
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Fig. 1 (a) Photograph and diagram of the pin assembly of a pin-on-disk tribometer used in Refs. [7, 16] and in the experimental part of
the present study; (b) a simplified model of the pin in contact with the disk, which is studied in the present paper.

coefficient of friction g, in the immediate contact
point between the substrate and the contact spring.
Although this may be an unrealistic assumption in
general, the aim of this study is to understand how
changes in the macroscopic coefficient of friction can
arise from pure system dynamics even with constant
microscopic friction. Experimental results might be
best approximated by a combined theory, including
system dynamics, contact mechanics and changes of
the local coefficient of friction, but this is left for later
studies.

Note that the amplitude of oscillation can be either
smaller than the mean indentation (non-jumping),
in which case the body is always in contact with the
substrate, or larger (jumping case), where contact with
the substrate is intermittent. Initially we will focus on
the permanent contact case. Jumping will be introduced
later in the paper.

3 Qualitative analysis

All previous studies of the influence of normal
oscillations on friction, including the first part of the
present work [19], have shown qualitatively the same
dependence of the macroscopic coefficient of friction
(COF) on velocity: At zero velocity the friction force
is at its static value, which is determined solely by the
minimum value of normal force during one oscillation

cycle:
ty(1=Au, /u,,), for Au, <u,,
(non-jumping case)
=0)= 2
#(2o =0) 0, for Au, >u,, @

(jumping case)

At higher velocities the COF increases until it reaches
u, at some critical velocity v, (“point of insensitivity”),
and remains constant thereafter. The static COF and
the critical velocity v, are the two main reference
points of the velocity dependence of the COF. While
the first reference point is universal (Eq. (2)), the
second one is determined by the dynamics of the
tribological system.

We begin our analysis with the case of small
oscillation amplitudes, Au_ < Uy, SO that the lower
point of the indenter remains in contact with the
substrate at all times. In this case, the normal com-
ponent of the contact force F is non-vanishing and is
determined by the product of the current indentation
depth (Eq. (1)) with the normal contact stiffness k_ _:

Ey =k, (u,,+Au, cosot) (3)
At sufficiently large pulling velocities v,, the contact
point will be sliding all the time (without stick) in
one direction (except for the resonant case that will be
described later). Under these conditions, the average
tangential force is equal to the average normal force
times 4,, and the macroscopically observed COF,
which we define as the ratio of the mean values
of tangential and normal forces over one period of
oscillation, will be constant and equal to x,. When
the above conditions are satisfied the tangential force
of the contact spring is in equilibrium with the friction
force (normal force times 4, ), since the contact stiffness
is not associated with any mass:
k, (u,—u, )= uk, (u, ,+Au, coswt) 4)

x,c\"x

The equation of motion of the body m along the
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x-axis is
mur = kx (vot_ux)_kx,c (ux _ux,c) (5)

Taking Eq. (4) into account, the equation of motion
reads
mii, +ku, =k ot -k, Au, cosot—uk, u 6)

z,c " z,0

The particular solution of this equation is

z,¢

u
U, =0yt — pty —=u, , +———>—=—cos ot (7)

X X

Differentiating this solution with respect to time gives

k_ .Au
i =0, —%wsina)t (8)

X

Differentiating the equilibrium condition (Eq. (4)),

k (i

x,c \Px _ux,c) = _'uOkz,cAuza) sin wt (9)
Substituting Eq. (8) into Eq. (9) and resolving the

resulting equation with respect to i#__, we obtain the

x,c’

following expression for the sliding velocity of the
immediate contact point (lower point of the contact
spring)

k.. k,.+k, —mao?

U, =v,— — 1, @wAU_ Sin wt 10
x,c 0 k (ma)z—kx) ﬂ[] z ( )

x,c

Due to our previous assumption of continuous sliding
this velocity must remain positive at all times. This is

the case if
v, >0, (11)
where
) k.. koo +k, —me?|
Uy = Uy0AU, ka——maﬂ (12)

This relatively simple equation is one of the central
results of the present paper and it is instructive to
discuss it in some detail. First, let us consider limiting
cases that have already been studied in the literature:

L. In the case of a very soft system (k, << me”) with
very large contact stiffness (k, . >> ma® ) we effectively

have a rigid body under the action of constant
tangential force. In this case, which was considered in
Ref. [14] (see esp. Fig. 20 and discussion) the critical
velocity reduces to

. Au AF,

UO,SOft = luow |mza);c = IUO Mo (13)

II. The limiting case of a very stiff system (k, <<

k. —ma)2|) was considered in the first part of the
present work [19]. In this case Eq. (12) simplifies to

* kz c
Uy st = My @AU, K ; (14)

x,c

There are two other limiting cases which involve
resonances and have not yet been considered in the
literature:

ILIf k. +k, —mae® =0, the critical velocity is very
small: v, ~0 . The body is in permanent sliding state
even at very low velocities and the COF is constant
and equal to g, at all sliding velocities.

IV.If k, —ma’ =0, the critical velocity is infinitely
large and the system never achieves the state of
continuous sliding. It will be shown that in this case
the macroscopic coefficient of friction reaches a plateau
at large velocities, with a value lower than g, . This
case is of a special interest and it will be considered
below in detail and was also studied experimentally.

Let us now consider the movement of the body in
the general case, when the contact point slides during
some part of the oscillation cycle and sticks at other
times. The movement of the slider is still governed
by the Eq. (5), however, Eq. (4), which describes the
tangential force in the contact spring, is only valid
during the sliding part of the period, while during the
sticking phase the following is true for the immediate
contact point:

l;lx/c = O 4 kx,c (ux _ux,c) < luokz/c(uz/O +Auz cos Cl)t) (15)

To study the dynamics of the system in detail, the
equation of motion (Eq. (5)) was integrated numerically
with account of Egs. (4) and (15). The nontrivial
behavior that can result when both stick and slip
occur is illustrated in Fig. 2, which presents the time
dependencies of the normal and tangential force (the

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig. 2 An example of the dynamics of normal and tangential
contact forces showing the phases of slip, where the tangential
force (green line) coincides with the normal force multiplied with
M, (blue line), and the sticking phase, where the tangential force
is smaller than the normal force multiplied with s, .

former multiplied with g, ). During the sliding phase
(e.g., before t and between t, and t,), these two
quantities are equal, while during the sticking phase
the tangential force (green line) is less than the normal
force times 4, (blue line). The beginning of stick (t,)
is determined by the condition that the velocity of
the immediate contact point (lower end of the contact
spring) becomes zero, while the end of the sticking
phase (t,) is determined by the condition that the
tangential force becomes equal to the normal force
times 4, .

4 Dimensionless formulation of the problem
Introducing the dimensionless variables

0

7 =£ (16)

7=t (17)

§=u (18)
)

£ = uvﬁ (19)

where v, is defined by Eq. (12), with two additional
dimensionless parameters

k k. +k_.
p=——r

7
mo* mo*

(20)

We can rewrite the Egs. (4), (5) and (15) in the following
form:

(§—§C)=(”’Z—'0+cosrj“_1 1)

Au, -
{"=a(@r-8)-(B-a)&-<.) (22)

£ =0, §—§C<[ZZ—LZ+COSTJ0{:1 (23)

where &' =d&/dr, &"=d*¢/dr.

One can see that the behavior of the above system
is unambiguously determined by the following set of
variables:

v, A fu,,, o, and B (24)

After solving the Egs. (21)—(23), one can go back to
the initial dimensional variables and calculate the
average normal force (F) and the average tangential
force (F ) =(k (v,t —u,)) . The macroscopic coefficient
of friction is then defined as

(F)
(Fy)

(25)

/umacro =

It is easy to see that with the given dimensionless
variables (24) the macroscopic coefficient of friction
will be proportional to g, . Thus, it is more convenient
to define the reduced coefficient of friction, u_ . /x,,
which is a function solely of the variables (24). In the
following, we will explore the dependence of the
reduced COF on the dimensionless velocity (16) on
the parameter plane («, f) .

5 Numerical results and analysis

We begin with a general classification of the numerical
results (Fig. 3). According to the definition (20), S is
always larger than o, therefore we only consider
the upper half of the parameter space above the line
a = . In the figure, it is easy to identify the previously
described special cases: the limiting case of a very
soft system with a stiff contact (case I, according to
the above classification) corresponds to small values
of ¢ <<1 and large values of f>>1, and is thus to
be found in the upper left corner of the diagrams.
The limiting case of very stiff system with low contact
stiffness (case II), corresponds to a = £ and is found
along the diagonal of the diagram. The resonant

| https://mc03.manuscriptcentral.com/friction
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Fig. 3 Typical dependencies of ..,/ 4, on V for the oscillation amplitude Au, /u,,=0.5 (a) and for the maximal non-jumping
oscillation amplitude Au, /u,,=1.0 (b) arranged in a matrix of the dimensionless parameters « and g . The individual curves start at
the static COF value at v =0, which only depends on the oscillation amplitude and is equal to , /2 in (a) and zero in the diagrams in
(b). With increasing velocity, the reduced COF monotonically increases and reaches the value “1” at the velocity v =1. In between,
however, the velocity-dependence of the COF is determined by the particular system dynamics.

case III corresponds to the line f =1 and the resonant
case[Vto a=1.

Since case II occupies the diagonal of the diagram,
there are infinitely many possible transitions from II
to I. We will consider two such transitions: between
A and B in Fig. 3, which passes over the resonant case
II and from C to B, which passes over the resonant
case IV.

5.1 Limiting cases of soft (case I) and stiff (case II)
system and transition over resonant case III

Let us consider the transition from the stiff to the soft
system over the resonant case III in more detail. We
start with the separate consideration of the limiting
cases of the very stiff and the very soft system. The
diagram in Fig. 4(a) shows results of numerical simula-
tion for the parameter set (a, ) =(0.01,0.02), which
corresponds to the limiting case I according to the
classification of Section 3. This case was considered
in detail in the publication [19]. In Fig. 4, results of
numerical simulations are compared with the semi-
empirical equation

A
:umacro ~ 1 — uZ {3 (26)

2 (@-1y +1(5—1)4}
luO MZ,O 4 4

derived in Ref. [19] with 7 given by Eq. (16) and v,
by Egq. (14). The numerical data practically ideally
coincide with the result (Eq. (26)).

The right-hand-side diagram Fig. 4(b) presents a
comparison for the opposite case of very soft system.
Again, numerical data are compared with the analytical

ARy /4—“z7+ 1= AT |5
Feo |V 9 9

27)

expression
AF,
Hinacro — [1 _ N J_,’_
Hy Fuo

obtained in Ref. [14], with v, given by Eq.(13). In
this case too we see a very good agreement. However,

numerical data have a noticeable fine structure which
the limiting-case curves do not have (a sort of small-
amplitude oscillations).

With these two limiting cases, we establish the
connection to previous studies and at the same time
pose the more general problem of investigating the
dependencies of the coefficient of friction on velocity
in between these two poles.

As the character of the transformation of the law of
friction is very similar for various oscillation amplitudes,
in the following we illustrate this transformation only

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig.4 The dependence of g ../, on Vv for (a,f)=(0.01,0.02) and («,f)=(0.01,400.01) for the oscillation amplitudes
Au, /u,,=0.2, 04, 0.6, 0.8, 1.0 (from top to bottom). The crosses and black lines represent results of numerical simulation and the

red lines the analytical results (26) and (27).

for the case of the critical amplitude Au_/ u,=1. The
transition from the lower left corner of the diagram
in Fig. 3 to the upper left corner means that the value
of the parameter & remains small, while parameter
B is changing from very small to very large values.
The corresponding transformation of the dependencies
of the reduced coefficient of friction on the dimensionless
velocity is shown in Fig. 5(a) for the values of f§ in
the lower left quarter of the parameter space and in
Fig. 5(b) for the values of £ in the upper left quarter
of the diagram. In the lower quarter, the changes
of the form are relatively slow until parameter £
becomes very close to the value of “1”. In the vicinity
of this “resonant value” the upper point of the curve
starts to slide to the left forming a plateau (as is clearly

seen in Fig. 5(a) for £ =0.91). In the exact resonant
case, the whole “dependence” consists only of this
single plateau, that means that the coefficient of friction
is constant and equal to y,. Much more dramatic
changes occur after passing the resonant value f=1.
The resonant plateau then sharply decreases and a
second plateau appears at the same time. This process
repeats many times producing an oscillating curve
whose “upper envelope” tends toward the limiting
solution for the soft system, as already shown in
Fig. 4(b).

5.2 Resonant case IV

We now turn our attention to the resonant case 1V,
where the frequency of oscillation is equal to the natural

Fig. 5 The dependence of 1,/ 0n ¥ for Au,/u, ,=1, «=0.01 and a series of : (a) lower left quarter of the diagram in Fig. 3 (note

22,0

that the curves for g =0.02 and 0.11 practically coincide and cannot be resolved in the figure), (b) upper left quarter of the diagram.
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frequency of the slider @ =/k,/m and the system’s
behavior is qualitatively different from previously
considered cases. For convenience we consider an
equivalent system, where the right end of the system
spring k_ in Fig. 1 is fixed and the substrate is instead
moving with velocity v,. Note also that the velocity
dependence of the COF cannot be displayed as a
function of 7 in the resonant case, because v, tends
to infinity and o becomes zero. We therefore return to
the ordinary dimensional variables in this section. Since
we are here concerned with very large values of S,
we can consider the contact stiffness to be infinitely
large for the purposes of this analysis. We chose the
direction of the x-axis as the direction of movement
of the substrate. The equation of motion then reads

mi+k x =y F sign(v, —x) (27)
In our model the normal force oscillates according to
F, =F, +AF-coswt (28)
Thus, the complete equation of motion is
mx +k.x = p(F , +AF-cosmt)sign(v, —x)  (29)

For an approximate analysis, let us assume that the
body begins with a small-amplitude oscillation

X = Av cos wt (30)

Then the amplitude will be increasing over time
until Av becomes larger than v . Indeed, multiplying
Eq. (29) with Eq. (30) and noting that the left-hand side
of the resulting equation is the time derivative of the
energy of the system, we arrive at the energy equation

) k 2
dit(mzx + “zx ]zyO(FN,O+AF'cosa)t)Avcosa)t~

sign(v, — Av cos wt)

(31)

If Av<v,, then the average value of the right-hand
side is positive, and the energy of the system is
monotonously increasing from one period to the next.
However, if Av >, then the amplitude of oscillation
stabilizes at the value for which the average change
in energy during one period vanishes

((Fy +AF - cos wt)Av cos ot - sign(v, —Avcos wt)) =0
(32)

where (...) means averaging over one period of
oscillation. During one oscillation period, there is a
time interval 7, <7 <7, where v, —Avcosz <0:

7,, =*1 =*arccos(v, / Av) (33)

Assuming that the oscillation amplitude Av exceeds
the mean sliding velocity v, only slightly, 7~ can be
approximated by

T ~\2(1-9,/Av) (34)

In this approximation, the condition (32) can be
written, after some simple transformations, as —4( Fo+

AF)\J2(1-v,/Av) +AF =0. For the ratio of sliding

velocity and oscillation velocity amplitude we finally
find

2
_0:1_1 L (35)
Av 2| 4(F, +AF)

Let us now calculate the macroscopic coefficient of
friction. It is given by the equation

((Fy, +AF -cos7)sign(v, — X))
0

oA FN,O
B (36)
=t —4][1+A—F-coerdr+2n
21 0 FN,O

which, assuming sufficiently small 7~ and considering
Egs. (34) and (35), leads to the equation

Hinaero ~1-— AF (37)
Hy 2FN,O

Comparing this with numerical results (Fig. 6) shows
that the obtained approximation describes the plateau
value of the COF in the resonant case very well.

6 Large oscillation amplitudes (“jumping”)

If the amplitude of normal oscillation Au_ exceeds the
07 the body starts to
“jump”: For part of the oscillation period, it will be in

average indentation depth u

contact with the substrate and out of contact the
rest of the time. In previous studies this case has not
usually been studied in detail. In the first part of this
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AFy/F=0.0

Fig.6 The dependence of g,/ on the dimensionless
velocity v,me / (u,F, ,) for the resonant case. The curves start at
zero velocity at the static value /i, =1-AF /K, and tend to
the limiting value /1, =1-AF /(2F,) given by Eq. (37) at
large velocities. The black curves correspond to the non-jumping
case AR, /F, <1, and the gray curves to jumping conditions
(AR /R, >1).

publication [19] the jumping case was also considered
(in the context of a stiff system) and it was found
that the general character of the dependence of the
coefficient of friction on dimensionless sliding velocity
is very similar between the jumping and non-jumping
cases: In both cases there is a critical velocity above
which the COF no longer depends on velocity. Also,
the shape of the velocity-dependences changes little
after exceeding the critical oscillation amplitude
(Au,=u,,). In analogy to Fig.3 we present the
different dependences for the jumping case in Fig. 7.
Comparison with the corresponding graph at the critical
amplitude Au, =u_, presented in Fig.3(b) shows
that the general character of the dependences remains
roughly the same. In particular, in the resonant case IV
considered above (corresponding to o =1) there is still
a plateau. However, the level of the plateau decreases
with increasing oscillation amplitude.

7 Comparison with experiment in the
resonant case

Of the various cases considered in the above discussion,
several were studied experimentally in the past. The
case | of a stiff system (or high-frequency oscillation)
was studied experimentally, e.g., in Ref. [16]. On the

001 A0~

s _os_ds_i0

T —— T Ty
0.01 0.1 1 10 100

a
Fig. 7 Typical dependencies of the reduced coefficient of friction
Hoaero | o, ON the dimensionless velocity v for the relative
oscillation amplitude Au, /u,,=1.5 (jumping case).

other hand, we are not aware of previous experiments
for the resonant case IV. We therefore conducted
experiments using a pin-on-disc tribometer (Fig. 8(a)).
The natural frequency of the pin was determined by
impacting the pin and measuring its damped oscillation
with a laser vibrometer (Fig. 8(b)).

As the determined natural frequency was around
800 Hz, the usual method of exciting oscillations with
built-in piezo-elements could not be used, and the
tribometer was extended with an electromagnetic
shaker as shown in Fig. 8(a). The frequency of the
shaker was tuned to the natural frequency of the pin,
thus creating the conditions of the resonant case IV.
The results are presented in Fig. 9. In contrast with
non-resonant cases, where the COF increases mono-
tonically with increasing velocity, in the resonant case
it was approximately constant (within the relatively
large stochastic error).

8 Summary

We presented a general theoretical analysis of the
influence of out-of-plane oscillations on the macros-
copically observed coefficient of friction. Unlike
previous works, we explicitly took into account both
the contact stiffness and the stiffness of the measuring
system.

| https://mc03.manuscriptcentral.com/friction
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Fig. 8 (a) A photograph of the experimental set-up: a pin-on-disc
tribometer is equiped with an electromagnetic shaker producing
out-of-plane oscillations at the resonant frequancy of the pin.
(b) The resonant frequency was determined by impacting the pin
in the tangential direction and determining the Fourier spectrum
of the response. The measured natural frequency of the pin was
about 800 Hz.

0.7 T T T T T

Fig. 9 Dependence of the coefficient of friction on velocity
for the resonant case. The oscillation amplitudes were: (1) 1.3 um;
(2) 5.4 um; (3) 8.2 um; (4) 60 pum.

The main governing parameters of the resulting
system appear to be the ratios of two natural fre-

quencies of the system (one related to the contact
stiffness of the system and the other to combined
stiffness of the system and contact) to the frequency of
the normal oscillation. As observed in previous works,
the velocity-dependence of the COF was found to
have two main reference points:

(1) The value at vanishing sliding velocity (static
coefficient of friction), which naturally does not depend
on the dynamic properties and is solely determined by
the smallest normal force during the oscillation cycle.

(2) The characteristic velocity above which the COF
no longer depends on the sliding velocity and is equal
to its microscopic value 4, .

The only exceptions from this rule are the two
resonant cases: One where the COF is constant and
equal to y, at all velocities (III) and a second case
where the oscillation frequency is equal to the natural
frequency of the pin. In this latter case the COF tends
to a plateau value below 4, and does not have a
maximum velocity above which the reduction of the
COF disappears. To the best of our knowledge, this
resonance case was not studied yet and is described
here for the first time.

Figure 10 summarizes schematically the main
findings of the present paper. Contrary to the previous
figures, we use the non-normalized coefficient of
friction and the non-normalized sliding velocity v,

Fig. 10 Schemetic representation of the law of frition (dependence
of the friction coefficient on the macroscopic sliding velocity) for
different relations between the contact and system stiffness as
well as eigenfrequencies and the oscillation frequency.
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as this better highlights the main tendencies and is
easier to compare with experiment.

All dependencies of the macroscopically observed
coefficient of friction start at the same static value
4 (1=AF, | F ), which is determined by the smallest
normal force during the oscillating cycle. The further
shape of the law of friction depends strongly on the
dynamical properties of the system.

The case of the very soft system (and stiff contact),
which was studied theoretically in Refs. [7] and [14],
is shown in Fig. 10 with a blue line. In this case, the
coefficient of friction first increases very rapidly from
the static value, reaches the macroscopic value g, at
the critical velocity u,AF /me and does not further
change with increasing velocity. The critical velocity,
in this case, depends solely on the inertial properties
of the system, but not on its stiffness. However, in
this approximation the theoretical predictions showed
poor fit with experimental data [7]. According to Ref. [7]
a much better fit to experimental data is achieved if
the contact stiffness is taken into account.

The case of finite contact stiffness and very rigid
measuring system was considered in detail in the first
part of this series [19] and is represented in Fig. 10
with a black curve. The curve starts at the same static
value y (1-AF, /F,) of the COF and increases with
increasing velocity, however not as rapidly as in the
case of the soft system. After reaching the value g,

at the critical velocity uywAuk _/k it remains

constant. In this case the critical Velé)city does not
depend on inertial properties of the system. However,
the contact stiffness also does not enter explicitly into
the critical velocity; only the ratio of the normal and
tangential stiffness (the Mindlin ratio) appears in the
equation. This ratio only depends on the Poisson ratio
of the contacting partners and is equal to 1.25 for
the typical case of v=1/3. As shown in this paper,
this case is also applicable at very high oscillation
frequencies independently of contact and system
stiffness.

The law of friction in the transition region between
soft and stiff system is schematically represented by
the green curve in Fig. 10. In the transition region
the dependencies of the coefficient of friction on the
sliding velocities can have a complicated shape and
are sensitive to the parameters of the system and the

frequency of oscillations (see Figs. 5 and 6). Regardless
of this complexity, all curves start at the same static
friction value x4 (1-AF /F,) and reach g at the
critical velocity given by Eq.(12). Depending on
parameters, this velocity can range from zero to
infinity.

When approaching the resonant case IV where the
frequency of the external oscillation is equal to the
natural frequency of the system, the critical velocity
tends to infinity and the COF reaches a plateau value
less than 4, . For the exactly resonant case, the COF
does not exceed the value x4, (1-AF/(2F,)), which
is larger than the static value y (1-AF/F,), but
smaller than x4, even at very high sliding velocities.

In conclusion, we would like to stress once again
that the entire analysis of this paper is based on the
assumption that Coulomb’s law of friction with a
constant coefficient of friction is valid locally, in the
immediate contact point. We have shown that the
macroscopic behavior can be very non-trivial despite
the simplicity of the underlying local law of friction.
However, a more general analysis taking into account
system dynamics, contact stiffness and changes of
local friction may eventually achieve the best fit with
experimental data. Nonetheless, we believe that
changes in the local COF will not impact the overall
classification of the discussed dynamic cases. One of
the most robust predictions of the present analysis is
the existence of the characteristic velocity above which
the coefficient of friction does not depend any more
on the presence of oscillations. The existence of such
velocity was already confirmed for a more general
case of a contact with a viscoelastic material [20].
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Abstract: Tactile perception is a complex system, which depends on frictional interactions between skin and
counter-body. The contact mechanics of tactile friction is governed by many factors such as the state and
properties of skin and counter-body. In order to discover the connection between perception and tactile friction
on textured stainless steel sheets, both perception experiments (subjective) and tactile friction measurements
(objective) were performed in this research. The perception experiments were carried out by using a panel test
method to identify the perceived roughness, perceived stickiness and comfort level from the participants. For
the friction experiments, tactile friction was measured by a multi-axis force/torque transducer in vivo. The
perceived stickiness was illustrated as an effective subjective stimulus, which has a negative correlation to the
comfort perception. No significant evidence was revealed to the connection between the perceived roughness
and comfort perception, and this relationship may be influenced by the participants” individual experience,
gender and moisture level of skin. Furthermore, the kinetic tactile friction was concluded as an objective
stimulus to the comfort perception with a negative correlation.

Keywords: tactile friction; perception; pleasant touch; biotribology

1 Introduction

Tactile comfort, a concept with a mechanical,
physiological and a psychological perspective, is of
particular concern to industry and academia. The
hedonic attributes of tactile comfort are influential to
our daily life like wearing clothes, using personal
care products, holding tool handles or in domestic

* Corresponding author: S. ZHANG, E-mail: s.zhang@utwente.nl

appliances [1-3]. In the case of designing hand tools,
the relationships of comfort descriptors and comfort
factors with users’ experiences have been investigated,
and the relation with skin friction to enhance the
comfort level of products is described in detail [4-6].
In a more prosaic case, the degree of comfort in tactile
contact between the skin and stainless steel surface
for domestic appliances greatly affects the quality of



208

Friction 5(2): 207-218 (2017)

our daily life. Stainless steel is one of the most common
materials used in automobile, architecture, kitchenware,
medical applications, etc. However, the study of
perception and friction on stainless steel material is
limited. The enhancement of tactile comfort in daily
interaction with stainless steel products can directly
increase the customers’ satisfaction by the stimulation
of the somatosensory system in a positive way. A
higher added value could be created by understanding
the stimulus parameters and pleasantness factors [7]
validated by an experimental approach for stainless
steel sheet material.

A basic understanding of the skin anatomy is
important to tactility-related research. The skin has a
complicated structure composed of three main layers:
epidermis, dermis and hypodermis [8]. Each layer
has a different composition, thickness, hydration
degree and mechanical properties [9]. In addition,
the state and properties are a function of the body
region, age, degree of hydration or nutritional con-
dition as well [10-15]. Overall, the skin behaves in
a viscoelastic, non-homogeneous, nonlinear and
anisotropic manner under load.

The tactile friction can be influenced by the surface
texture during the measurements. According to the
work of Tomlinson et al., additional effects including
interlocking and hysteresis can be added to adhesion
[16, 17]. From the psychological perspective, humans
are able to distinguish multidimensional textural
stimuli including sensations of roughness versus
smoothness, hardness versus softness, stickiness versus
slipperiness, and warmth versus coolness [18]. In this
paper, the perception experiment was focused on the
following three surface properties: hardness, roughness
and stickiness. Stainless steel sheet samples were used
with the same thermal properties and within the
same hardness range, therefore, only roughness and
stickiness were variables in this research.

In total, five surface textures are analyzed: four
deterministic surface textures with specific geometric
shapes, designed for this research, and one conven-
tionally finished sample (2G finish) as reference.
Three different surface fabrication methods, i.e., laser
surface texturing, stamping (or pressing) and cold
rolling were used to produce the experimental surface
textures on stainless steel samples. This combination
of production technologies is unique and not reported

before in surface haptic related research. The objective
of this research is to investigate the relationship
between tactile comfort and friction, specifically for
stainless steel sheet surfaces.

2 Methods

2.1 Subjects and conditions

The finger friction measurements and perception
experiments were performed in a controlled laboratory
having an ambient temperature of 20 + 1 °C and relative
humidity of 50% + 10%. The total number of subjects
were sixteen (eight female and eight male volunteers)
aged from 20 to 30 years with no known skin disease.
All tests were conducted on the middle finger of the
non-dominant hand to avoid any bias, because the
dominant finger (index finger) of the dominant hand
can have more wear of the finger ridges due to frequent
daily use. No external skin care products were used
prior to the experiments. The fingertips were cleaned
with alcohol and air-dried for ten minutes before testing.
A Corneometer CM 825 (Courage+Khazaka GmbH,
Germany) was used to measure the hydration level of
the skin (up to 120 AU) before the experiments. The
range of hydration level of all subjects was 62~120 AU.
The evaluation of hydration related skin types can
be categorized by arbitrary units (AU) into: very dry
skin (<30 AU), dry skin (30~40 AU), normal skin
(40~100 AU), wet skin (100~120 AU), very wet skin
(>120 AU) [19].

2.2 Testing objects

Five stainless steel EN-1.4301 tiles, four textured and
one conventionally finished surface 2G, were used
in the tests (see Table 1 and Figs. 1 & 2). The test areas
of samples in contact with fingers during sliding
were approximately 30 mm x 30 mm. The 1 mm x
1 mm area of each sample was measured by a three-
dimensional (3D) areal confocal microscope (USURE-
mobile, NanoFocus AG, Germany) with a 20x objective
(height resolution = 63 nm) and a 4 um filter. According
to the literature, 3D roughness parameters give more
complete assessment of the roughness over the surface
compared to two-dimensional (2D) roughness para-
meters on the flat surface structures [20]. The 3D surface
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Table1 The surface parameters of the samples with depth (D), spacing (1), width (W), 3D surface roughness (Sa) were measured
using a 3D areal confocal microscope (USURF-mobile, NanoFocus AG, Germany).

samplerane  Ffcalon - Sufce  Sawledie DD Wb spng S
1HV90 Stamping Crater 35 x 65 x1 20 50 50 0.49
1HV90-1% Cold rolling Grid 35 x 65 x1 20 50 60 1.34
HDG-1 LST Grid 35x 35 x1 30 75 90 4.02
LDG-3 LST Grid 35 x 35 x1 30 100 115 6.56
2G Cold Rolling — 35 x 65 x1 — — — 0.13

Fig. 1 Texture parameters for crater and grid structures.

roughness Sa of the texture denotes the average vertical
deviation at the location of the measured surface area,
and is greatly influenced by the height of pattern.
Compared to the line roughness Ra, the 3D surface

roughness Sa is conducted in an areal measurement
which is more accurate to describe the surface
characteristic in roughness. Therefore, surfaces of the
samples were measured in 3D surface roughness Sa
in this work.

All samples were using the same stainless steel
sheet material EN-1.4301 with different surface texture
produced by various fabrication methods and taken
from a large set of microstructured samples based
on the topographical quality of the texture produced
in an EU project [21]. Sample 1HV90 was fabricated
by a stamping method with tools that contain the
negative of a crater pattern which is hemispherical
(see Fig.2(a)). The grid pattern on sample 1HV90
with 1% elongation was produced by cold rolling
with rolls that contain the negative of the pattern (see
Fig. 2(b)). The low density grid pattern on sample

Fig. 2 SEM images of sample (a) 1HV90 (stamping), (b) 1HV90-1% (cold rolling), (c) HDG-1 (LST-Picosecond), (d) LDG-3

(LST-Nanosecond) and (e) 2G (reference).
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LDG-3 (see Fig.2(d)) was produced by direct laser
surface texturing with a nano-second laser, and the high
density grid pattern on sample HDG-1 (see Fig. 2(c))
was fabricated by direct laser surface texturing (LST,
pico-second laser). The sample 2G, produced by cold
rolling and subsequent skin pass rolling, was used as
received condition and served as a reference specimen
for comparison (see Fig. 2(e)). The samples 1HV90,
LDG-3 and HDG-1 are specifically designed for touch
perception, and produced for the first time.

2.3 Testing methods

The experiments were conducted in two parts: per-
ception experiments (subjective rating) and tactile
friction measurements (objective measurement). First,
the perception experiments were carried out by using a
panel test method to identify the perceived roughness,
perceived stickiness and comfort level from the subjects
(see Fig.3(a)). The work of Whitaker shows both
vision and touch is able to contribute information
to the perception of texture in an independent but
complementary manner. The exposure of the object
to a visual stimulus can increase or decrease the
preference during the touch perception [22]. Therefore,
all the participants were blindfolded to avoid vision
interference on perception and focus on touch per-
ception only. Before the perception experiments, the
participants (all master students from an English-based
course) were explained by the author in English,
and any rising questions were answered to clear the

doubts. The four samples having designed textures
and one reference stainless steel samples were presented
to the subjects in random order. The subjects were
requested to use the middle finger of their non-
dominant hand to touch and slide along the sample
surface toward the body. The same sliding direction
was performed in the friction measurements. According
to the previous study, the sliding direction to the
texture can alter the kinetic tactile friction between
the fingertip and the counter-surface [23]. During the
perception tests, the subject had unlimited time to
explore the sample before reporting a judgment. The
ratings from 0 to 10 were graded by each subject to
describe the level of perceived roughness, perceived
stickiness and comfort. The higher number represented
a greater perception of roughness. The same ten-point
scale was used for the perception of surface stickiness
and comfort level. The participants may have confusion
about the perception of stickiness between stick-slip
friction and stickiness-adhesion. Since the assessment
was given during the sliding motion, it is more likely
the panelists graded the perception of stickiness based
on how smooth the motion is. In addition, the subjects
may touch and slide the samples more than one time
before the grades were given.

For the friction experiments, a multi-axis force/torque
transducer (ATI Industrial Automation, Apex, NC,
USA) was used to measure kinetic skin friction in vivo
(see Fig. 3(b)). This apparatus, described in full detail
in Ref. [23], is able to measure the outputting forces

Fig. 3 (a) Perception experiment (blindfolded); (b) friction measurement set-up.
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and torques from all three Cartesian coordination
(%, y, and z) with the resolution of 25 mN in normal
direction and 12.5 mN in tangential direction. Double
sided tape was used to firmly fix the testing samples
to the top of the force transducer. The same fingers
used during the perception tests were used to perform
sliding motion on the samples towards the body. Each
friction measurement consisted of five repetitions
of sliding motion. All participants were instructed to
slide in a stable and natural way with no external
load. The range of the resulting average normal force
was from 0.12 to 0.63 N which can be regarded as light
touch conditions (<1 N) (see Fig. 4) [24]. The stroke
length was 30 mm for all samples. During the tests, the
sliding velocity was kept as constant as possible. The
sliding velocity of each friction measurement was
recorded by the force transducer. In this manner, the
data of friction force and normal load were acquired
with a sampling rate of 100 Hz. The values of friction
coefficient (COF) were calculated as the ratio of friction

force F; and normal load Fy (COF = ll::—f} .

N

3 Results and discussion
3.1 Friction measurements

The kinetic friction measurements of all sixteen
participants on the stainless steel samples are plotted
in Fig. 5, and the average values of COF for the five
samples were sorted in decreasing order in Fig. 6.
From Fig.5 it shows that certain participants slide
their finger pad with higher values of the friction
force than other participants, although the counter

Fig. 4 The average applied normal load (with standard deviation)
of each participant during friction measurements.

Fig. 5 Finger friction measurements of the participants on the
stainless steel samples.

Textures

Fig.6 The average values of COF of the Kkinetic friction
measurements (five sliding cycles) for the 5 samples, sorted in
decreasing order.

surface has the same topography. This phenomenon
is related to the system dependence of friction, which
could be caused by many factors including the resulting
contact area, hydration level of skin, and applied
load. These factors can be understood from the well-
described two-term friction model, for skin friction,
which consists of both an adhesive and a deformation
component of friction [25, 26].

Ff,tot = Ff,adh + Ff,def (1)
Ff,adh = T.Areal (2)

3 6
Ff,def :EIB;F (3)

where F is the normal load; A , is the real contact

real

area; 7 is the shear strength of the interface; a is the
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contact radius of the fingertip; p is the viscoelastic
loss fraction and 0 is the indentation of the skin.
Related studies show that adhesive component of
friction plays the dominant role in skin friction and
greatly depends on the real contact area [27, 28].

The hydration level is another important element
of skin friction. Related studies suggest that the
increased hydration level of skin can increase the
values of COF [29-31], and it is an influential factor
in the tactile friction measurement. According to the
literature, with the same real contact area, the moist
skin has a lower elastic modulus, which leads to the
increase of the adhesive component of friction [32].
In our case, the hydration level of all participants
ranged from 62 AU to 120 AU with an average value
of 90.9 + 17.8 AU. Except for participant #5 (119.7 AU)
and participant #14 (111.2 AU), the skin type of
most participants can be categorized as normal skin
(40~100 AU). These two outliers are close to the average
value. In this case, the influence of hydration level is
limited compared to other factors.

Furthermore, the relationship between the normal
load and COF needs to be discussed. In the literature,
a linear relationship was found over the load range
of 1N [33, 34]. In our case, the overall normal load
ranged from 0.13 N to 0.63 N with an average normal
load of 0.25 +0.12 N, and the lower normal loads were
slightly employed with the higher values of COF
(see Fig. 7). Moreover, the sliding velocity can affect
the frictional response as well. The force transducer
recorded the sliding velocity of each friction measure-
ment, and the sliding velocity of all participants
ranged from 25 mm/s to 124 mm/s. According to
the research conducted by Tang et al., as the sliding
velocity increases, the kinetic tactile friction increases
accordingly due to the hysteretic friction with more
energy lost in elastic hysteresis [35]. Tang et al. found
that values of COF were larger when sliding velocity
increased from 0.5 mm/s to 4 mm/s and the “stick-
slip” phenomenon became severer. Therefore, the
variations of kinetic skin friction from Fig. 5 can be
explained by contact area, hydration level and sliding
velocity of each subject. From Fig. 6, it shows that
even with the influence described above, certain texture
shows higher average value of COF, for example, the
texture 1HV90 (crater) has the highest COF compared
to others.

More importantly, the surface roughness of the
counter-surface was investigated. The measured values
of the 3D surface roughness Sa are listed in Table 1
which shows that the laser surface textured samples
in general are rougher than both the stamped samples
and the reference sample. In this research, the reference
stainless steel sample (2G) had the lowest 3D surface
roughness Sa. As shown in Fig. 8, a significant
reduction in COF is observed with the sample of
higher surface roughness, and illustrating that higher
3D surface roughness Sa result in lower tactile friction
with a determination coefficient of 0.8313. A similar
phenomenon was found in the study of Derler [32],
that the adhesive component of skin friction is reduced
when sliding against a rough glass surface. In our
case, the normal load is less than 1 N which is con-
sidered in the light touch regime, therefore, the possible
indentation of the skin is relatively smaller than the
surface texture under partial contact condition. When
in contact with the rougher surface, the skin has
a smaller contact area, and lower friction force is
generated. Under a constant normal force, the coefficient
of friction is reduced significantly, in the current case

Fig. 7 The average normal load versus COF.

5

'

Fig. 8 COF versus measured 3D surface roughness Sa.
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with 250% reduction compared between the lowest
COF with the reference sample.

3.2 Perceived roughness & stickiness

The magnitude estimation method is considered as
one of the most common psychophysical methods for
the perception experiments. In our case, the perceived
roughness and perceived stickiness were ratio scaled
by the participants from 0 to 10 based on the intensity
of impression towards the stimulus. Compared to the
smaller ratio scale like from 1 to 5, the larger numeric
range (from 0 to 10) gave wider perceptual intensity
to the individual participants to better describe their
natural perception towards the stimulus. In addition,
the estimations were then normalized and calculated
into the geometric mean.

The perceptual properties of roughness and stickiness
are two important elements that contribute to the
perception of texture. In this research, the goals of
perceived roughness and perceived stickiness were
conducted in two parts: (a) perceptual discrimination;
and (b) the influence of kinetic tactile friction. As
the part (a), we first need to determine whether the
participants were able to distinguish the perceptual
stimuli like the perceived roughness and perceived

stickiness. In our case, the subjects were able to
discriminate the perceived stickiness of the samples,
and the relationship between the perceived stickiness
and 3D surface roughness Sa is in a negative correlation
(R* = 0.8001) (see Fig. 9(b)). Moreover, the perceived
roughness is consistent with measured 3D surface
roughness Sa, and a positive correlation was found
(R?=0.7434) (see Fig. 9(a)). The results show that the
participants can distinguish a set of stainless steel
samples in terms of stickiness and roughness. Early
research found that subjects were able to discriminate
pattern height with difference of 1 um to discriminate
the perceived roughness of sandpaper and ridged
stainless steel samples with different surface roughness
[36]. According to the recent research conducted by
Skedung et al., the tactual perception of human finger
is able to perceive features of surface textures as small
as submicron in both wavelength and amplitude [37].
In our case, the 3D surface roughness Sa was ranged
from 0.49 pm to 6.56 pm.

The influences of kinetic tactile friction were also
concerned in this study. Figure 9(c) reveals the negative
correlation of perceived roughness with the values
of COF from the friction measurements (R = 0.7312).
According to the research conducted by Smith et al.,

Fig. 9 Geometric mean of perceived roughness versus (a) 3D surface roughness Sa, and (c) COF; and geometric mean of perceived

stickiness versus (b) surface roughness Sa, and (d) COF.
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the sensation of roughness (perceived roughness) is
a reflection of variation in tangential force [38]. The
changes of spacing and height would contribute to the
variations in kinetic tactile friction, which ultimately
affect the perception of roughness. In Fig. 9(d), the
perceived stickiness was found to have a positive
correlation with COF (R? = 0.96). The results revealed
that the perceived stickiness was significantly influenced
by the variation of friction, and similar phenomenon
was found in the study of Hollins et al. [39].

3.3 Comfort Level

The impression and emotional feeling of an object by
touch becomes apparent through sensation, perception
and cognition [40]. Moreover, the perception of
pleasantness (comfort) is individual, subjective and
closely related to the properties of counter-body. From
research on multidimensional subjective experience
of surface texture, perceptual stimuli of cold-warm,
hard-soft, smooth-rough and slippery-sticky can be
extracted as four principal subjective dimensions [41-43].
Stainless steel EN-1.4301 was used as the material
for all samples, therefore, the perceptual dimension
of hard-soft did not apply to this study. Same for the
perceptual stimuli of cold-warm, which is same for the

same material. In addition, one important physical
dimension of kinetic tactile friction was concerned.
As such, it becomes possible to explore the relation
between the physical stimulus of finger pad friction,
and the perceptual stimuli of roughness and stickiness
to comfort (or pleasant) touch.

Based on the perception experiments, the relationship
between the comfort level and perceived roughness
shows no correlation with determination coefficient
of 0.2473 (see Fig.10(a)). This indicates that the
perceived roughness is an insignificant stimulus
for pleasant touch. According to the literature, the
relationship between comfort level and perceived
roughness can be biased upon subjects’” experiences
in tactile sensation [44]. In another study of Barnes
et al. [45] on surface and touch, the influence of
perception with measured roughness was investigated
and no clear relationship was found between roughness
and feeling. However, the perceived stickiness shows
a negative influence on comfort perception with a
rather high coefficient of determination (R? = 0.7214)
(see Fig. 10(b)). Based on the results, the sample HDG-1
and sample LDG-3 showed the highest comfort level
when the perceived stickiness decreased (See Table 2).
It appears that the perceived stickiness is a dominant

Fig. 10 Geometric mean of (a) comfort level versus perceived roughness; (b) comfort level versus perceived stickiness; (c) comfort

level versus COF.
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Table 2 The geometric mean of perceived stickiness, perceived roughness, comfort level of sixteen participants from perception
experiments; the average values of COF with standard deviations (STD) from friction measurements.

Perceived

Perceived

Sample name Comfort level STD stickiness STD roughness STD COF STD
HDG-1 6.5 15 2.7 1.5 3.8 1.5 1.24 0.34
LDG-3 5.6 15 2.8 1.6 5.0 1.7 0.94 0.18

1HV90-1% 5.5 15 3.8 1.6 4.0 1.3 2.03 0.49
2G 51 13 5.3 1.5 2.0 1.7 2.92 0.76
1HV90 4.4 14 5.2 1.9 2.9 15 3.28 0.96

perceptual stimulus to affect the level of comfort on
the same type of material (same hardness). However,
the perceived roughness did not align a meaningful
dimension in the comfort level of perception.

In the study on the physical factors influencing
pleasant touch, Ref. [7] shows that participants rated
comfort level based on the comparison of the friction
forces during the perception experiments. In the current
case, friction was used as a physical stimulus to the
comfort level, based on a crater and grid texture
design. From the results, the geometry of grid can
change the surface roughness greatly and had a better
effect in reducing the kinetic skin friction compared
to the crater structure and reference sample. A clear
negative correlation was found between the level
of comfort and the COF with the determination
coefficient of 0.7128 (see Fig. 10(c)). The comfort
level increases when the tactile friction between the
skin and counter-surface decreases which is consistent
with the experimental results of Klocker et al. [7].
Therefore, the kinetic tactile friction can be concluded
as a physical stimulus to predict the comfort feeling
based on the experimental data. And grid structure is
one unique and desired texture to create high comfort
touch conditions.

4 Conclusions

In this research, subjective and objective measurements
were performed by sixteen participants on five different
stainless steel samples with designed microstructured
surfaces. Based on the results of perception tests
(subjective measurements) and friction measurements
(objective measurements), the conclusions can be
summarized as follows:

(1) The participants had the ability to distinguish
the perceived roughness and stickiness of the counter-
surface by touching the objects in sliding motion. The
perceived roughness was consistent with 3D surface
roughness Sa in a positive correlation. And the per-
ceived stickiness was found to correlate in a negative
relationship with 3D surface roughness Sa. In addition,
both perception of stickiness and roughness can be
influenced by the variation of kinetic tactile friction.

(2) From the subjective perspective, the perceived
stickiness was illustrated as a perceptual stimulus
which was able to influence the comfort level of
perception in a negative correlation. However, the
effect of the perceived roughness was insignificant in
the connection to the perception of comfort.

(3) From the objective perspective, the kinetic tactile
friction was proved to be an effective physical stimulus
which has a negative correlation to the comfort
perception.

The results of this study can be beneficial to
understand the relationship between the tactile friction
and perceptual attributes including perceived roughness,
perceived stickiness and comfort level. In the future
research, the effect of temperature on tactile friction
and perception will be investigated.
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Abstract: Three types of nano-montmorillonite were doped as additives to afford lubricating greases. The

physicochemical, insulating, and tribological performances of the obtained lubricating greases were investigated

in detail. Furthermore, the tribological action mechanisms were analyzed by high magnification optical microscope,

Raman spectroscopy, and energy dispersive X-ray spectroscope (EDS). The results show that the inorganic

modification montmorillonite (IOMMT) can significantly increase the number of electron traps in the base

grease, leading to excellent insulating performances. Moreover, IOMMT as a novel lubricant additive (1.5 wt% in

grease) significantly enhances the friction reducing and anti-wear abilities for steel/steel contact that comprises

a unique layered structure to prevent friction between the contact pairs and the protective tribofilm generated

by physical adsorption and chemical reaction.

Keywords: nano-montmorillonite; insulation; friction and wear

1 Introduction

The primary function of lubricating agents as
engineering materials is to enhance equipment efficiency,
reduce frictional loss, and extend the service life of
machines [1-3]. However, since mechanical equipments
are used in various fields, they present some special
demands apart from excellent friction reducing and
anti-wear properties. For instance, the lubricating
greases applied in some electrical equipment should
possess good conductive capacity [4-6], whereas the
space lubricating greases should maintain long-term
reliability under high-energy irradiation, high vacuum,
and high/low temperature [7-10]. Lubricating grease
applied in some electrical devices, such as a cable
connector, a battery terminal, or a plug connection,
should exhibit high levels of insulation to eliminate
discharge and excellent tribological properties to
reduce frictional loss generated by frequent operations
[11-13]. We have proved in our previous study that
the greases synthesized with nanometer SiO, and

* Corresponding author: Yangiu XIA, E-mail: xiayg@ncepu.edu.cn

TiO, have an outstanding insulation and tribological
performance [11].

Montmorillonite (MMT) is a type of natural nano-
meter silicate mineral with a layered structure. It has
drawn intensive attention across the industry and
academia because of its unique performance, including
high strength, large special surface area (SSA), superior
insulating property, outstanding adsorption capacity,
and novel tribological performances. Furthermore,
MMT has a sandwich structure, wherein the upper
and lower layers are silicon-oxygen tetrahedrons and
the middle layer is aluminum-oxygen octahedron.
Moreover, exchangeable cations, such as Na*, Mg,
and Al’, exist between the layers [14-18]. Due to its
unique characteristics of having a nano-scale layered
structure and exchangeable cations, MMT can be easily
modified and used for various applications. There are
two methods to modify MMT: organic modification
(OMMT) and inorganic modification (IOMMT). The
modified MMT possesses higher SSA, adsorption
capacity, and dispersive capacity, and it is widely
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applied in the composite, electrical engineering, and
medical fields [19-21]. Pojanavaraphan et al. found that
MMT significantly improved the material properties,
including the mechanical, rheological, and swelling
behavior in aerogel/pre-vulcanized natural rubber
composites produced by freezing-drying [22]. Rashmi
et al. reported that the epoxy nanocomposite with
5 wt% OMMT exhibited outstanding wear resistance
[23]. Yuan et al. prepared a novel cellulose insulating
paper with modified MMT and the breakdown voltage
was increased from 50.3 kV to 56.9 kV [24]. Fan et al.
investigated the tribological properties of a self-
lubricating liner based on MMT reinforced phenolic
nanocomposites and found that the addition of
2 wt% OMMT induced the required friction and wear
properties [25].

In this study, new types of lubricating greases
exhibiting excellent insulating and tribological per-
formances were synthesized with nano-montmorillonite
and SiO,. The insulating and tribological performances
of the lubricating greases were investigated using an
automatic electrical breakdown tester, volume resistivity
tester, and a MFT-R4000 reciprocation friction and
wear tester. High magnification optical microscopy,
Raman spectroscopy, and energy dispersive X-ray
spectroscopy (EDS) were also employed to explore
the lubricating mechanisms.

2 Experimental details
2.1 Materials

Based on the Lv’s work and our previous article
[11, 26, 27], naphthenic oil (254 Karamay transformer
oil) was selected as the base oil, and Table 1 shows its
typical characteristics. Polytetrafluoroethylene (PTFE,
Dyneon™ TF9207,) with a density of 2.2 g/cm® and
4-um grain size was used as a thickener and analytically
pure acetone (Sinopharm Chemical Reagent Co., Ltd.)
was used as a polar dispersant. Three types of nano-
montmorillonite and nano-SiO, were purchased from
Haichengxingye Technology Co., Ltd (Shenzhen, China)
and DK Nano-technology (Beijing, China), respec-
tively. Table 2 lists the typical characteristics and Fig. 1
shows the Fourier transform infrared spectrum of
nano-montmorillonite.

Table 1 Typical characteristics of the naphthenic oil.

Item 25# Karamay  Standard
Kinematic viscosity (40 °C) 9.936 ASTM D445
(mm?/s)

Density (20 °C) (kg/m®) 883 ASTM D4052
AC breakdown voltage 60 ASTM D149
(2.5 mm gap) (kV)

Pour point ( °C) -35 ASTM D97
Flash point ( °C) 145 ASTM D92
Acid value (mgKOH/kg) 0.02 ASTM D664
Moisture (mg/kg) <30 ADTM D6304

Table 2 Main characteristics of the nano-montmorillonite and
nano-SiO,.

Item MMT  OMMT IOMMT  SiO,
Grain size (nm) 70-80 70-80 70-80  30-40
Density (g/m?) 2.5-3 2.5-3 2.5-3 2.2
Purity (wt%) 98% 98% 98% 98%
SSA (m?g) 80 320 200 300

Fig. 1 Fourier transform infrared analysis spectra of the MMT,
OMMT, IOMMT and SiO..

In the curves of the three types of MMT, the peaks
from 3,450 cm™ to 3,650 cm™ and 1,480 cm™ to 1,630 cm™!
are assigned to the stretching vibration and bending
vibration, respectively, of H-O-H. These peaks prove
that absorbed water exists between the MMT layers,
and crystal water is present as the lattice. The peak at
1,030 cm™ is attributed to the stretching vibration of
Si-O-Si, whereas the peak at about 700 cm™ is assigned
to flexural vibration of Si-O tetrahedron and Al-O
octahedron. There are also some typical peaks (520 cm™
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and 860 cm™) in the infrared spectra of silicate. These
are assigned to the stretching vibrations and flexural
vibration of Si-O-Al In the infrared spectra of the
OMMT, the obvious peaks at 2,850-2,920 cm™ are
attributed to the stretching vibration bands of —CH;
and —CH,, respectively [25, 28, 29]. It indicates that
organic chains exist between the MMT layers.

2.2 Preparation of the insulating greases

The insulating greases were synthesized by the following
procedures. First, the base oil (70%, mass fraction, the
same hereafter) was infused into the reaction vessel
and agitated at once. Second, the PTFE powder (30%)
and lubricating additives were gently poured into the
vessel and fiecely agitated. As the base oil was blended
homogenously with the PTFE powder, acetone, whose
mass was approximately half of the PTFE, was injected
dropwise and agitated for about 30 min to confirm
that the PTFE powder was entirely homo-dispersed
within the base oil. Third, the compound was warmed
to 80 °C for another 30 min to remove acetone. Last,
the mixture was cooled to room temperature, and the
insulating grease was obtained after three steps of fine
grinding/homogenization with a three-roller mill.

2.3 Characterization of the insulating greases

The HJC-50 kV automatic 50-Hz electrical breakdown
tester (Huayang equipment CO., LTD) was employed
to determine the alternating current (AC) breakdown
voltage of the insulating greases according to GB/T
1408. The electrical breakdown tester consists of plate
electrodes, and the distance between the plate electrodes
was 1.5 mm (Fig. 2). The voltage rate was set to 0.2 kV/s.
All the tests were conducted at room temperature and
each experiment was repeated two times to ensure the

Fig. 2 Diagram of plate electrode structure.

reliability of the data, with a third test if the relative
error was greater than 5%. The surface volume
resistivity of the prepared grease was acquired using
GEST-121 surface volume resistivity. The penetration,
dropping point, and copper strip tests were conducted
according to the national standards, including GB/T
269, GB/T 3498, and GB/T 7326, respectively.

2.4 Friction and wear tests

The tribological properties of the insulating greases
were investigated using a MFT-R4000 reciprocation
friction and wear tester with a ball-on-disk configura-
tion (Fig.3) at room temperature. The upper ball
(commercially available AISI 52100 steel ball, diameter:
5 mm, hardness: 710 HV) was driven to reciprocally
slide against the lower fixed disk ( ® 24 mm x 7.9 mm,
AISI 52100 steel, hardness: 590-610 HV) at a stroke of
5 mm. The upper ball and lower disks were cleaned
using an ultrasonic cleaner comprising petroleum ether
for 10 min before and after the friction test. About 1 g
of grease was introduced into the reciprocating sliding
region. The tribological test parameters, including
applied loads and frequencies, range from 50 N to
200 N (corresponding to the Hertzian pressure in the
range of 1.7-2.7 GPa) and 2 Hz to 5 Hz, respectively.
The computer connected with the MFT-R4000 tribometer
can record the coefficient of friction (COF) automatically.
Each tribological test lasts for 30 min and was repeated
three times to guarantee the reliability of the exper-
imental data. After the tribological test, the upper ball
and lower blocks were cleansed in petroleum ether
for 10 min utilizing an ultrasonic cleaner. Then, an
optical microscope (Olympus, Japan) was employed
to acquire the wear width and morphology of the worn

Fig. 3 The MFT-R4000 reciprocation tribometer and contact
configuration of the friction pairs.
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surface on the lower disk. A Raman spectroscope with
514 nm laser excitation (Renishaw, UK) and an energy
dispersive X-ray spectroscope (Bruker, Germany) were
utilized to evaluate the lubricating mechanisms.

3 Results

3.1 Properties of the insulating greases

3.1.1 Physicochemical characteristics of the insulating
greases

The physicochemical parameters of grease can affect
the fundamental characteristics. According to the
tribological tests shown in the following section, we
provided the typical properties of the lubricating
greases, containing 1.0% OMMT, 1.5% IOMMT, 1.5%
MMT, and 1.0% SiO,, in Table 3. Compared with the
base grease, it was observed that all the additives
improved the dropping point and penetration and all
the greases possessed good corrosion resistivity. The
lubricating grease with 1.0% OMMT exhibited the
lowest penetration among all the greases. The main
reason leading to low penetration is that the OMMT
has a relatively high SSA and pore volume, which result
in a high adsorption capacity. OMMT can restrict the
movement of the liquid molecules due to the surface
force (which is similar to the intermolecular force).
Therefore, the OMMT grease possesses a relatively
lower penetration [30].

3.1.2 Insulating capacity of the prepared greases

A dielectric conductor loses its dielectric properties
under the action of a strong electric field to become
an electric conductor. This phenomenon is called

Table 3 Typical properties of the several kinds of insulating
greases.

Dropping /4 Copper

Sample point  Penetration (.f.gr:;gﬂggr’

(|¢y  ©Imm) 445+ 241
Base grease 332 122 la
OMMT (1.0 wt%) grease >350 81 la
IOMMT (1.5 wt%) grease ~ >350 94 la
OMMT (1.5 wt%) grease >350 92 la
SiO; (1.0 wt%) grease >350 89 la

dielectric breakdown, and the corresponding voltage
is called the breakdown voltage [31,32]. Volume
resistivity is the current impedance of the material
per unit volume and is used to characterize the
material’s electrical properties [33, 34]. Therefore, we
measured these parameters to characterize the material’s
insulating performance. Figure 4(a) shows the AC
breakdown voltage of the insulating greases with
different additive contents. It is clearly observed that
the AC breakdown voltage increases with increasing
additive content except for 1.5% OMMT. Compared
with the base grease, the AC breakdown voltage of
1.5% IOMMT grease (6.54kV) increased by 21%.
Figure 4(b) describes the volume resistivity evolution
of insulating greases with different additive contents.
As the content of the additive increases, the volume
resistivity increases; the IOMMT greases possess the
highest volume resistivity among all the insulating
greases. The volume resistivity of 2.0% IOMMT grease
is about 65% higher than that of base grease. The AC
breakdown voltage and volume resistivity indicate
that the IOMMT grease possesses excellent insulating
property.

The electron capture theory is used to explain the
insulating mechanism [35, 36]. Existing studies have
proved that under the effect of the local electric field,
the electron can polarize the surrounding molecules
to develop charged particles and form a directional
movement. After the charged particles move some
distance, the electron will detach and reform into new
charged particles and continue to move, thereby
generating the current. Nevertheless, in the process
of movement and developing new charged particles,
the energy of the electron gradually decreases. These
charged particles can be named as the electron trap
[37, 38]. The addition of nano-montmorillonite can
significantly increase the number of electron traps in
the base grease, which can reduce the electron transfer
rate and energy, leading to a conductive path that is
difficult to form [24, 39]. Thus, the AC breakdown
voltage and volume resistivity of the insulating greases
are improved. A high trap density is generated by
IOMMT in the grease, which makes a positive contri-
bution for high AC breakdown voltage and volume
resistivity.
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Fig. 4 The AC breakdown voltage (a) and volume resistivity (b) of the prepared insulating greases at different additives concentrations.

3.2 Tribological test results

To evaluate the tribological performances of the
additives, this article investigated three predominant
factors (additive concentration, load, and frequency).

3.2.1 Effect of additive concentration

A MFT-R4000 tribometer was employed to investigate
the tribological properties of the insulating greases.
Figure 5 compares the evolution in the COFs and wear
widths for the insulating greases at 50 N, 5 Hz, and
room temperature (RT). As shown in Fig. 5(a), it is
clearly observed that with the increasing concentration
of additives, the COFs of all the insulating greases
decrease first and then increase. When the concentration
of the additives is 1.0%, 1.5%, 1.5%, and 1.0%, the grease
exhibits the best friction reducing property. As shown
in Fig. 5(b), the wear width has a similar variation
tendency. Compared with the base greases (about
0.19 mm), the lubricating grease with 1.0% OMMT,
1.5% IOMMT, 1.5% MMT, and 1.0% SiO, exhibited
the lowest wear width (about 0.146-0.174 mm). For

friction reducing and anti-wear performances, the
1.5% IOMMT grease shows the best tribological per-
formances among all the insulating greases.

Similarly, it can be clearly observed that the best
concentration of OMMT in the grease is not the
same as that of IOMMT and MMT. This is because
the nano-montmorillonite modified by the organics
possesses a high SSA and pore volume, due to which
OMMT is not uniformly dispersed in the base grease
and goes against the formation of the lubrication film
during the friction process. Therefore, in the following
experiments, the concentration of OMMT, IOMMT,
MMT, and SiO, in the greases was 1.0%, 1.5%, 1.5%,
and 1.0%, respectively.

3.2.2  Effect of load

Figure 6 lists the evolution of the COFs and wear
widths for the lubricating greases at different loads,
5Hz, and RT. It is obviously seen that the COFs of
the greases increase gradually with the increasing
loads, but the IOMMT grease always shows smaller
COFs among all the insulating greases under different

Fig. 5 The average COFs (a) and wear widths change (b) under the lubrication with insulating greases at different additives concentrations

at 50 N, 5 Hz, and RT.
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Fig. 6 The average COFs (a) and wear widths change (b) under the lubrication with insulating greases at different loads, 5 Hz, and RT.

loads. As shown in Fig. 6(b), the IOMMT greases show
an obviously lower wear width under 50 N and 200 N.
When the loads are 100 N and 150 N, the wear widths
of IOMMT greases (about 0.23 mm and 0.26 mm) are
close to that of the MMT greases (about 0.24 mm and
0.27 mm). The results indicate that the IOMMT grease
has better tribological properties than other greases.

3.2.3  Effect of frequency

Figure 7 displays the COFs and wear widths of
insulating greases at different frequencies, 200 N, and
RT. As shown in Figs. 7(a) and 7(b), the COFs and
wear widths decrease first and then increase with the
frequency ranging from 2 Hz to 5 Hz. At the same
time, compared with the other greases, the IOMMT
grease exhibited lower COFs and wear widths. The
results demonstrate that the IOMMT grease possesses
better friction reducing and wear resistance perfor-
mances than the other lubricating greases.

3.2.4  Analysis of the worn surfaces

The surface morphologies of the worn surfaces

lubricated with insulating greases are provided in
Fig. 8. All the surface morphologies are obtained
under the same conditions. The wear width (Fig. 8(b))
and the high magnification morphology (Fig. 8(b)) of
the worn surface lubricated with IOMMT grease are
the narrowest and smoothest. There are just a few
shallow furrows. In contrast, the worn surfaces lubri-
cated with OMMT, MMT, and SiO, exhibited more
dense furrows and larger pits, which are dominated
by abrasive and adhesion wear. The images of worn
surfaces clearly demonstrate that the IOMMT grease
has a better anti-wear performance than that of the
other greases.

EDS is an excellent experimental tool to characterize
the typical elements on the worn surfaces. To further
explore the friction reducing and anti-wear mechanism
of the insulating greases, the EDS spectra of the wear
scratches lubricated with insulating greases at 200 N
and 5 Hz are provided in Fig. 9. It can be obviously
seen that there are some emblematic elements of nano-
montmorillonite, such as Al and Si, existing on the
wear scratches in Figs. 9(a), 9(b), and 9(c). Compared

Fig. 7 The average COFs (a) and wear widths change (b) under the lubrication with insulating greases at different frequencies, 200 N,

and RT.
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Fig. 8 Morphologies of the worn surfaces lubricated with insulating greases at 200 N, 5 Hz, and RT. (a) and (2') OMMT grease, (b) and
(b") IOMMT grease, (c) and (¢') MMT grease, (d) and (d') SiO, grease.
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Fig. 9 EDS of the worn surfaces lubricated with insulating greases at 200 N, 5 Hz, and RT. (a) OMMT grease, (b) IOMMT grease, (c) MMT

grease, and (d) SiO, grease.

with the wear scratch lubricated with MMT grease
(Fig. 9(c)), the sodium and magnesium elements are
not observed on the wear scratches lubricated with
OMMT and IOMMT greases (Figs.9(a) and 9(b)),
respectively. There is also plenty of Si (3.7%) on the
wear scratch lubricated with SiO, grease (Fig. 9(d)),
but the contents of C (9.53%) and O (10.65%) are much
lower compared to that of the IOMMT grease. From
the EDS spectra, we obtain that the contents of C
(11.8%), O (15.9%), and Si (3.9%) on the wear scratch
lubricated with IOMMT grease are higher than those
of the other greases. It is presumed that a sufficiently
protective tribofilm is generated on the worn surface
in the sliding process. Consequently, the IOMMT
grease performs outstanding friction reducing and
anti-wear performances.

Figure 10 corresponds to the Raman spectra of
IOMMT and the worn surface lubricated with 1.5%
IOMMT grease at 200 N, 5 Hz, and RT. The IOMMT is
characterized by bands located at 200 cm™, 270 cm™,
450 cm™, 710 cm™, and 1,090 cm™ [40, 41]. After the
tribological test, the disk is cleaned ultrasonically in
petroleum ether for 10 min. Then, the worn surface is
examined using a Raman microscope. It is obviously

seen that these typical peaks of IOMMT exist on the
worn surface. At the same time, we also acquire some
other bands (224 cm™, 328 cm™, 425 cm™, and 609 cm™),
which are assigned to various iron oxides [42, 43]. The
Raman test results prove that IOMMT is adsorbed on
the worn surface to form an adsorption film and iron
oxides are generated on the worn surfaces to form a
chemical reaction film.

224
328
425

609

Fig. 10 Raman spectra of the nanometer IOMMT and worn
surface lubricated with IOMMT grease at 200 N, 5 Hz, and RT.
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3.2.5 Tribological tests discussion

Herein, the intricate lubrication behavior of the prepared
insulating greases was studied for steel/steel friction
pair with addition of 1.5% IOMMT, which exhibited
better tribological performances than that of the other
greases. Figure 11 is a schematic of the nano-additive
dispersed in the insulating greases during the sliding
process, which can explain the friction and wear
mechanisms. The friction reducing and anti-wear
properties can be illustrated by the following factors.
First, the crystal cell of nano-montmorillonite is similar
to a sandwich structure; the upper and lower layers
are silicon-oxygen tetrahedrons and the middle layer
is an aluminum-oxygen octahedron [14-18]. The
primary connection forces between the two layers are
molecular and hydrogen bonds [44]. Under the friction
heat, the connection forces are easily broken, leading
nano-montmorillonite to release numerous small
secondary particles and active oxygen. These secondary
particles can act as spacers, preventing the close contact
between the contact pairs [23, 25]. Second, there is a
large number of unsaturated and dangling bonds,
such as Si-O-5i, O-5i—-O, and Mg-0O, existing on the
nano-montmorillonite powder surface. It makes the
particles possess strong polarity and adsorb tightly
on the friction surface. Thus, the adsorption film
possessing friction reducing and anti-wear properties
is formed on the friction surface [45, 46]. Third, the
local high temperature and pressure caused by the
asperity collision during the sliding process are beneficial
for active atoms to be deposited and react, promoting
the formation of an oxidation protecting film on the

Fig. 11 Schematic of friction mechanism of the insulating greases.

worn surface. At the same time, it can also induce
decomposition and fracture of the lubrication oil chains
to be deposited on the worn surface. These factors
work together to generate the friction reducing and
anti-wear properties [45, 47-49].

4 Conclusions

We summarize the abovementioned experimental
works of insulating greases as follows: the inorganic
modified nano-montmorillonite (IOMMT) as an
insulating additive in the grease can significantly
increase the number of electron traps to improve the
AC breakdown voltage and volume resistivity. The
insulating grease synthesized with IOMMT also exhibits
better friction reducing and anti-wear performances
for the steel/steel contact pairs, and the optimal con-
centration for IOMMT is recommended as 1.5 wt%.
The friction reducing and anti-wear performances are
mainly attributed to the unique layered structure that
prevents the close contact between the touching pairs
and the protective tribofilm generated by the physical
adsorption and chemical reaction. This indicates that
IOMMT as a solid additive is highly effective to
improve the insulation and tribological performances
of lubricating greases for extensive applications.

Acknowledgements

This work is supported by the National Natural Science
Foundation of China (No.51575181) and Beijing
Natural Science Foundation of China (No. 51575181).

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



228

Friction 5(2): 219-230 (2017)

Open Access: The articles published in this journal
are distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in
any medium, provided you give appropriate credit to
the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes
were made.

References

[1] Waara P, Hannu J, Norrby T, Ake B. Additive influence on
wear and friction performance of environmentally adapted
lubricants. Tribol Int 34(34): 547-556 (2001)

[2] QuJ, Bansal D G, Yu B, Howe J Y, Luo H, Dai S, Li H,
Blau P J, Bunting B G, Mordukhovich G, Smolenski D J.
Antiwear performance and mechanism of an oil-miscible
ionic liquid as a lubricant additive. Acs Appl Mater Interfaces
4(2): 997-1002 (2012)

[3] Piet M, Lugt. A review on grease lubrication in rolling
bearings. Tribol Trans 52(4): 470-480 (2009)

[4] Ge XY, XiaY Q, Shu Z Y, Zhao X P. Conductive grease
synthesized using nanometer ATO as an additive. Friction
3(1): 56-64 (2015)

[5] Ge XY, Xia Y Q, Feng X. Influence of carbon nanotubes
on conductive capacity and tribological characteristics of
poly(ethylene glycol-ran-propylene glycol) monobutyl ether
as base oil of grease. Trans ASME J Tribol 138: 0742-4787
(2015)

[6] Fan X Q, Xia Y Q, Wang L P. Tribological properties of
conductive lubricating greases. Friction 2(4): 343-353 (2014)

[7]1 Fan X Q, Wang L P, Wen L, Wan S. Improving tribological
properties of multialkylated cyclopentanes under eimulated
epace environment: two feasible approaches. Acs Appl Mater
Interfaces 7(26): 14259-14368 (2015)

[8] Fan X Q, Wang L P. Highly conductive ionic liquids toward
high-performance space-lubricating greases. Acs Appl Mater
Interfaces 6(16): 14660-14671 (2014)

[91 Voevodin A A, Zabinski J S. Nanocomposite and nano-
structured tribological materials for space applications.
Compos Sci Technol 65(5): 741-748 (2005)

[10] Marchetti M, Jones W R, Street K W, Wheeler D, Dixon D,
Jansen M J, Kimura H. Tribological performance of some
pennzane-based greases for vacuum applications. Tribol
Lett 12(4): 209-216 (2002)

[11] Ge X Y, Xia Y Q, Cao Z F. Tribological properties and
insulation effect of nanometer TiO, and nanometer SiO, as

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

additives in grease. Tribol Int 92: 454-461 (2015)

Hassan A M, Shahba R M A, Youssif M A, Youssif M A,
Mazrouaa A M, Youssif M A E. Preparation of some dielectric
greases from different types of polymers. J Appl Polym Sci
119(2): 1026-1033 (2011)

Ferrito S J, Makal J M. Accelerated aging characteristics of
lubricating greases used for separable insulated connector
applications. In Transmission and Distribution Conference—
IEEE, 1999: 89-93.

Zahed S, SharifiSanjani N. The role of clay-montmorillonite
on thermal characteristics and morphology of electrospun
PAN nanofibrous mats. E-Polym 11(18): 898-905 (2013)
Yang T, Knutsson S. Swelling properties and permeability
of expandable clays of potential use for nuclear waste disposal.
J Earth Sci Geotech Eng 6: 49-61 (2016)

Calvet R. Cation migration into empty octahedral sites and
surface properties of clays. Clays Clay Miner 19(3): 175-186
(1971)

Cheng M M, Song W J, MaW H, Chen C C, Zhao J C, Lin J,
Zhu H Y. Catalytic activity of iron species in layered clays
for photodegradation of organic dyes under visible irradiation.
Appl Catal B 77(3-4): 355-363 (2008)

Lin F H, Chen C W, Kuo T F. Modified montmorillonite as
vector for gene delivery. Biomaterials 27(17): 3333-3338
(2006)

Usuki A, Kawasumi M, Kojima Y, Okada A, Kurauch T,
Kamigaito O. Swelling behavior of montmorillonite cation
exchanged for w-amino acids by—caprolactam. J Mater Res
8(5): 1174-1178 (1993)

Biswas M, Ray S S. Recent progress in synthesis and
evaluation of polymer-montmorillonite nanocomposites. Adv
Polym Sci 155: 167-221 (1970)

And K E S, Manias E. Structure and properties of poly
(vinyl alcohol)/Na+ montmorillonite nanocomposites. Chem
Mater 12(10): 2943-2949 (2000)

Pojanavaraphan T, Schiraldi D A, Magaraphan R.
Mechanical, rheological, and swelling behavior of natural
rubber/montmorillonite aerogels prepared by freeze-drying.
Appl Clay Sci 50(2): 271-279 (2010)

Rashmi, Renukappa N M, Suresha B, Devarajaiah R M,
Shivakumar K N. Dry sliding wear behaviour of organo-
modified montmorillonite filled epoxy nanocomposites using
Taguchi’s techniques. Mater Des 32(8-9): 4528-4536 (2011)
Yuan Y, Liao R. A novel nanomodified cellulose insulation
paper for power transformer. J Nanomater 2014(17): 1-6
(2014)

FanB L, Yang Y L, Feng C, Ma J, Tang Y, Dong Y, Qi X W.
Tribological properties of fabric self-lubricating liner based

| https://mc03.manuscriptcentral.com/friction



Friction 5(2): 219-230 (2017)

229

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

on organic montmorillonite (OMMT) reinforced phenolic
(PF) nanocomposites as hybrid matrices. Tribol Lett 57(3):
1-12 (2015)

DuYF LvY Z Li CR, Chen M T, Zhou J Q, Li X X,
Zhou Y, Tu Y P. Effect of electron shallow trap on breakdown
performance of transformer oil-based nanofluids. J Appl Phys
110(10): 1-4 (2011)

DuY F,LvY Z Li CR, Zhong Y X, Chen M T, Zhang
S N, Zhou Y, Chen Z Q. Effect of water adsorption at
nanoparticle-oil interface on charge transport in high humidity
transformer oil-based nanofluid. Colloids Surf A 415(415):
153-158 (2012)

Ravichandran J. Properties and catalytic activity of acid-
modified montmorillonite and vermiculite. Clays Clay Miner
45(6): 1-7 (2014)

Chi X H, Gao J G, Zhang X H. Electrical tree propagating
characteristics of polyethylene/nano-montmorillonite com-
posites. IEEE Trans Dielectr Electr Insul 22(3): 1530-1536
(2015)

Wang H X, Wang H X, Xue L. Study of adsorption of
industrial oil by expanded graphite. Carbon Tech 23: 21-23
(2004)

Taguchi Y, Matsumoto T, Tokura Y. Dielectric breakdown
of one-dimensional mott insulators Sr,CuQOj3, and SrCuO.,.
Phys Rev B 62(11): 7015-7018 (2000)

Oka T, Aoki H. Ground-state decay rate for the Zener
breakdown in band and mott insulators. Phys Rev Lett 95(13):
137601-137601 (2005)

Liang Y, Chen Y X, Liu Y P. The development of the three-
electrode testing system for the volume resistivity of composite
insulation materials. Sensors-Basel 10(3): 1-5 (2012)
Rakowska A, Hajdrowski K.
conditions on volume resistivity of polymeric insulated
cables and polyethylene samples. In Dielectric Materials,
Measurements and Applications, English International
Conference—IEEE, 2000: 281-284.

Huang J G, O'Sullivan F, Zahn M, Hjortstam O, Pettersson
L A A LiuR. Modeling of streamer propagation in transformer
oil-based nanofluids. In Electrical Insulation and Dielectric
Phenomena—IEEE, 2008: 361-366.

Henry C H, Lang D V. Nonradiative capture and recom-
bination by multiphonon emission in GaAs and GaP. Phys
Rev B 15(2): 989-1016 (1977)
ZhouJQ,DuYF,ChenMT,LIiCR, Li X X,LvY Z. AC
and lightning breakdown strength of transformer oil modified

Influence of different test

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

by semiconducting nanoparticles. In Electrical Insulation
and Dielectric Phenomena—IEEE, 2011: 652—-654.
DuYF,LvY Z LiCR,Chen M T, Zhou J Q, Li X X, Liu
Tong. Insulating property and mechanism of semiconducting
nanoparticles modified transformer oils. Proc Csee 32(10):
177-182 (2012)

Zhang W, Xu M, Zhang X, Xie D R. Study of montmorillonite
concentration on dielectric property and dispersion of cross-
linked polyethylene/montmorillonite nano-composites. In
Electrical Insulation and Dielectric Phenomena—IEEE,
2013: 531-534.

Frost R L, Rintoul L. Lattice vibrations of montmorillonite:
an FT Raman and X-ray diffraction study. App Clay Sci
11(2-4): 171-183 (1996)

Xu K, Wang J, Xiang S, Chen Q, Zhang W D, Wang P X.
Study on the synthesis and performance of hydrogels with
ionic monomers and montmorillonite. App Clay Sci 38(s1-2):
139-145 (2007)

Libbe M, Gigler A M, Stark R W, Moritz W. Identification
of iron oxide phases in thin films grown on Al,03(0001) by
Raman spectroscopy and X-ray diffraction. Sur Sci 604(7-8):
679-685 (2010)

Shim, Duffy SH/, Thomas S. Raman spectroscopy of Fe,0Os
to 62 GPa. Am Mineral 87(2-3): 318-326 (2015)

Hensen E J M, Tambach T J, Bliek A, Smit B. Adsorption
isotherms of water in Li-, Na—, and K-montmorillonite
by molecular simulation. J Chem Phys 115(7): 3322-3329
(2001)

YuHL, XuY, ShiPJ, Wang HM, Zhao Y, Xu B S, Bai Z M.
Tribological behaviors of surface-coated serpentine ultrafine
powders as lubricant additive. Tribol Int 43(3): 667-675
(2010)

Frost R L, Cash G A, Kloprogge J T. Rocky Mountain
leather, sepiolite and attapulgite—an infrared emission
spectroscopic study. Vib Spectrosc 16(2), 173-184 (1998)
Zhang B S, Xu Y, Xu B S, Gao F, Shi P J, Zhang B. The
self-reconditioning effect of the phyllosilicate lubricating
material on Fe-based tribopairs. J Funct Mater 42(7):
1301-1304 (2011)

Yang Y, Gu J, Kang F, Kong X, Wei M. Surface restoration
induced by lubricant additive of natural minerals. Appl Surf
Sci 253(18): 75497553 (2007)

[49] Wang F. Research on microstructure of the auto-restoration

layer of worn surface of metals. Mater Sci Eng A 399(1-2):
271-275 (2005)

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



230

Friction 5(2): 219-230 (2017)

Zhengfeng CAO. He received his
bachelor and master degrees from
North China Electric Power Univer-
sity in 2013 and 2016, respectively.

Yanqiu XIA. He received his PhD
degree from Northeastern Univer-
sity in 1999, and was selected as
Hundreds Talent Program of Chinese
Academy of Science Professor in
2007. He joined the School of Energy

After that, he is currently a PhD student at the same
university. His research interests are focused on
preparation and tribological property investigation
of lubricating greases.

Power and Mechanical Engineer, North China Electric
Power University in 2010. His current position is a pro-
fessor. His research areas cover tribology of mechanical
and electrical equipment, focusing on lubricants,
greases, additives, and tribochemistry.

| https://mc03.manuscriptcentral.com/friction



	Cover-Vol 5 Iss 2
	2017第02期-目录
	123
	147
	155
	171
	183
	194
	207
	219

