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ABSTRACT – A hypereutectic Al-Si alloy piston has 
great potential for use in the automotive industry, 
especially for engine components, due to its light 
weight, excellent castability, good thermal conductivity, 
high strength and excellent resistance to corrosion. The 
silicon content in the A390 is between 17-18%. The 
Taguchi method, with an L8 orthogonal array, was used 
to accommodate seven parameters used in the 
fabrication of dimpled structures, i.e. cutting speed of 7-
9 m/min, feed rate of 0.4-0.6 mm/rev, DOC of 0.01-0.05 
mm, frequency of 15-25 Hertz, amplitude of 1-3 mm, 
rake angle of +4o and -8.5o, relief angle of 4o and 7o, and 
nose radius of 0.4 and 0.8 mm. By using these turning 
parameters, 3 dimple shapes were produced; spherical, 
short drop and long drop shapes, with almost square and 
hexagonal arrays.   
 
1. INTRODUCTION 

Fuel efficiency and high engine performance are 
major challenges for vehicle automotive producers in 
achieving their desired targets. Problems involving 
heavy engine components, and friction and wear on 
sliding components are closely related to fuel efficiency 
and performance. The heaviest components are in the 
engine, and Dhingra & Das [1] stated that one good way 
of reducing the weight of these components is by 
replacing cast iron with aluminium. According to Hirsch 
[2], aluminium is a light material and it is able to reduce 
the weight by 50 % in most applications. Due to its light 
weight, excellent resistance to abrasion and corrosion, 
low coefficient of thermal expansion and high strength, 
aluminium has become the material of first choice in the 
piston industry, according to Zeren. [3].  Aluminium-Si 
alloy is divided into 3 parts, based on the percentage of 
silicon, i.e. 12-13 % of silicon is classified as eutectic, 
below 12 % is classified as hypoeutectic, and above 
14 % is classified as hypereutectic Al-Si alloy, as per 
Lee [4]. According to Holmberg et al. [5], the piston 
assembly, which makes up about 45 % of the engine 
components, is the main contributor to friction and wear 
in an engine system. There are 4 methods for 
minimizing friction and wear, namely by coating the 
engine components, surface texturing of the engine 
components, lubrication, and rolling resistance in the 
tyres, as per Holmberg et al. [6]. 

According to Bruzzone et al. [7], a lot of 
discussions about the correlation properties and the 
functions of a surface have led to the discovery of the 

distribution of micro dimples on the surface that act as a 
reservoir and provide lubrication to reduce friction by 
30%. This fact was also supported by Xiaolei et al. [8], 
who found that micro-textured surfaces, such as dimples 
or grooves, are capable of maintaining lubrication. 
According to Basnyat et al. [9] and Voevodin et al. [10], 
lubrication by micro dimples will enhance the tribology 
of mechanical parts since the dimples act as reservoirs 
on the surface.  

The Taguchi method of applying an orthogonal 
array design has the advantage of lowering the number 
of experiments required while still being able to produce 
the same results as the other methods, thereby reducing 
the experimental time and costs, as per Fratila & Caizar 
[11]. 

This study focused on the fabrication of various 
shapes and arrays of dimple structures on a 
hypereutectic Al-Si alloy piston by considering all the 
seven parameters in minimizing friction and wear.  
 
2. METHODOLOGY 

Experiments were conducted using a CNC 
Colchester Tornado lathe with assisted tooling that was 
developed in-house to generate vibrations on the cutting 
tool. Given below are the cutting parameters (Table 1), 
which consist of seven parameters.  

Table 1 Two levels of cutting parameters (7 parameters) 

 

 Note:  (γ) = Rake angle (-8.5o & +4o) & (α) = Relief angle (7o & 4o) 
 
3. RESULTS AND DISCUSSION 

Table 2 shows the results of the experiments that 
were conducted. Based on observations using an 
Olympus microscope at a magnification of 6.7x and a 
3D profilometer, 3 shapes and 3 uniform arrays were 
produced, as shown in Table 3-5. 

Table 2: Experimental Results (L8) 

Level 
Cutting Speed 

(m/min) 
A 

Feed Rate 
(mm/rev) 
        B 

      DOC 
      (mm) 
         C 

Frequency  
(Hertz) 

D 
0 7 0.4 0.01 15 

1 9 0.6 0.05 25 

Level 
Amplitude 

(mm) 
E 

γ angle & 
  α angle  
        F 

Nose Radius 
      (mm) 
         G 

 

0 1 -8.5o & 7o 0.4  

1 3 +4o & 4o 0.8  
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Exp. L8 (27)   Width (µm)         Length (µm)            Depth (µm) 
                       (S1)    (S2)          (S1)     (S2)            (S1)     (S2) 
       1         310     160          2740    2300           39.9      68.6 
       2         610     590          1500    1510         158.6    130.7                
       3         450     260          3730    2130           39.9      67.3         
       4         520     280          1750    1010         182.0    143.6                       
       5         550     340          1930    1210           97.6    127.0  
 6         220     360          2430    1750           78.9    110.8 
 7         270     180          1500    1020           56.0      74.4 
 8         440     460          1320    1590          104.7     58.1     
Note: Sample 1 (S1) and Sample 2 (S2) 
 
Table 3: Dimple arrays and shapes for a cutting speed of  9 m/min, 
feed rate of 0.6 mm/rev, depth of cut of 0.01 mm, frequency of 25 
Hertz, amplitude of 1 mm, rake angle of -8.5o, relief angle of 7o and 
nose radius of 0.8 mm 

        Array Pattern             Dimple                Dimensions (µm) 

       

           
 
Table 4: Dimple arrays and shapes for cutting speed of  9 m/min, feed 
rate of 0.4 mm/rev, depth of cut of 0.05 mm, frequency of 25 Hertz, 
amplitude of 1 mm, rake angle of +4o, relief angle of 4o and nose 
radius of 0.4 mm 

        Array Pattern             Dimple                Dimensions (µm) 

       

         
 
Table 5: Dimple arrays and shapes for cutting speed of  7 m/min, feed 
rate of 0.4 mm/rev, depth of cut of 0.01 mm, frequency of 25 Hertz, 
amplitude of 3 mm, rake angle of +4o, relief angle of 4o and nose 
radius of 0.8 mm             

     Array Pattern             Dimple               Dimensions (µm) 

       

       

4. CONCLUSIONS 
Based on the dimple shapes and arrays that were 

derived, the shapes, particularly the width, length and 
depth were still within the acceptable range of previous 
studies, and continuous upgrading needs to be done by 
optimizing the machining parameters so that the depth 
of the dimple structure can be further reduced below 
100 µm. Previous researchers fixed the dimple 
geometry at a diameter of 20 μm-4 mm and a depth of 
200 nm-100 μm in order to have an effect on the 
tribological performance. On the other hand, the arrays 
can be improved in order to obtain more precise square, 
hexagonal and triangular shapes through the 
optimization of the machining parameters used.  
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Width = 440  
Length = 1320  
Depth = 104.7 

Sample 2 
 
Width = 460  
Length = 1590  
Depth = 58.1 

Sample 1 
 
Width = 220  
Length = 2430  
Depth = 78.9 

Sample 2 
 
Width = 360  
Length = 1750  
Depth = 110.8 

Sample 1 
 
Width = 610  
Length = 1500  
Depth = 158.6 

Sample 2 
 
Width = 590  
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ABSTRACT – The purpose of this study is to 
investigate the effect of dimple size on the tribological 
characteristics of surface textured palm kernel activated 
carbon-epoxy (PKAC-E) composite. The PKAC-E disc 
with 74 mm diameter was fabricated using hot 
compression moulding technique. Three different types 
of surface contacts were prepared by using a CO2 laser 
surface texture machine: non-dimpled surface, 500m 
and 1000m in diameter dimples. The sliding test was 
carried out by using a ball-on-disc tribometer under 
boundary lubricated conditions with constant sliding 
speed, sliding distance and applied load. The results 
found that the surface texture with 1000m in diameter 
dimple shows the lowest COF as compared to dimpled 
surface with 500m in diameter and non-textured 
surfaces. 
 
1. INTRODUCTION 

 Recently, a low cost carbon material from 
agriculture wastes in the form of activated carbon 
composite is proposed to be a new self-lubricating 
material, where low friction coefficient and high wear 
resistance are desirable for energy efficiency and 
component longevity [1]. However, the performance of 
palm kernel activated carbon (PKAC) material is still 
low and under the desirable friction coefficient 
compared to diamond-like carbon (DLC), which has 
less than 0.01 [2]. 
 Under such circumstances, a technology to control 
friction force by surface texturing technique is 
favourably required. Surface texture has been tested on 
several materials and has proven that it can improve 
friction performance on the sliding but still depends on 
the materials, lubricants and contact conditions. The 
texture helps to reduce the surface contact area and 
function in trapping the wear debris. Besides, it can act 
as reservoir for lubricant under lubricated condition [3-
5]. 
 The texture is also capable in increasing the load 
carrying capacity as the higher hydrodynamic pressure 
produced. Well defined micro dimple has also 
contributed in longer life of sliding bearing and the 
engine performance become more efficient [4]. The 
benefits and excellent contributions of textured surface 
in terms of tribogical study led to further investigation 

on tribological characteristics of textured PKAC 
material through surface texturing technique.  
 
2. METHODOLOGY 

 The materials used in this study are PKAC and 
high-density epoxy [West system 105 epoxy resin (105-
B) and West system 206 slow hardener (206-B)]. The 
PKAC was obtained from manufacturer and the 
preparation of the PKAC is confidential. The 250µm 
particle size of PKAC was weighed to 60 wt.% and 
mixed with epoxy 40 wt.% (at a resin to hardener ratio 
of 4:1). The mixed PKAC and epoxy were then placed 
into a mould, hot-pressed at 80ºC with 2.5 MPa pressure 
for approximately 5 minutes and left to cool at room 
temperature for approximately 15 minutes before being 
pressed out from the mould. The disc specimen, with 
diameter of 74 mm, were left to cure at room 
temperature for approximately one week.  
 The micro dimple surfaces of the PKAC-E disc 
were textured by using a CO2 laser surface texturing 
machine with two different diameters of 500m and 
1000m. 
 The sliding tests were conducted by using a ball-
on-disc tribometer against a polished SKD11 ball 
bearing under boundary lubricated condition at room 
temperature. The mechanical properties of the disc 
specimen and ball bearing are shown in Table 1. All 
tests were conducted under room temperature with 
constant applied load of 20N, sliding speed of 20RPM 
and sliding distance of 1500m. Each test was repeated 
twice in order to reduce experimental errors. 
 
3. RESULTS AND DISCUSSION 

 Figure 1 shows the average steady state value of 
COF from each textured and non textured PKAC-E. The 
COF for 1000m in diameter dimple was lower than 
dimpled surface of 500m in diameter and non-textured 
surfaces. The results revealed that COF was reduced 
with increasing dimple diameter and depth. The oil 
stored in the dimples can be considered as a secondary 
source of lubricant, which is supplied to the tribocontact 
by the relative motion to reduce friction and wear. The 
existence of dimples on rotating disc surface is 
supposed to improve adhesion resistance significantly 
due to low contact area. 
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 The tribological analysis of worn surfaces caused 
by friction, may determine the wear mechanisms 
involved. Considering friction for dimpled surface with 
500m in diameter, worn surface is more damaging 
(adhesive wear) than 1000m in diameter dimple and 
non-textured surfaces, as shown in Figure 2. This could 
be the reason of the greater COF for dimpled surface 
with 500m in diameter. 
 It is verified that the friction and wear properties 
influence upon the size of dimples under boundary 
lubricated sliding contacts. It was also further indicated 
that dimples has a great potential for reducing friction 
and wear, if the dimples were set at appropriate 
dimensions. 
 

Table 1 Mechanical properties of the disc and ball 
materials before testing. 

Properties aPKAC-E disc bSK11 ball 
Hardness (GPa) 8.36 7.32 
Density (g/cm3) 1.4 7.72 
Arithmetic 
surface roughness 
(m) 

0.4 0.02 

a Properties from laboratory measurements. 
b Properties from manufacturer. 
 

 
Figure 1 Effect of dimple size on COF of PKAC-E. 

 
4. CONCLUSION 

 In this study, it can be concluded that type of 
surface finishing and size of dimples have an effect on 
the COF and wear of interacting surfaces in relative 
motion.  In future, dimple should be produced in 
appropriate size in order to obtain the minimum COF 
and wear. 
 

 
Figure 2 SEM micrograph of worn surfaces of (a) non-

textured surface, (b) 500m and (c) 1000m in diameter 
dimples. 
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ABSTRACT – Vibration is among the common tool 
parameters used in tool condition monitoring (TCM). 
TCM plays a crucial role in the control and management 
of processes. There is an increased need to produce 
machines that are more efficient and that incur 
minimum maintenance costs. Tool failure and wear 
greatly reduce the cost while constantly maintaining the 
quality of production. Various monitoring systems have 
been developed by past researchers aimed at better 
configurability and flexibility. In this work, a simple and 
reliable method for data transmission in rotating 
machines using a slip ring system was applied and 
tested. Previous data transmission systems involve the 
use of telemetry and rotary transformers, which are big 
in size and require complex wiring systems. During the 
testing, the vibrations at the tool tip were measured 
using an accelerometer. The results showed that the 
vibrations increased with an increase in the tool wear. 
However, in relation to several cutting parameters, the 
vibrations increased when the feed rate was high but 
decreased when a lower value of the axial depth of cut, 
ae was used. 
 
1. INTRODUCTION  

Rapid modernization has increased the need to 
produce better machines with higher efficiency and that 
require minimum cost of maintenance. A tool condition 
monitoring system plays a crucial role in the control and 
management of processes [1]. Efficient monitoring can 
greatly reduce the cost while constantly maintaining the 
quality of production. An automated monitoring system 
will also reduce the cost of hiring personnel to monitor 
the production line. A reduced work force in this 
industry will also lead to less possibility of accidents 
occurring during the handling of high speed machining 
processes [2].  

There are two approaches in tool condition 
monitoring: direct and indirect intervention. Direct 
intervention involves the taking of immediate 
measurements from the cutting tool, while indirect 
intervention requires the use of a sensor system, 
whereby wear will be estimated from physical 
parameters appearing during the machining process 
such as the cutting force, vibrations, acoustic emissions 
and temperature [3]. An indirect tool condition 
monitoring system consists of processes starting with 
sensory data acquisition, signal processing, features 
extraction and cognitive decision making [4]. 

In addition, indirect measurements require data 
from sensors to be transferred to the data receivers. The 
data transmission is known to depend greatly on 

possible relative motions with respect to the 
environment [5]. In milling machines, the spindle 
rotates at a high speed, and this motion presents several 
challenges in obtaining an accurate transfer of data.  

This study introduced a new method of data signal 
transmission in TCM for milling using slip rings. Slip 
rings have been used in various applications such as in 
power and data transmission for rotating equipment. 
The slip ring is preferred due to its simplicity, while 
taking into account its performance-related and 
economic aspects. Flexibility and configurability are 
also major challenges being faced by researchers today 
[6]. It can also be difficult to obtain a robust estimation 
of the cutting forces through indirect sensor 
measurements since few processes and tool-related 
quantities are linked to cutting forces [7]. 

In addition to the cutting force measurements, 
vibrations also play a major role in the quality of the 
surface that is generated, and this can be accurately 
predicted by the vibrational displacements at the tool 
tip, measured in acceleration units, during the operation 
[7]. 

 
2. METHODOLOGY 

The experimental runs were performed using a 
Spinner VC450 CNC milling machine under dry cutting 
conditions. A single tool insert of coated tungsten 
carbide was used to mill AISI P20 tool steel. Eight 
experimental runs were carried out, as shown in Table 1. 
An NI DaQ was used to acquire the vibration signals at 
a sampling rate of 5 kHz. 

Six cutting tools with different wear values 
ranging from VB=0.045 mm to 0.247 mm were used for 
every test run. During each set of runs, one parameter  

Table 1 Cutting parameters used in cutting tests 
was kept constant while the other parameters were 
varied.  

Two distinct main cutting speeds and feed rates, 
comprised of a low and a high range, were chosen to 
study their effects on the vibration data obtained. 
Meanwhile, the depth of cut was also varied between 
0.4 mm and 0.6 mm to study its effect on tool vibration. 

Run 
Cutting Speed 

(m/min) 
Feed Rate 
(mm/min) 

      ae 

      (mm) 
ap  

(mm) 
1 200 159 0.4 1 

2 200 159 0.6 1 
3 200 318 0.4 1 
4 200 318 0.6 1 
5 375 298 0.4 1 
6 375 298 0.6 1 
7 375 597 0.4 1 
8 375 597 0.6 1 
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The flank wear was measured optically using a 
digital microscope. The cutting operation was 
interrupted after each run to remove the tool from its 
holder. The tool wear was reached when the flank wear 
was 0.3 mm, based on ISO 3685-1993. 
 
3. RESULTS AND DISCUSSION 

The results revealed a trend in the vibration signals 
in response to increased flank wear in the cutting tool. 
To further investigate the relationship with other 
parameters, the cutting speed was kept constant while 
the feed rate and axial depth of cut were manipulated. 

Figure 1 shows the results of the vibration signals, 
represented in acceleration units (g), against flank wear 
at two different feed rates of 159 and 318 mm/min and 
at a constant cutting speed of 200 m/min and axial depth 
of cut of 0.6 mm. At a higher feed rate, the acceleration 
was found to be slightly larger, being more significant at 
a higher tool wear. This could be explained in terms of 
the relationship between tool chatter and harmonics. 
The milling process has been found to be highly 
intermittent and unstable at high speeds and low radial 
depths of cut [8]. Due to this phenomenon, researchers 
have suggested that mill operators further increase the 
feed rate to reduce chatter so as to prevent the machine 
from operating in the range of feeds that excite the 
harmonics. However, as shown in Figure 1, when the 
oscillations reached the stable phase, the feed rate could 
also be decreased to lower the vibrations. 

On the other hand, Figure 2 shows the trend of 
acceleration when the axial depth of cut was 
manipulated at the same cutting speed and feed rate of 
159 mm/min. It was found that the acceleration 
produced was lower when the depth of cut was high, 
unlike the trend that was observed when the feed rate 
was increased. Hamdan stated that by decreasing the 
depth of cut, less material has to be cut per tooth per 
revolution, thus requiring a lower amount of energy [9].  
 Overall, it was found that the vibration signals 
increased when the tool wear increased in both 
conditions. The tool tip vibrated at its maximum 
acceleration when Vb reached 0.248 and 0.247 mm, as 
shown in Figures 1 and 2, respectively. This proved that 
the tool chatter was more significant when the tool 
reached its wear limit [10]. 

 
Figure 1 Vibration signals against flank wear at different 

feed rates of 159 mm/min and 318 mm/min 

 

Figure 2 Vibration signals against flank wear at different 
axial depths of cut of 0.4 mm and 0.6 mm  

 
4. CONCLUSIONS 

When tool wear increases, the tool tip vibrates at a 
higher acceleration. However, in response to increased 
axial depths of cut and feed rates, the vibration signals 
behave differently. At higher feed rates, the vibration 
signals are higher, while at higher axial depths of cut, 
the acceleration decreases. This phenomenon can be 
explained based on several factors including the area of 
surface contact, the dynamic interaction of the cutting 
process, and the tool structure. 
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ABSTRACT – This research aims at comparing 
machining performance of CVD and PVD coated cutting 
tool when milling titanium alloy. Machinability of 
titanium alloy will be evaluated by measuring tool wear 
using these different coated tools as well as the uncoated 
in order to measure their cutting performance in milling 
operation under dry condition. In order to improve 
titanium machining, the selection of cutting tools with 
good machinability is very important. The CVD and PVD 
methods require expensive machine and high energy thus 
higher cost despite exhibiting superior machining 
performance. The experimental results for CVD and 
PVD inserts show the comparison of cutting performance 
of CVD and PVD coated insert in milling Titanium alloy 
where the PVD coated insert has a higher tool life for 
parameter 3 of the experiment compared to the CVD 
coated insert which has a higher tool life for  parameter 
3. The experimental results also show that cutting 
conditions of lower cutting speed, feed rate and depth of 
cut promote a longer tool life.  
 
1. INTRODUCTION 
 

Nowadays in the manufacturing industry, the use of 
carbide insert is a very important aspect in milling 
process. Carbide insert is normally used to extend tool 
life and reduce the frequency of tool changes. Besides 
that, it also reduces the manufacturing cost and setup 
time. However, the hardness and toughness of a carbide 
insert can be decreased due to its frequent machining 
where it can slowly produce wear on the structure of the 
insert [2]. Prediction and control of tool wear is one of 
the most essential problems emerging in cutting 
operations [4]. High friction between cutting tool and 
workpiece material are the common factors that 
contribute to the tool wear which can reduce the volume 
of tool material on a contact surface [5]. This research 
and experiment was made to compare the machining 
performance of CVD and PVD coated cutting tool in 
order to study the appropriate parameters according to the 
type of tool used when machining titanium alloy. To 
improve the tool life in machining, carbide insert should 
be coated in order to obtain a high physical aspect such 
as hardness, toughness and wear resistance. The most 
common coating methods applied on carbide inserts is 
Chemical Vapour Deposition (CVD) and Physical 
Vapour Deposition (PVD). Chemical vapor deposition 

(CVD) and physical vapor deposition (PVD) are the main 
processes used to add coating material to cutting tools 
where the substrates are high speed steel (HSS) cemented 
carbide, ceramic or a super hard material [3]. Generally, 
CVD coated carbide inserts are often used in milling a 
titanium alloy due to its extreme difficulty to machine 
material. For aerospace applications, CVD coated 
carbide insert performed a good cutting when face 
milling titanium alloy under dry condition [1]. 

 
2.   METHODOLOGY 
 
2.1   Workpiece 
 

The material used as the workpiece in this research is 
Ti-6Al-4V. This material is widely used in aircraft turbine 
engine components, aircraft structural components, 
aerospace fasteners, and high-performance automotive 
parts. Details of the composition and mechanical 
properties of this material are shown in Table 1. The size 
of the titanium alloy in block shape is 120 x 100 x 
50mm3. 

  
Table 1: The composition (wt%)  and  mechanical properties of 

Titanium Alloy (Ti-6Al-4V)[7] 
 

Conten
t 

  H   N   C  Fe   V  Al   Ti 

  Wt% 0.00
5 

0.0
1 

0.0
5 

0.0
9 

4.4
0 

6.1
5 

Balanc
e 

 
Tensile 

Strength 
(MPa) 

Yield 
Strength 
(MPa) 

Density 
(Kg/m³) 

Modulus of 
Elasticity 

(GPa) 

Hardness 
(HRC) 

993 830 4540 114 36 
 
2.2   Machining Condition 
 

Two types of round shape tungsten carbide insert were 
used in these experiments which are PVD coated insert 
and CVD coated insert. The machining conditions for the 
experiment are described in Table 2.  

 
Table 2: Machining condition for the experiment 

 
Workpiece Ti-6Al-4V 
Tool PVD coated insert and CVD coated insert 
Machine Mazak CNC milling machine 
Atmosphere Dry machining condition 
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Response Surface Methodology (RSM) using Box 
Behken approach was employed in order to determine the 
optimum parameter. The parameter range setting was 
considered based on tool maker recommendation and 
setting from the previous studies as shown in Table 3.  

 
Table 3: Specification of cutting parameters 

 
Control parameter Parameter range 
Level -1 1 
Cutting speed,  120 (m/min) 180 (m/min) 
Feed rate,  0.1 (mm/ tooth) 0.2 (mm/ tooth) 

Depth of cut, DoC 
Axial depth of cut,  0.1-0.5 mm 
Radial depth of cut,  1 mm 

 
 

3.0   RESULT AND DISCUSSION 
 
In this study, analysis on independent machining 
variables that includes cutting speed, feed rate, depth of 
cut and type of coated effect was performed in order to 
response to the tool life of PVD and CVD coated tungsten 
carbide inserts. The tool wear was measured based on 
standard average flank wear (Vb avg) ≥ 0.3 mm and 
excessive chipping or fracture of the cutting edge. The 
cutting tool is considered fail when the flank wear 
reaches 0.3mm [2]. The experiment results for both CVD 
and PVD coated inserts are shown in Table 4. 
 
Table 4: The values of tool wear using CVD and PVD coated insert 

 
 
From Table 4, the longest CVD tool life was recorded at 
experiment 1 which is 625 minutes where the cutting 
speed, Vc = 120 m/min, feed rate, Fz = 0.1 mm/tooth and 
depth of cut, DoC = 0.3 mm. Meanwhile, the shortest 
CVD tool life of 64.7 minutes occuring at experiment 7, 
where the cutting speed, Vc = 150 m/min, feed rate, Fz = 
0.2 mm/tooth and depth of cut, DoC = 0.5 mm. It is 
similar with the research done by Che Haron et al. [2], 
where they found that lower cutting parameter produce 
longer tool life compared to medium and higher cutting 
parameter. Based on table 5, the longest PVD tool life 
was recorded at experiment 1 which is 734 minutes 
where the cutting speed, Vc = 120 m/min, feed rate, Fz = 
0.1 mm/tooth and depth of cut, DoC = 0.3 mm. 
Meanwhile, the shortest PVD tool life of 91.061 minutes 
occurs at experiment 6, where the cutting speed, Vc = 180 
m/min, feed rate, Fz = 0.15 mm/tooth and depth of cut, 
DoC = 0.5 mm. 

 
Figure 3: CVD and PVD coated insert wear pattern at the end of 

machining 
 
4.0   CONCLUSION 

 
The effects of using both PVD coated and CVD coated 
insert, cutting parameters on the Titanium alloy (Ti-6Al-
4V) were investigated according to the previous research 
and study. It  can be concluded that the PVD coated insert 
has the most influence on a longer tool life for machining 
titanium alloy under dry condition followed by feed of 
rate, depth of cut and cutting speed, respectively. The 
effects of feed rate on tool wear and tool life are much 
higher compared to cutting speed and depth of cut. For 
the CVD coated insert, it can be concluded that cutting 
parameters of feed rate, cutting speed and depth of cut 
influenced tool life and tool wear. A higher cutting speed 
with moderate value of feed rate, results in a higher tool 
life but a lower cutting speed with moderate feed rate 
results in a lower tool life. 
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Exp. Cutting 
Speed 

(m/min) 

Feed 
Rate 

(mm/tooth) 

Depth 
of Cut 
(mm) 

CVD 
Tool 
Life 

(min) 

PVD 
Tool 
Life 

(min) 
1 120 0.1 0.30 625 734 

2 180 0.1 0.30 139.2 147.7 

3 120 0.2 0.30 277.4 287.04 
4 180 0.2 0.30 83.1 93.029 

5 150 0.15 0.30 134.8 231.208 
6 180 0.15 0.50 78.5 91.061 

7 150 0.2 0.50 64.7 110.526 

8 150 0.15 0.50 109.4 121.689 
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ABSTRACT – Wear mostly occurs under the boundary 
lubrication state. In this state the lubricant thickness is not 
sufficient enough to withstand the load thus the 
contacting surface asperities are in direct contact. Polar 
functional groups contained in the triacylglycerol 
molecule of the natural seed oils are able to attach to the 
metal surfaces and the non-polar end sticking away from 
the metal surface thus providing protection from friction 
and wear. Jatropha oil has been found to possess good 
boundary lubrication properties. This work is subjected 
to characterized tribo-film formed during sliding of steel 
lubricated with jatropha oil. The tribological test was 
carried out by four ball method according to ASTM 4192. 
Jatropha oil obtained from local market was used as 
lubricants and four (4) half inch of diameter AISI E-
52100 steel balls with 62±2 HRC of hardness were used 
as solid samples. FESEM-EDX and XPS analysis were 
conducted to characterized tribo-layer structure formed 
on the worn surfaces. It is concluded that tribo-layer 
formed on steel surface lubricates with jatropha oil is 
constructed from inorganic oxide together with organic 
layers. 
 
1. INTRODUCTION 
Liquid lubricant protects metal surfaces from friction and 
wear by providing sufficient layer to separate the surface 
in direct contact. However, the lubricant layer could fail 
when the system operate at high load and low speed. This 
state is known as boundary lubrication. Wear and other 
surface damage are mostly occurs under the boundary 
lubrication state. In boundary lubrication, interactions 
between friction surfaces and the lubricant dominate the 
friction and wear characteristics which associated with 
adsorption and chemisorption occurs on the metal 
surfaces [1]. A layer of organic compounds typically 
formed on the surface due to adsorption of polar end 
groups with the metal surface. Polar functional groups 
contained in the triacylglycerol molecule of the natural 
seed oils are able to attach to the metal surfaces and the 
non-polar end sticking away from the metal surface. The 
–CH2– chain of the fatty acid tail offers a sliding surface 
that prevents the participating metal pairs from direct 
contact [2] 

Jatropha oil has been found to possess good boundary 
lubrication properties, therefore it is considered could be 
used for boundary lubrication application. In the previous 
study on friction of sliding steel lubricated with jatropha 
oil [3], a typical tribo-layer formed on worn surfaces was 
observed. This work is subjected to characterized tribo-
layer formed during sliding of steel in the presence of 
jatropha oil. 
 
2. METHODOLOGY 
Jatropha oil obtained from local market was used as 
lubricants and four (4) half inch of diameter AISI E-
52100 steel balls with 62±2 HRC of hardness were used 
as solid samples. The tribological test was carried out by 
four ball method according to ASTM D4192. 
Composition and worn surfaces of the bearing balls were 
observed by Carl-Zeiss SUPRA55VP field emission 
scanning electron microscopy (FESEM). Inca-Oxford 
energy-dispersive X-ray (EDX) and X-ray photoelectron 
spectroscopy (Thermo Scientific K-Alpha) were used to 
analyze tribo-layer formation on the worn surfaces. 
  
3. RESULTS AND DISCUSSION 
The EDX analysis on the initial and worn steel surfaces 
is shown in Table 1. Worn surface steel ball lubricates 
with jatropha oil loaded with 40 kgf loads and the typical 
tribo-layer formed on the worn surfaces are shown in 
Figure 1. Main component of AISI 52100 steel such as 
Fe, Cr, and C were observed on the initial and worn 
surfaces of the ball sample where the percentage of these 
elements were changed due to the friction. Moreover, 
appearance of Si elements was observed. Figure 2 shows 
XPS’s overall survey spectrum obtained from the worn 
surface. The appearance of Fe, Cr, Si, and C spectra in 
the overall survey scan are in agreement with the EDX 
results. Fe peaks at binding energy of 706.7, 710.8, 720 
and 724.9 eV respectively were observed from the 
spectra in Figure 3(b). Peak observed at 706.7 is 
corresponded to metal iron of Fe2p3, and 710.8 eV is 
corresponded to α-Fe2O3, peak at 720 eV is corresponded 
to metal iron of Fe2p1, and peak at 724.9 eV is 
corresponded to FeO  [3, 4]. Peaks observed at 285.4 eV 
on Figure 3(c) is related to hydrocarbon such as CH3-, -
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CH2- and –CH [5]. Other peak observed at 289 at eV is 
related to formation of peroxy (-OOR)[4]. This indicates 
that the jatropha oil was oxidized during sliding contact 
due to frictional heat since peroxy radical is known as 
product of lubricant oil oxidation process. Figure 3(d) 
shows spectra of O elements where two peaks observed 
at 530.5 and 532.5 eV in Figure 3(d). Both of these peaks 
are associated to presence of inorganic oxides [6], which 
in this case is possibly associated to the formation of iron 
oxides (FeO) [7]. The appearance of Si peak at 103.3 eV 
in XPS overall survey is believed related to formation of 
inorganic oxide as well, where this spectra is related to 
formation of inorganic salt (SiO2). 
    
Table 1. EDX analysis on initial and worn out AISI 
52100 ball sample 

Element Initial 
(wt.%) 

Worn sample 
(wt.%) 

C K 22.59 7.81 
Cr K 1.63 2.06 
Fe K 75.78 89.66 
Si K  0.46 

Totals 100 100.00 
 

   
                    (a)                                        (b) 
Figure 1: Micrograph of worn steel ball lubricates with 
jatropha oil, (a) overall wear feature, (b) enlarged view 

on the tribo-layer formed 
 

    

     
 

Figure 2: XPS spectra of worn surface lubricated with 
crude jatropha oil (F: 40 kgf, ω: 1200 rpm), (a) Overall 

survey scan, (b) Fe2p, (c) C1s, and  (d) O1s 
 
Fatty acids contained in jatropha oil are known to have 
good boundary lubrication properties due to presence of 
polar head group in fatty acids. Theoretically, the polar 
head is physically adsorbed onto the metal surface or 
chemically reacted with the metal and the long 

hydrocarbon tail remains in the oil. These tail then 
associate one with another to form a strong lubricant 
layer [1]. These layer may be only one or a few molecule 
thick and are said to be adsorbed onto the surface. The 
adsorped and chemisorped layer are very effective in 
reducing friction and mild wear under light or moderate 
sliding. The changes of elements percentage in EDX as 
well as appearance of Si and O elements in XPS analysis 
were suggesting the formation of this kind of tribo-layer. 
This sacrificial layer operates based on the principle that 
the reaction product provide an easily removable, low 
shear interfacial layer against the rubbing. So instead of 
the surfaces being rapidly worn by the shear motions of 
the surfaces, this layer will be firstly removed. This layer 
possibly affects the reduction and stabilization of friction 
coefficient found in the previous study [3]. Based on the 
XPS C1s scan result, it can also be concluded that the 
frictional heat during the sliding has induced 
intermolecular polymerization of the jatropha oil sample 
(mainly dimers and trimers) which results in a “polymer 
like” friction as observed in our previous study. 
 
4. CONCLUSIONS 
Boundary lubricated layer on worn steel surface in the 
presence of jatropha oil is constructed from inorganic 
oxide together with organic layers. This layer will affect 
the frictional behavior of steel boundary lubrication by 
jatropha oil. The frictional heat during the sliding has 
induced intermolecular polymerization of the jatropha oil 
which results in a “polymer like” friction behavior. 
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ABSTRACT –Copper matrix composites with 
reinforcement carbon nanotubes (CNTs) have been 
successfully fabricated by the powder metallurgy (PM) 
route.  Microhardness and wear resistance of Cu/CNTs 
composites were investigated.  The composites 
contained 0 to 4 vol% pristine CNTs (PCNTs) and also 
after acid treated CNTs (ACNTs).The optimum value 
(pure Cu, 3 vol%PCNTs, 3 vol%ACNTs) that was 
evaluated by micro-hardness test were selected to 
perform wear test.  The results showed that 
enhancement of hardness and coefficient of friction 
(COF) are due to the effect of the homogenous 
distribution of ACNTs in Cu matrix and good bonding 
compared to pure Cu, and Cu reinforced pristine CNTs.  

1. INTRODUCTION
Powder metallurgy (PM) is a well-known

technology and considered to be the most common 
production technique for metal matrix composites 
(MMCs).  It is a promising method to produce near net 
shape with minimal material waste[1]. Composite 
materials become a necessity  for modern technology 
due to their improved physical and mechanical 
properties. MMCs containing of carbon nanotubes 
(CNTs) become a promising materials for industrial 
applications since their discovery by Iijima in 1991 [2]. 
For instance, the use of CNTs  has significantly 
enhanced the wear properties  which is beneficial for 
sliding component  in electrical appliances such as 
electrical brush. They employed as a solid lubricant 
material for the fabrication of various composites.   

CNTs as solid lubricant material have 
extraordinary properties such as high elastic modulus, 
high strength and high thermal and electrical 
conductivity[3][4].  Previous studies also revealed that 
MMCs with the smaller size of reinforcements exhibit a 
lower coefficient of friction and wear rate[5][6][7]. 
Thus, it shows that metal matrix nanocomposites have 
excellent tribological properties rather than metal matrix 
micro-composites[7].  However, CNTs have a major 
drawback with regards to strong agglomeration and 
weak in dispersions.  It has been demonstrated that by 
performing functionalization process, better dispersion 
and less agglomeration can be obtained[8][9]. In this 
study, the hardness and wear resistance of pure Cu and 
Cu/CNTs composites fabricated via powder metallurgy 
(PM) route were evaluated. 

2. EXPERIMENTAL DETAILS 
Carbon nanotubes used in this work were supplied

by CNano Technology (Beijing) Ltd having an average 

diameter of 11 nm with an average length of 10 µm. 
Consideration for comparison and increasing the 
dispersion of CNTs, they were subjected to an acid 
treatment process using strong acid solution (H2SO4: 
HNO3; 3:1). Meanwhile, Cu as a metal matrix was 
supplied from Acros Organics, Belgium. The micro-
sized Cu powder and CNTs were prepared by PM 
technique and the process included mixing of Cu 
powder and CNTs, compacting and sintering in argon 
atmosphere.  Both CNTs and Cu were mixed by a 
planetary mill and pressed in a steel die.  Then, the 
green body was initially heat isothermally at 100°C for 
1 hour, and sintering was done at a temperature of 
900°C for 2 hours.  The specimens were 37 mm long, 
13 mm thick and 10 mm in height with 0 to 4 vol% of 
CNTs. 

Micro-hardness tester model Mitutoyo Hardness 
testing machine (MKV-H1) with ASTM standard E-384 
was used for measuring Microhardness Vickers for the 
pure copper sample and Cu/CNTs composites.  The test 
was repeated for 10 times at different points for each 
sample. The wear test was performed under a dry 
sliding condition in accordance with ASTM G99 
standards using a pin-on-disc test machine. COF was 
calculated by dividing the friction force that was 
recorded online by the applied load.  Meanwhile, the 
surface roughness (Ra) of the worn surfaces samples 
were calculated by the Optical 3D Surface Metrology 
(Alicona). 

3. RESULTS AND DISCUSSION
Figure 1 shows the microhardness values of the

pure copper, Cu/PCNTs and Cu/ACNTs.  The hardness 
increased almost linearly up to 3 vol% of CNTs and 
decreased with a reinforced fraction greater than 3 
vol%.  The similar finding has also been reported by 
Pham et al.[8]. The hardness properties of pure Cu was 
increased 43.87% compared to the Cu-3%PCNTs and 
54.97% compared to Cu-3%ACNTs. These can be 
explained by the reason of CNTs which can withstand 
much higher load than the Cu matrix.  Pham et.al [8] 
reported that Cu matrix has the ability to transfer and 
distribute external force to the CNTs which have high 
strength, so that Cu/CNTs composites have good 
mechanical properties than the pure Cu.  However, the 
hardness of Cu-3%ACNTs had 19.77% higher than Cu-
3%PCNTs because of the better interfacial bonding 
between the CNTs and Cu matrix, which is assisted by 
the functionalization of the CNTs through the acid 
treatment process. During this treatment process, the 
carboxyl and hydroxyl functional group were grafted 
onto the CNTs, providing a binding site at the Cu 
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matrix.  Thus, it helps to have a homogenous dispersion.  
If the CNTs agglomerate at one spot area, the area will 
receive the maximum load and formation of crack will 
be seen.  This will deteriorate the composites’ 
properties.    

In most cases, the higher hardness is strongly 
connected with the reduction of wear rate and 
coefficient of friction[6][10]. Table 1 represents the 
weight loss, coefficient of friction (COF) and surface 
roughness (Ra) of the worn surfaces of the pure Cu and 
Cu/CNTs composites, which are selected from the 
optimum value of hardness. From the results obtained, 
unreinforced Cu had higher COF, followed by Cu-
3%PCNTs and Cu-3%ACNTs.  The same results was 
reported by J.P Tu et al. [6] where the carbon nanotubes 
reinforced copper  composites revealed a low value of 
coefficient of friction. The COF of pure Cu is higher 
due to the metal to metal contact during sliding.  Copper 
is softer than the counter surface material.  When it 
contacts each other under an applied load, plastic 
deformation occurs which leads to the higher wear rate 
[5]. While COF for the Cu/CNTs composites was seen 
to decrease with the addition of CNTs because the 
nanotube reinforcement improved the matrix strength 
and self-lubrication of CNTs. Hence, due to the effect of 
the reinforcement and reduced friction, the weight loss 
and surface roughness of the composites also decreased 
with the increase of hardness.  It can be noted that, 
Cu/CNTs composites have greater mechanical durability 
than pure Cu. 

In previous research, when the CNTs were 
subjected to the functionalization process, the chemical 
bonding formed between the CNTs and the matrix ions 
provides uniformity in dispersions of CNTs as well as 
high interfacial strength [8][9].  For this reason, it was 
observed that Cu-3%ACNTs obtained the best value of 
wear resistance compared to Cu-3%PCNTs. 

Figure 1: Vickers hardness of (i) pure Cu (ii) Cu/PCNTs 
and (iii) Cu/ACNTs composites with varying volume 
fraction of carbon nanotubes 

Table 1: Wear properties of different composites 
Specimens Weight loss (g) COF Ra (µm) 
Pure Cu 0.0612 0.765 1.3426 
Cu-3%PCNTs 0.0456 0.581 1.3496 
Cu-3%ACNTs 0.0220 0.450 1.1117 
4. CONCLUSION

In this study, the Cu/CNTs composite has been
successfully fabricated.  The hardness and the wear 
resistance of Cu were significantly increased with the 
addition of CNTs.  The remarkable enhancement of 
hardness, coefficient of friction, weight loss and also 

surface roughness of worn surfaces are acquired from 
the homogenous and well dispersion of CNTs in Cu 
matrix.  Therefore, it is important to have a well 
dispersion and less agglomeration of CNTs, so that the 
load sharing is done in a uniform manner and hence, 
increasing the total load or force that a composite can 
withstand. 
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ABSTRACT–In the present study, nano particles 
titanium dioxide anatase TiO2(A) and graphene have 
been added into purebase oil group two (BO G) for 
enhancing the tribology properties in terms of 
antifriction, antiwear and surface morphology 
improvement. Oleic acid OA surfactant/precursor was 
blended with the formulation to stabilize the nano 
particles into the lube oil. One type of precursors (OA) 
has been used with the formulation due to its properties 
and for cost saving aspect. Next to that oleic acid is 
unsaturated fatty acid to improve the nano particles 
dispersion into the base oil and for lubricity 
improvement as well. Four-ball tester has been 
employed to examine the tribological performance for 
six different formulated samples. Moreover, image 
acquisition system was used to calculate the wear scar 
diameter. Furthermore, Phenom ProX ultimate imaging 
desktop was utilized for scanning electron microscope 
(SEM) and energy dispersive X-ray analysis (EDX) to 
identify the metallographic characterization of the 
scarred surface. The novelty of this work is formulating 
two smart nano particles TiO2 (A) and graphene with 
the industrial base oil group  to improve the 
lubrication specifications. Experiments proved that 
adding 0.04wt% TiO2 (A) + 0.02wt% graphene to the 
base oil G  have optimized the tribology behavior. The 
upgraded tribological performance of TiO2 (A) and nano 
graphene with BO G  can be attributed to the superior 
structural integrity of the mixture and the created 
transfer film of the nano TiO2 (A) + graphene during the 
sliding motion process. 

1. INTRODUCTION
Friction is defined as the action of one surface

rubbing against another, hence sufficient energy will be 
consumed to overcome this force. A lot of research was 
done to reduce the friction in order to save the energy, 
beginning from using water and mud till oil with 
additives as a lubricant [1]. Current studies are to 
improve the lubricant performance by adding nano 
particles for friction reduction, anti wear and so on [2]. 
Titanium dioxide (TiO2) or Titania is a very well known 
and well-researched material due to the stability of its 
chemical structure, biocompatibility, physical, optical, 
and electrical properties. It exists in three mineral forms 
viz: anatase, rutile, and brookite. TiO2 Anatase type has 
a crystalline structure that corresponds to the tetragonal 
system (with dipyramidal habit). Generally, TiO2 is 

preferred in anatase form as a metal oxide additive 
because of its high specific area, non-toxic, relatively 
inexpensive, better dispersion of the formulation, barrier 
properties in the coatings, self-healing effect giving 
advantage in anticorrosion 
behavior[3].TiO2nanoparticles revealed superior anti 
friction and anti wear characteristics [4]. Nano graphene 
becomes the material of the century because of its 
superb characteristics in the term of physiochemical 
properties in tribology applications. Whilst graphene is 
two-dimensional material, presents exclusive friction 
and wear properties that are not usually seen in 
conventional materials. Moreover its well-established 
thermal, electrical, optical, and mechanical properties, 
graphene can function as a solid or colloidal liquid 
lubricant. Its high chemical inertness, extreme strength, 
and easy shear capability on its thickly packed and 
atomically smooth surface are the key positive attributes 
for its remarkable tribological behavior[1]. However, 
the tribological properties of these nano combination 
materials remain incompletely understood. In this work, 
the nano materials prepared and their tribological 
properties were examined. The synergistic lubrication 
effect of nano platelets graphene and nano TiO2 Anatase 
was also investigated. The nano graphene + TiO2 
Anatase were found to be promising lubricant additives 
with better performance than pure base oil group . 

2. METHODOLOGY
Six samples have been examined in Four Ball Tester
TR-30 Ducom by using SKFsteel balls 12.7 mm
diameter. Titanium (IV) oxide, Anatase <25 nm particle
size, 99.7% trace metals basis and Graphene nano
platelet ~ 5nm thickness with surface area 120 m2/g.
The base oil group  was brought from GS Caltex a
South Korean oil refiner. This base oil group 
according to the API classification is used for this study.
Oleic acid C18H34O2 extra pure M.Wt 282, 46 g/mol
have been used for this study. Formulation of each
sample is shown in Table 1. After preparing the six 
samples, sonication for 5 samples have been done for 2
hours at 80°C temperature except the pure oil sample.
This ultrasonic treatment in order to assure the
formation of a stable suspension of previously dispersed
nanoparticles into the base oil[5].The 4 balls tribotester
was calibrated on 75°C temperature, speed rotation
1200 RPM and constant load 392 N/ (40 Kg) according
to the ASTM D 4172 B the standard test method for
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wear preventive characteristics of lubricating fluid. 

Table 1: State the quantities of the nano particles and the 
oil used in this study 
TiO2 (A) 
mg 

Graphene 
mg 

Base Oil 
G  ml 

Oleic Acid ml 

0.0 0.02 8 2 
0.02 0.0 8 2 
0.02 0.02 8 2 
0.02 0.04 8 2 
0.04 0.02 8 2 
0.0 0.0 10 0 

3. RESULTS AND DISCUSSION
The synergistic lubrication effect of nano TiO2

Anatase and nano platelets graphene revealed profitable 
results in terms of coefficient of friction COF µ as 
shown in Fig. 1, wear scar diameter WSD μmas 
displayed in Fig. 2 and wear rate WR m3/Nm as 
presented in Fig. 3. Moreover the results verified by 
morphology characterization as predicted in Fig. 4. The 
excellent composition of the lubricant formulation and 
the transfer film that was created during the friction 
process secured the ball surface [6].  

I. Coefficient of friction behavior

Figure 1: Shows the differences in COF µ with respect 
to 1 hour of time among six types of concentrations. 

II. Wear scar diameter behavior

Figure 2: Shows the differences in WSDμm with respect 
to 1 hour of time among six types of concentrations.  

III. Wear rate behavior

Figure 3: Shows the differences in wear rate (x10-16) 
m3/Nm with respect to 1 hour of time among six types 
of concentrations. 

IV. Metallographic characterization

Figure 4: SEM & EDX characterization for the scarred 
steel ball surface with 0.04wt% TiO2 (A) + 0.02wt% 
Graphene + Base Oil Group 2 Lubricant. 

4. CONCLUSIONS
Formulating of 0.4wt%TiO2(A)+0.2wt% graphene

with pure base oil group two were observed to be the 
best rates to acquire profitable results. The synergetic 
superior structure of the blended lubricant remarkably 
diminished the COF, SWD and WR. The creation of the 
tribofilm has protected the ball surface from the severe 
friction and adhesion wear. 

5. REFERENCES
[1] Diana Berman, A.E., Anirudha V. Sumant.,

"Graphene: a new emerging lubricant," Materials
Today, vol. 17, no. 1,2014.

[2] Juozas Padgurskas, R.R., Igoris Prosycˇevas,
Raimondas Kreivaitis, "Tribological properties of
lubricant additives of Fe, Cu and Co
nanoparticles," Tribology International, vol. 60,
pp. 224–232, 2013.

[3] D. P. Macwan, P.N.D., Shalini Chaturvedi., "A
review on nano-TiO2 sol–gel type syntheses and
its applications," Journal of Materials Science, vol.
46: pp. 3669–3686, 2011.

[4] Yuh-Yih Wu, M.-J.K., "Using TiO2 nanofluid
additive for engine lubrication oil," Industrial
Lubrication and Tribology, vol. 65, no. 6, pp. 440 -
445, 2011.

[5] S.M. Alves, B.S.B., M.F. Trajano, K.S.B. Ribeiro,
E. Moura., "Tribological behavior of vegetable oil-
based lubricants with nanoparticles of oxides in
boundary lubrication conditions," Tribology
International, vol. 65, pp. 28–36, 2013.

[6] A. Moshkovith, V.P., I. Lapsker, N. Fleischer, R.
Tenne and L. Rapoport, "Friction of fullerene-like
WS2 nanoparticles: effect of agglomeration,"
Tribology Letters, vol. 24, no. 3, 2006.

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600

CO
F 

(x
10

0)

Sliding Time (Sec)
Pure BO G ΙΙ
0.2wt% Graphene+BO GΙΙ
0.2wt% TiO2(A)+BO G ΙΙ
0.2wt% [TiO2(A)+Graphene]+BO GΙΙ
0.2wt% TiO2(A)+0.4wt% Graphene+BO GΙΙ
0.4wt% TiO2(A)+0.2wt% Graphene+BO GΙΙ

0

2

4

6

8

10

12

W
SD

 M
ea

n 

Sliding Time (1 hr)

0

2

4

6

8

10

12

W
ea

r R
at

e 
(x

10
-1

6 )
m

3 /
N

m

Sliding Time (1 hr)



Advanced Processes and Systems in Manufacturing An International Conference 2016 
28 ~ 30 August 2016- Kuala Lumpur, pp. 91-92  
  
 
 

91 
 

Effect of steel fibres on the tribological behaviours of brake friction 
materials prepared by powder  metallurgy route 

Talib R.J.1, *, Ismail. N.I1. Ismail.,M.F1., Eliasidi A.O.2 

 
1)Fakulti Kejuruteraan Mekanikal, Universiti Teknologi MARA Pulau  Pinang, 

13500 Permatang Pauh, Penang, Malaysia. 
2)Advanced Materials Centre, SIRIM Berhad, Lot 35, Jalan  Hi-Tech 2/3,  

Kulim Hi-Tech Park, Kedah D.A., Malaysia Malaysia. 
 

*Corresponding e-mail: drtalib@ppinang.uitm.edu..my 
Keywords: friction material, steel fibre, friction, temperature, speed. 

 
ABSTRACT – Three semi-metallic material 
formulations of different steel fibre vol. % were 
prepared by powder metallurgy process. Each sample 
was subjected to inertia dynamometer test in accordance 
with recommended practice of SAE J2522 test 
procedures. Test results indicated that sample T1, which 
composed of 9 vol. % of steel fibre had a lower 
coefficient of friction (COF) and sensitive to pressure 
and surface temperature. The samples with composed of 
18 and 27 vol. % of steel fibre had the same trend of 
COF and sensitive to surface temperature only. Sample 
T, which composed of 18 vol. % of steel fibre had lower 
brake pad and disc lost as compared to sample T2, 
which composed of 27 vol. %. Thus, it could be 
postulated  that sample T, which composed of 18 vol. % 
of steel fibre is the best formulation.  
 
1. INTRODUCTION 

Brake friction materials are classified to four main 
constituents; reinforcing material, binder, friction 
modifiers materials and fillers.  It is important to note 
that certain ingredient in the friction material 
composition perform multiple functions and may be 
placed in more than one classification [1]. Each 
ingradient in the formulation has its own function. Thus, 
the selection of ingredients and weight percentages used 
in the friction formulation will significantly affect the 
friction and wear characteristics, braking performance 
[2]. 

Reinforcing fiber such as fiberglass, aramid, rock 
wool, steel wool, and potassium titanate is used to 
provide the necessary mechanical strength, rigidity, 
integrity, and thermal stability at high temperature. 
Large amount of steel fibre may cause excessive rotor 
wear whereas glass fibre and ceramic fibre are brittle, 
thus increases brake material wear.  

Surface temperature increases with increase in 
braking variable parameters due to the increase in 
kinetic energy absorbed by the brake pad during 
braking. High temperatures decrease the yield strength of 
the materials and leads to changes in the real contact 
configuration [3]. The adhesion of the transfer layer 
becomes weak resulting in the flaking of the transfer 
layers and thus an increase in the wear rate [4]. This 
research is focused on the effect of steel fibre 
composition on friction behaviors with increasing 
temperature, speed and pressure during braking process.  
 

2. METHODOLOGY 
Three friction material formulations were  

prepared using powder metallurgy process. Table 1 
shows the composition of the formulation. The 
ingredients were mixed for 10 minutes and then warm 
compacted under a pressure of 15 MPa at a temperature 
of 190oC in brake-pad die. The compacted brake pads 
were post-baked at a temperature of 180°C for 4 hours. 

The steel fibre resin percentage volume in the 
sample T1 is decreased by 50% while in that sample T2 
is increased by 50% as compared to base formulation T. 
The composition of the other ingredients is 
proportionally increased and decreased according to the 
base formulation. Each sample was subjected to 
dynamometer tests in accordance with test procedures 
as stipulated in Society of Automotive Engineers 
standard SAE J2522 [5].   

 
Table 1. Sample formulation 

Ingradients Sample T1 
(Vol.%) 

Sample T 
(Vol.%) 

Sample T2 
(Vol.%) 

Phenolic resin  11.1 10 8.9 
steel fibre  9 18 27 
Copper and ceramic 
fibre 12.2 10 11.8 

Filler (barium, rubber, 
friction dust) 36.6 33 29.4 

Fricitional additive 
(Fe2O3, MgO, graphite)  31.1 28 24.9 

Total 100 100 100 
 

Table 2. Test Specifications  

Item Specification 
Vehicle System Simulated : Proton WAJA 1.6 front 

axle 
Piston Diameter : 54 mm 
Rotor Diameter x 
Thickness 

: 236 x 18 mm 

Rotor Mass : 3.7 kg 
Rotor Effective Radius : 95.88 mm 
Axle Load : 830 kg 
Test Inertia : 34.7 kg·m² 
Static Loaded Radius/ 
Rolling Radius 

: 287.02 mm 

Simulated Wheel Load : 421 kg 
 
3. RESULTS AND DISCUSSION 

It can be seen that the coefficient of friction (COF) 
increased with increasing temperature and then 
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decreased when the surface temperature has reached the 
temperature of 230˚C as shown in Figure 1. At an early 
stage of braking, the COF increased due to the harder 
asperities being ploughed into the wear surfaces and 
enlargement of the contact area. Subsequently, the 
degradation of the phenolic resin causes the mechanical 
integrity of formulation to become progressively 
weaker, and thus reducing the COF. The shearing of the 
peak asperities and formation of friction film could also 
reduce the COF. Sample T1 which composed 9 vol.% 
steel fibre has lowest COF which could be due lower 
mechanical strength among the ingredients in the 
formulation after the degradation of resin. As the 
temperature increased to 400˚C, it was a sudden drop of 
COF on sample T1. 
Figure 2 signify the COF sensitivity to pressure when 
the compositions of steel fibre are varied. The sample T 
composed of 18 vol. % of steel fibre is less sensitive to 
pressure as compared with sample T1 composed of 9 
vol.% of steel fibre. As the applied pressure increased, 
the resistance to the sliding is also increased with 
subsequently increased the surface temperature. This 
result in the degradation of polymeric material which 
act as a binder, thus reduced the bonding among the 
ingradients. This phenomenon caused the material with 
less steel fibre to be less resistance to sliding. This in 
turn, further reduced COF as the brake fade occurred at 
higher temperature.     
 

 
Fig. 1. Friction sensitivity vs temperature 

 

 
Fig. 2. Friction sensitivity vs pressure 

 
The brake rotor and pad lost increases as the vol. % of 
steel fibre increased as shown in Table 3. The surface of 
brake pad becomes rougher as the vol. % increased, thus 
resulted in higher thickness lost of the brake rotor. 
During braking, the surface temperature increased with 

increasing pressure which will decomposed the 
polymeric materials. Decomposing of  polymeric 
materials, causes the reduction of materials bonding and 
subsequently increased the thickness loss of brake pad. 

Table  3. Thickness lost 

Sample 
Thickness lost 

Brake pad (mm) Rotor (m) 
T1 0.47 0.011 
T 0.58 0.015 
T2 0.73 0.021 

 
4. CONCLUSIONS 
The following phenomena were observed when the vol. 
percentage of steel fibre were varied and  subjected to 
increase in temperature, pressure and spped; 
(a) The COF increased with increasing temperature 

and pressure and subsequently decreasing when 
the surface temperature has reached the 
degradation temperature of 230˚C of the resin. The 
reduction could be also due to the shearing of the 
peak asperities and formation of friction film 
during braking.  

(b) Sample T1 which composed of 9 vol. % steel fibre 
resin is sensitive with the pressure and  had the 
lowest COF with increasing temperature and 
speed. This phenomenon was postulated due to 
less resistance to sliding.  

(c) Samples T and T2 with composed of 18 and 27 
vol. % of steel fibre, respectively had the same 
trend of COF and sensitive with surface 
temperature and vehicle  speed.  

(d) Sample T which composed of 18 vol. % of steel 
fibre is the best formulation based on the wear 
results even though having COF slightly less than 
sample T2. 
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ABSTRACT – This research presents a direct 
repurposing activity of consumed high speed tool steel 
(HSS) hacksaw blade into fine-looking handmade knives 
in order to increase the awareness about sustainability by 
examined the relationship between alloying elements and 
material hardness of HSS hacksaw blade after undergone 
the tribology activity. However, there a less report 
discussing on the characterization of HSS hacksaw blade 
for the repurposing activity. Therefore, the quality of 
HSS hacksaw blade samples were analyzed by using 
scanning electron microscopy and energy-dispersive x-
ray techniques (SEM/EDX) through the identification of 
material elements properties. It is found that, the material 
composition of carbon, C plays a vital role to increase or 
change and improve the hardness and wear resistance of 
the HSS hacksaw blade. Besides, finite element structural 
analysis by using Computer Aided Engineering (CAE) 
software is utilized to evaluate the material performance 
shows that the Von Mises stress obtained is lower than 
the yield strength of 3250 MPa by 71.44 % with the 
safety factor of 3.58 means the design will not be 
subjected to failure. The mechanical properties of the 
HSS hacksaw blade such as hardness were determined 
averagely by 5 % of hardness increase. It has been 
validated that tribological effects of heat generation 
towards the material characteristic leads to hardness 
changes which result in enhanced the tool life of HSS 
hacksaw blade. 

1. INTRODUCTION
High speed tool steel (HSS) hacksaw blade is one

of the cutting tool that has ability to preserve a high level 
of hardness while cutting materials at high cutting speeds 
despite being developed for more than a century ago, this 
tool is fairly well used in the industry so far [1]. The HSS 
hacksaw blade used in this research is the type of “AISI 
M2” with the product code of ECL.AE 353K. It is made 
from ferrous based alloys system of the Fe-C-X 
multicomponent structure where X represents a group of 
alloying elements mainly consist of Cr, W, Si, Mn, Mo, 
V and Co [2, 3]. C element combines with X to form 
carbides that is high in hardness where the addition of C 
in an amount corresponding to the HSS composition is 
effective in improving wear resistance of the HSS [4, 5]. 
On the other hand, if the C content in HSS composition 
is too large, it enhanced the segregation of carbide and if 
the C content is poor in HSS composition, such HSS fails 
to acquire a required hardness [4, 5]. 

In tribological applications, most of the energy used 
in plastic deformation and friction in metal cutting and 
metal forming is generated into heat [6]. Generally, the 
addition of alloying elements and tribological effect of 
heat generation enhanced the tool life by transforming the 
retained austenite into martensite causes about 4% 
volume expansion and distortion on its body, means more 
microstructural stability thus granted in an increase of 
hardness and good toughness [1, 7, 8]. It should be noted 
that newly formed martensite is brittle and tempered 
martensite or so called secondary hardening is acceptable 
as the hardness can be increase in order to form high 
speed tool steel (HSS) [7]. 

This research is focused on the HSS hacksaw blade 
that undergone the tribology activity used as repurposing 
material in oder to practice and increase awareness about 
sustainability. Therefore, the microstructural, finite 
element structural analysis and hardness test were 
examined in order to determine the relationship between 
the alloying elements present and material hardness after 
undergoing tribology effect. The factor of safety (FS) was 
calculated at the end of the paper to know the designs are 
subjected to failure or not by using the following 
formula: 

=  
(  ℎ)

(  )  [9]

2. EXPERIMENTATION

 
 

For this study, the microstructural analysis by using 
both SEM and EDX equipment have been conducted on 
six samples of the HSS hacksaw blade as shown in Fig. 
1. The load 15 N, 30 N and 45 N  were applied on the

3250 MPa for M2 type HSS hacksaw blade is used to 
determine the Von Mises stress in order to find the FS of 
the designs. Then, the hardness value of the knives were 
determined by using Rockwell C hardness test by 
applying load of 15 kgf, 30 kgf and 45 kgf at the top spine 
and cutting edge of each knife as shown in Fig. 2. 

Top Spine 

Cutting Edge
Figure 2: Handmade knife sample made from HSS hacksaw 

blade used for Rockwell C hardness test 

Sample 1 Sample 2 Sample 3 

Sample 4 Sample 5 Sample 6 
Figure 1: Cutting samples of HSS hacksaw blade that 

undergone the tribology activity 
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3. RESULTS AND DISCUSSION 
The microstructural analysis by SEM and EDX 

shows that carbide-forming elements of Fe, C, Cr, W, Si, 
Mn, Mo, V and Co are the dominant elements present in 
HSS hacksaw blade. However, this study is focused on 
the C element as the most important element present 
because it can increase or change and improve the 
hardness and wear resistance of the HSS hacksaw blade 
after undergone tribology activity. Fig. 3 shows the graph 
of C element composition tested at six samples. C content 
is higher at samples 2 and 5 due to the tribological effect 
of heat generation occurred during the cutting process 
which contributed to enhancement of tool life. 

The knife design in Fig. 3 is used for the finite 
element structural analysis in order to determine the Von 
Mises stress. Thus, from the result shown in Table 1, it 
can be concluded that the Von Mises stress ( ) 
obtained is lower than yield strength ( ) of 3250 MPa 
by 71.44 % which the designs will not be subjected to 
failure with the average safety factor of 3.58. 

 
 
 
 
 
 

 

Table 1: The factor of safety (FS) for the respective designs 

Design Maximum Load  (MPa) FS 
1 45 N 981.48 3.31 
2 45 N 1060.68 3.06 
3 45 N 741.91 4.38 

Average 3.58 
 

For the analysis of Rockwell C hardness test on the 
knife sample with applied load of 45 kgf, the value of 
HRC which are in the range of HRC 66 to 73 as shown 
in Table 2 is higher than the initial value of hardness 
before undergone tribology activity which is at HRC 66. 
The effect of tribology implementation to the hardness of 
the HSS hacksaw blade were determined averagely by 

5 % of hardness increase. 
 

Table 2: Hardness test for the knife sample of Fig. 2  

Knife 
sample Load (kgf) Hardness 

Rockwell C (HRC) 

Top Spine 45 
66 
67 
67 

Cutting 
Edge 45 

69 
69 
73 

 
4. CONCLUSIONS 
1. It is found that Fe, C, Cr, W, Si, Mn, Mo, V and Co 

are the dominant elements present in HSS hacksaw 
blade where the content of C contribute more on 
hardness of the material. 

2. The designs are safe to use since the ( ) < ( ) 
by 71.44 % with FS of 3.58. 

3. The effect of tribology implementation to the 
hardness of the HSS hacksaw blade were 
determined averagely by 5 % of hardness increase. 
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ABSTRACT – High-strength Inconel 718 are used as 
materials for critical parts of turbine blade because of 
good mechanical properties. Unfortunately, there is a 
drawback during material removing process. In this 
paper, grinding performance of surface finish was 
investigated under several cutting conditions. The 
variable parameter studied were traverse speed, depth of 
cut and number of passes. Historical data of Response 
Surface Methodology (RSM) were used to analyze the 
correlation between variable input and output. ANOVA 
shows traverse speed and depth of cut were found to be 
significant factors instead of number of passes where P-
value is less than 0.05. Appropriate parameter settings for 
grinding of the Inconel 718 are suggested. 

1. INTRODUCTION
Inconel 718, a nickel-based super alloy, exhibits
remarkable characteristics that have consequently
emerged as the material of choice for a challenging
environment. However, Inconel 718 is a hard material to
be machined. Several studies have reported on the poor
machinability of this nickel based alloy. Unfortunately,
there is a limited literature on grinding process. Grinding
is a chip-removal process that uses an individual abrasive
grain as the cutting tool [1-3].
Aslan and Budak [4] stated that grinding can be a cost
effective alternative even for roughing operations of
some hard-to-machine materials. It is important to know
the relation between input parameter and its response or
output characteristic. Surface roughness of ground part is
important as one of the quality measures in industry [5].
Hence, appropriate control of cutting parameter plays a
key role in manifest of the surface quality [6]. This paper
focus on identifying the significant and non-significant
factors and optimum parameter which affects surface
roughness of Inconel 718 during grinding machining.

2. METHODOLOGY
Inconel 718 with a hardness of 36 HRc and size of 100
mm × 150 mm × 30 mm was used during the experiment.
The controlling input were traverse speed, depth of cut
and number of passes with the range of 1.6 – 10.4 m/min,
0.003-0.007 mm and 2 – 10 respectively. A historical
data of response surface methodology were used to
analyse the total number of 19 experimental data.

Workpiece surface roughness (Ra) were measured using 
a contact-type stylus profilometer, Mitutoyo Surftest SJ-
301 Series. The stylus traversing length, Lt, was set to 
12.5 mm with cut off, λc at 2.5 mm. Measurements were 
taken in pick and feed of cutting wheel direction. For 
every experiment, 10 roughness measurements were 
taken at a random location. Therefore, total 190 
roughness measurement was taken. 

3. RESULTS AND DISCUSSION
Figure 1 shows the different readings between both pick
and feed direction. The roughness shows that, there is
variation between these directions. Surface finish
measured in pick direction is found to be rougher than the
feed direction which is more consistent.  This could be
due to the ground surface having a strong lay pattern on
pick direction as mentioned by [7].

Figure 1 Graph of surface roughness, Ra of pick and feed 
direction 

Table 1 shows analysis of variance of the experiment, it 
shows that the traverse speed is the most significant on 
surface finish followed by the depth of cut. Whereas, the 
number of passes are found to be not significant. 
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Table 1. ANOVA of cutting parameter and surface roughness 

Source Sum of 
Squares 

Degree of 
Freedom 

Mean 
Square 

F 
Value 

Prob 
> F

Model 0.25 3 0.083 5.38 0.01
03 

Traverse 
speed 0.15 1 0.15 9.87 0.00

67 

Depth of 
cut 0.091 1 0.091 5.91 0.02

8 

No. of 
passes 9.57E-03 1 9.57E-

03 0.62 0.44
3 

Residual 0.23 15 0.015 

Cor Total 0.48 18 

To focus on the model validation is to compare between 
model prediction and experimental observations in the 
grinding process. The percentage of error is 9.86%. It is 
below than 10%, which is the acceptable error [8]. The 
prediction model of surface roughness, can be denoted 
as: 

= (0.347 + 3.185 × 10 ( ) + 0.048 ( ) + 8.653
× 10 ( ))  

Figure 2 (a) shows the trend of the traverse speed. From 
the graph of the inverse square root of Ra, it shows that 
the higher the traverse speed, the lower the Ra. This is 
because the maximum removing process by the ground 
surface prone is at the opposite direction. The linear 
speed of workpiece and rotational speed of grinding 
wheel at high table traverse speed.  

(a)                                   (b) 
Figure 2 Correlation between surface finish versus; (a) 

traverse speed (b) depth of cut 

Figure 2 (b) shows the trend of depth of cut. The graph 
also shows the inverse square root of surface roughness. 
It can be seen that the increase in of depth of cut will 
increase surface finish. Subsurface deformed region (< 
300 µm) experienced a work hardening from past cutting 
process which is harder than bulk material. Therefore, the 
grindability index is poor when the material hardness 
increases. 
The effect of number of passes is shown in Figure 3. The 
steep slope of the graph shows that the surface finish is 
not affected by this factor. 

Figure 3 Graph of inverse square root of roughness against 
number of passes 

4. CONCLUSION
Traverse speed is the most significant factor that

affect the surface roughness of Inconel 718 followed by 
the depth of cut. On the other hand, the number of passes 
is not a significant factor. Optimization parameters set are 
9137 mm/min of traverse speed, 7 µm in depth of cut, and 
10 number of passes with a result 0.986 µm. The 
percentage of error is 9.86%, which is below 10%, an 
acceptable error [8].  
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ABSTRACT – Friction improver additives for bio-based 
lubricant oil were produced and their tribological 
behaviour towards reducing friction and wear scar size 
were investigated. The surface of molybdenum sulphide 
nanoparticles (SCMS) were modified using various type 
of fatty acids as capping agent. Molybdenum (II) acetate 
(MOAC) was prepared from hexacarbonylmolybdenum. 
The synthesised MOAC and thioacetamide were used as 
molybdenum and sulphide precursors respectively 
together with different type of fatty acids used as 
modifying agents (caproic (C6:0), lauric (C12:0), stearic 
(C18:0) and oleic acid (C18:1)). The chemical and 
morphology of SCMS-NPs were characterised by 
Fourier Transform Infrared Spectroscopy (FTIR), X-ray 
Diffractometer (XRD), Thermal Gravimetric Analyser 
(TGA), Field Emission Scanning Electron Microscopy 
(FESEM) and Energy-dispersive X-ray spectroscopy 
(EDX). SCMS-NPs were then blended to bio-based oil in 
0.1(w/w)% concentration and their tribological 
properties of formulated SCMS bio-based lubricant were 
studied using four-ball tribotester. This study has thus 
shown that SCMS displays friction improver property 
compared to non-added SCMS bio-based oil. In addition, 
bio-based lubricant containing SCMS capped using oleic 
and stearic acid have the highest friction improver with 
friction coefficient as low as 0.0982. 
 
1. INTRODUCTION 

Petroleum mineral is a major origin on lubricant oil 
market which make up around 95% globally.  About half 
of total lubricant used worldwide end  up polluting the 
environment through various ways such as spillage, 
accident or volatility[1]. A new environmental interest 
arises over the past few decades on bio-based lubricant 
oil. They display positive significant environmental 
impact as well as providing acceptable performance in a 
wide array of applications [2-5]. Unfortunately, only a 
few studies have been carried out on bio-based lubricant 
with addition of nanoparticles additives [6-8]. 
Molybdenum Sulphide nanoparticles are widely used as 
an additive in the lubricant sector providing oil with good 
antiwear and antifriction because of low friction 
characteristics [9]. Thus, the advancement of nanosized 
material technology gives rise to the various latest 
synthetic methods of developing molybdenum sulphide 
nanoparticles. 
In this work, the production route of various surface 
capped molybdenum sulphide nanoparticles was 
successfully done using solvothermal approach with 
straightforward steps and uncomplicated reagents. 

2. METHODOLOGY 
2.1. Experimental 

5g of hexacarbonylmolybdenum, Mo(CO)6 was 
placed into a twin neck round bottom flask containing 
200mL of glacial acetic acid. 100mL of acetic anhydride 
was added into the mixture flask and then refluxed at 
180oC for 20 hours under nitrogen gas atmosphere. After 
20 hours, the pale yellow crystal of MOAC was formed 
and the product was filtered and washed with cold 
ethanol. It was dried in oven at 60oC for 2 hours. Then, 
0.5g of freshly prepared MOAC, 0.2M caproic acid and 
0.2g thioacetamide were dissolved in 60mL n-hexane 
under sonication and transferred into stainless steel 
autoclaves and then heated to 140oC for 3 hours. The 
precipitate formed was centrifuged and then washed 
several times with n-hexane and lastly with absolute 
ethanol. Finally, the product was dried in the oven at 50oC 
for 3 hours. The same procedure was repeated using 
different fatty acid (lauric, stearic and oleic acid). 
 
2.2. Characterisation 
The morphology and elemental analysis of as-prepared 
SCMS-NP samples were examined by using Jeol 
JSM7600-F FESEM and EDX respectively. XRD pattern 
was recorded on an EMPYREAN PANalytical 
Instrument. FTIR and TGA was operated on a Bruker–
Tensor 27 IR spectrophotometer and Perkin Elmer 
respectively. 
 
2.3. Blending and tribological analysis 
Bio-based oil stock used in this study was pentaerythrityl 
tetracaprylate/tetracaprate (PETC) ester. Each SCMS and 
commercial molybdenum sulphide nanoparticles (CMS) 
for reference were loaded and dispersed into bio-based 
oil in 0.01(w/w)% concentration in the ultrasonic bath 
together with mechanical stirring for 2 hours. 
Tribological investigation was performed on formulated 
SCMS lubricants as well as PETC ester using four ball 
wear tester with temperature set at 25±2oC for 30 
minutes. The above rotating ball rotated at 1200±60rpm 
while the three stationary ball below were pressed with 
400±5N load force. The friction coefficient (COF) of 
each samples were obtained by Winducom Software 
whereas the average wear scar diameter (WSD) of three 
stationary ball were determined through Table Top 
Scanning Electron Microscopy (SEM). 
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3. RESULTS AND DISCUSSION 
 Figure 1 shows the morphology of SCMS using 
different capping agent such as (a) caproic, (b) lauric, (c) 
stearic, and (d) oleic acid. From these images, it can be 
concluded that SCMSs are made up of sphere type 
particles and layers of fatty acid coating core particles of 
molybdenum sulphide nanoparticles with size ranging 
between 20 and 90nm.  

  
(a) Caproic acid capped 
Molybdenum Sulphide 

nanoparticles (SCMS-CA) 

(b) Lauric acid capped 
Molybdenum Sulphide 

nanoparticles (SCMS-LA) 

  
(c) Stearic acid capped 
Molybdenum Sulphide 

nanoparticles (SCMS-SA) 

(a) Oleic acid capped 
Molybdenum Sulphide 

nanoparticles (SCMS-OA) 
Figure 1: FESEM images of SCMS-NPs 

 
In a surface capped nanoparticles, size and type of cation 
on the surface are greatly impacted by the amount of 
coating material [10]. Thus, in pursuance of studying the 
amount of fatty acid modified skin on the surface of 
nanoparticles, the energy-dispersive X-ray (EDX) was 
performed and the results obtained confirm the chemical 
elements present in each SCMS. 
Besides that, the resemblance between FTIR spectra of 
CMS, SCMS-LA and pure lauric acid were carried out 
and the results show that several peak that appear in 
SCMS-LA spectrum are similarly present in both 
molybdenum sulphide and lauric acid spectra. 
From the XRD pattern, every sample except SCMS-CA 
shows a broad weak peak beginning about 2θ = 55o 
indicating the samples to be essentially amorphous. 
Based on TGA analysis, the amount of fatty acid capped 
skin on the surface of molybdenum sulphide can be 
determined. From the TGA curves, the mass composition 
of caproic, lauric, stearic and oleic acid capping shell of 
molybdenum sulphide are 40.80wt%, 44.19wt%, 
57.30wt% and 53.01wt% respectively. 
The results of tribological testing exhibit that bio-based 
lubricant oil containing SCMS-NPs additives are able to 
reduce friction compared to bio-based oil without any 
introduction of additives. Among these additives, SCMS-
SA and SCMS-OA show excellent friction improver 
properties with coefficient friction 0.0982 compared 
0.1326 for the bio-base oil without addition of any 
additives. 
 
 
 
 
 

4. CONCLUSIONS 
Surface capped molybdenum sulphide 

nanoparticles were successfully synthesized using 
solvothermal method with various type of fatty acid and 
give rise to random irregular sphere shape. On 
tribological aspect, every SCMS are able to reduce 
friction and formulated lubricant oil containing SCMS-
SA and SCMS-OA additives shows excellent friction 
improver. 
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ABSTRACT – This paper presents stability of three 
layered film journal bearing with slip. Linearized 
stability analysis of journal bearing with slip is presented 
taking into consideration bearing surface layer, core layer 
and journal surface layer. Results of threshold speed and 
critical whirl frequency ratio coefficients ( , ) are 
computed for core layer thickness ratio and 
nondimensional slip coefficient. A three-layered journal 
bearing with slip and thick high viscosity bearing surface 
layer results in higher threshold speed coefficient and has 
a potential to improve stability of journal bearing. The 
threshold speed coefficient decreases with slip on bearing 
surface. 
 
1. INTRODUCTION 

 Performance characteristics of journal bearing 
are influenced by layered film and slip surface. Szeri [1] 
investigated the load capacity and coefficient of friction 
of a composite film bearing that consists of two layers of 
fluid film with varying viscosities. Tichy [2] formulated 
Reynolds equation for a three-layered film journal 
bearing with high viscosity surface adsorbent layers. 
Spikes [3] analyzed the influence of half-wetted bearing 
slip in hydrodynamic lubrication of slider bearing. Fortier 
and Salant [4] investigated the extent of slip regions in 
journal bearing that resulted in low friction and high load 
support. Lund [5] presented infinitesimal perturbation 
method to evaluate dynamic coefficients and stability of 
fluid film journal bearing. Rao et al. [6] investigated the 
influence of bearing slip in a three-layered journal 
bearing.   

This study presents the stability coefficients for 
variation in core layer thickness ratio ( ) and 
nondimensional slip coefficient ( ) based on analysis of 
three-layered journal bearing with slip [6].  
 
2. ANALYSIS 
 The schematic of a three-layered film journal 
bearing with slip is shown in Fig. 1.  

 
Figure 1 Three-layered film journal bearing with slip 

 
The nondimensional form of modified dynamic Reynolds 

equation using long bearing approximation for a three-
layered film journal bearing with slip is [6] 

Ω + − = 0     (1) 
where the coefficients are 

= ( + 1) + ( + )( − ) + (1 −
) ( )

( )      (2) 

= + ( ) + ( ) ( )
( ) + 6 +

6( + )( − ) + 6 (1 − ) ( )
( )  

 (3) 
The non-dimensional pressure for steady state, non-

dimensional pressure gradient for three-layered film 
journal bearing with slip can be written as [7] 

(0 ≤ ≤ ) = ∫ − ∫    (4) 

( ≤ Θ ≤ Θ ) = ∫ − + − Θ   
   (5) 

for = , , = cosΘ and = sinΘ 
( ≤ Θ ≤ Θ ) = ∫ ∫ Θ − Θ    

  (6) 
for = ̇, ̇ , ̇ = cosΘ and ̇ = sinΘ  

The nondimensional load capacity and the 
coefficients , , , , ,  and  are 
calculated using , , , ̇ , and ̇  respectively.  

The critical whirl frequency ratio and non-
dimensional threshold speed are computed as (Lund [5]) 

 Ω =
( )

  (7) 

 = √ =    (8) 
where = ⁄  and = ⁄  for = , , 

=  

The threshold speed coefficient ( ) and critical whirl 
frequency ratio coefficient ( ) for a three-layered film 
journal bearing with slip are determined as [7] 

 = , ,⁄ = 1 Δ⁄ ,  = Ω , Ω ,⁄ = Δ  
 (8) 

The critical whirl frequency ratio (Ω , ) and threshold 
speed ( , ) for a three-layered film journal bearing with 
slip are expressed in Eq. (7-8) respectively. The critical 
whirl frequency ratio (Ω , ) and threshold speed ( , ) 
for homogenous lubricant film are obtained from Eqs. (7-
8) by substituting = = 1.  

 
 

3. RESULTS AND DISCUSSION 
Results of threshold speed and critical whirl 

frequency ratio coefficients ( , ) are presented for the 
following parameters: dynamic viscosity ratio of bearing 

ω  

Journal 
Bearing with slip 

Bearing Surface layer ε  

Core layer 

W 

Journal Surface layer 

X  

Y  
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surface layer to journal surface layer (base fluid) ( =1, 
10); dynamic viscosity ratio of core layer to journal 
surface layer (base fluid) ( =1, 10); journal surface layer 
thickness ratio ( =0.001); core layer thickness ratio 
( =0.001-0.998) and nondimensional slip coefficient 
( =0.001-1.0).  

Figures 2a-2b depict variation in threshold speed 
coefficient ( ) with core layer thickness ratio ( ) of 
0.001-0.998 for the journal surface layer thickness ratio 
( ) of 0.001 and nondimensional slip coefficient ( ) of 
0.001. Figure 2 shows that for nondimensional slip 
coefficient ( ) of 0.001, the threshold speed coefficient 
( ) is significantly influenced by higher dynamic 
viscosity ratio of bearing surface layer to journal surface 
layer (base fluid) ( =10) in the range of core layer 
thickness ratio ( ) of 0.1-0.3. The threshold speed 
coefficient ( ) for higher dynamic viscosity ratio of 
core layer to journal surface layer (base fluid) ( =10) in 
the range of core layer thickness ratio ( ) of 0.1-0.9 is 
lower than the homogeneous film ( = =1). Figure 2(b) 
shows that threshold speed coefficient ( ) decreases 
with increase in nondimensional slip coefficient ( ) from 
0.001-1 for higher dynamic viscosity ratio of bearing 
surface and core layers.  

 

 
Figure 2 Threshold speed coefficient ( ) of three-

layered journal bearing with slip 
Figures 3a-3b show the variation of critical whirl 

frequency ratio coefficient ( ) of a three-layered journal 
bearing with slip. The critical whirl frequency ratio 
coefficient ( ) for higher dynamic viscosity ratio of 
bearing surface layer to journal surface layer (base fluid) 
( =10) is lower than the homogeneous film ( = =1). 
Critical whirl frequency ratio coefficient ( ) increases with 
increase in slip as shown in Fig. 3b. 

 
Figure 3 Critical whirl frequency ratio coefficient ( ) 

of three-layered journal bearing with slip 
4. CONCLUSIONS 

The present study examines the threshold speed and 
critical whirl frequency ratio coefficients ( , ) based 
on one-dimensional analysis (long bearing 

approximation) of three-layered journal bearing with slip 
on bearing surface. Under the influence of higher 
dynamic viscosity ratio of bearing surface layer to journal 
surface layer (base fluid) ( =10), the threshold speed 
coefficient ( ) increases with core layer thickness ratio 
( ) in the range of 0.1-0.3 for the journal surface layer 
thickness ratio ( ) of 0.001 and nondimensional slip 
coefficient ( ) of 0.001. The threshold speed coefficient 
( ) significantly decreases with increase in 
nondimensional slip coefficient ( ) in the range of 0.001-
1 for higher dynamic viscosity ratio of core layer to 
journal surface layer (base fluid) ( =10) compared to 
higher dynamic viscosity ratio of bearing surface layer to 
journal surface layer (base fluid) ( =10). Higher 
dynamic viscosity ratio of bearing surface layer to journal 
surface layer (base fluid) ( =0.001, =0.001, =1, 

=10) results in lower critical whirl frequency ratio 
coefficient ( ) compared to higher dynamic viscosity 
ratio of core layer to journal surface layer (base fluid) 
( =0.001, =0.998, =10, =1) for nondimensional 
slip coefficient ( ) in the range of 0.001-1. 
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ABSTRACT – Heavy duty fleets face many issues on 
lube service intervals, recommended maintenance 
procedures and equipment operating costs. Spectrometric 
analysis is based on the principles of atomic physics 
whereby an atom emits/absorbs light of a certain 
wavelength within the ultraviolet and visible region of 
the energy spectrum when there is an upset in the energy 
balance within its atomic structure. In this study, 
transmission fluid samples were taken from diesel bus 
engines for different millage. The Atomic Emission 
Spectroscopy (AES) testing was conducted by using 
BAIRD MOA spectrometer to detect the chemical 
elements present in the transmission fluid. It was found 
that the elements of Phosphorus (P) are the highest wear 
element concentration present in transmission fluids. 
 
1. INTRODUCTION 

Wear involves process removal of materials from 
the surfaces of the moving components due to improper 
lubrication, contamination, a change in operating 
conditions and other factors that may cause it. As moving 
components wear out, they are worn out into billions of 
tiny particles (which known as wear particles or wear 
debris), will get into fluid and being circulated in the 
system. This process will affect the properties, 
conditions, physical form, chemical analysis and colour 
of the lubricants [1]. Wear testing is used to determine the 
present condition of the equipment. There are many types 
of wear test methods. The most important is to identify 
the most appropriate test that meet the objectives of the 
testing. According to Blau and Budinski [2], wear testing 
standards were used to help solve important industrial 
problems involving sliding wear, abrasive wear, galling, 
and erosive wear.  

The objective of this paper is to study the wear test 
in vehicle’s transmission. Tung and McMillan stated [3], 
there are several standard test methods that ensure 
sustained transmission performance such as standard test 
methods, physical and chemical properties and chemical 
properties, stability, and contamination. Spectrometric 
analysis is one of the main techniques used in particle 
analysis. It has been proven to be very effective for the 
maintainability and reliability of oil systems.  This 
technique is based on the principles of atomic physics 
whereby an atom emits or absorbs light of a certain 
wavelength within the ultraviolet and visible region of 
the energy spectrum when there is an upset in the energy 
balance within its atomic structure. Each element present 
in the burning oil emits a light of characteristic color and 
frequency. Spectrometers translate the intensity of the 
colors into a computerized readout. The results of a 

spectrometric analysis are typically reported in ppm 
(parts per million). 
 
2. METHODOLOGY 

The implementation of the basic spectrometric oil 
analysis procedure is illustrated in Figure 1. There are 
two methods using the spectrometric analysis which are 
emission spectrometry and atomic absorption 
spectrometry (AES). These two methods have the same 
operations but different in sample application. Emission 
spectrometry is based on high voltage excitation of 15kV 
and atomic absorption spectrometry relies on oxy-
acetylene flame to atomize the metallic elements. The 
wave-length of the light absorbed by the elements in the 
sample is detected and measured by the spectrometer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1 Simulations flow chart 
 
3. RESULTS AND DISCUSSION 

From the analysis result, transmission fluid samples 
obtained were categorized into 6 cases based on mileage: 
5,000km 30,000km, 50,000km, 80,000km, 180,000km 
and 300,000km. The concentrations of elements in 
transmission fluid at different mileage were determined. 
The elements in Table 1 to 3 were grouped into three 
main categories; (1) wear element concentration more 
than 10 ppm, (2) wear element concentration in the range 
of 0 to 10 ppm, and (3) wear element concentration less 
than 0 ppm.  

According to the traced elements Phosphorus (P), 
Boron (B) and Zinc (Zn) belong to the first group 
(>10ppm) as indicated in Table 1. Based on Table 2, 
Magnesium (Mg), Calcium (Ca), Nickel (Ni), Potassium 
(Po), Silicon (Si) and Lead (Pb) fall in the second group 
(0-10ppm). For Aluminum (Al), Cadmium (Cd), 
Chromium (Cr), Copper (Cu), Iron (Fe), Molybdenum 

Oil Sampling 

Spectrometric 
analysis 

Diagnosis (Data 
Analysis) 

Validation 
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(Mo), Silver (Ag), Tin (Sn), Titanium (Ti), Vanadium 
(V), Barium (Ba) and Sodium (Na), these elements 
belong to the third group (<10ppm) as shown in Table 3. 
The rest of the elements were not traced in the 
transmission fluid suggesting that the additives might not 
be present in the transmission fluid formulation.  
 
Table 1 Wear element concentration more than 10 ppm 

Elements 
Wear (ppm) 

Fresh 
ATF 

5000 
km 

30000   
km 

50000 
km 

80000 
km 

180000 
km 

300000
0 

km 
Phosphorus 

(P) 258 221 222 220 228 239 233 

Boron (B) 94 71 74 76 73 57 56 

Zinc (Zn) 46 36 37 36 37 40 38 

 
Table 2 Wear element concentration in the range 0 to10 
ppm 

Elements 

Wear (ppm) 

Fresh 
ATF 

5000 
km 

30000   
km 

50000 
km 

800000 
km 

180000 
km 

3000000 
km 

Magnesium 
(Mg) 5 1 1 2 5 16 15 

Calcium (Ca) 5 84 87 82 90 81 80 

Nickel (Ni) 2 2 2 2 2 2 2 

Potassium 
(K) 2 2 3 2 3 3 3 

Silicon (Si) 2 2 3 2 2 3 4 

Lead (Pb) 1 53 20 11 10 18 32 

 
Table 3 Wear element concentration less than 0 ppm 

 
Metals in transmission fluid can come from 

different sources such as wear, contamination and 
additives. Generally, wear metals come from friction or 
corrosion of the engine components, contamination from 
dirt, leaks or remaining. Whereas additives used to 
reduce friction and wear, increase viscosity, provide 
resistance to corrosion and aging engine parts. 

From the analysis done in Table 1 it was found that 
the elements of Phosphorus (P) are the highest wear 
element concentration presence in transmission fluids. 
From literature, Phosporus worked as an antiwear 
additive and extreme pressure additive. After running for 
a  certain mileage, the wear element concentration 
decreased. This is possible since the additives are 
degraded during high engine temperature. Rahimi [4] 
also found that the reduction is  caused by  the resulting 
degradation products that are absorbed by the filter. Even 
Boron (B) and Zinc (Zn) have the lowest value of wear 
element concentration in Table 1, it has the highest value 
among the trace wear metal in ATF. Since Zn also worked 
as antiwear additive, the case is also same as P element. 
 

4. CONCLUSIONS 
Spectrometric test results were grouped into three 

main categories; wear element concentration more than 
10 ppm, wear element concentration in the range of 0 to 
10 ppm, and wear element concentration less than 0 ppm. 
Spectroscopic test analyzed the transmission fluid 
composition and record changes between fresh and used 
transmission fluid. Based on the results, it can be 
concluded that through different intervals of operation 
mileage, these changes lead to an adverse effect on 
engine life and components. 
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Element
s 

Wear (ppm) 

Fresh 
ATF 

5000 
km 

30000 
km 

50000 
km 

80000 
km 

180000 
km 

300000 
km 

Aluminu
m (Al) 0 5 4 3 5 5 6 

Chromiu
m (Cr) 0 0 0 0 0 1 1 

Copper 
(Cu) 0 61 20 45 89 81 76 

Iron 
(Fe) 0 31 18 16 19 138 212 

Silver 
(Ag) 0 3 2 2 3 13 12 

Tin 
(Sn) 0 5 1 4 9 7 7 

Sodium 
(Na) 0 2 1 0 1 0 0 
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ABSTRACT – In order to obtain accurate mechanical 
characterization of thin films, researchers have used 
finite element modelling (FEM) method to simulate the 
nanoindentation test. This is because, the correlation of 
FEM analysis results with indentation data should lead to 
a more accurate characterization of the thin film.  In this 
study, a nanoindentation model was developed and 
simulated to investigate the influence of bi-layer 
thickness and thin film structure on the hardness of thin 
film CrN/TiAlN. Based on the study, it was found that the 
optimum bi-layer thickness ratio was 3:1, with multilayer 
thin film TiAlN/CrN exhibited the highest hardness value 
of 38GPa as compared to 24 GPa of CrN/TiAlN.  
 
1. INTRODUCTION 

 
Hardness is one of the the important criteria to 

assess the strength of a thin film coating. Apart from 
physically testing the thin films using nanoindentation 
technique. advancement in computer modelling have 
allowed scholars to model and simulate the hardness of 
various thin films. For example, Assimina and Huang [1] 
performed the finite element (FE) analysis simulations of 
nanoindentation on soft film/ hard substrate and hard 
film/ soft substrate materials system by changing the ratio 
between the indenter’s maximum displacement and thin-
film thickness. The study had obtained the mechanical 
responses of soft film/hard substrate and hard film/soft 
substrate material systems with different maximum 
indenter displacement, and the authors concluded that 
substrate properties have significant influence on the 
mechanical properties of the thin film. Lechinchi et al. [2] 
simulated Berkovich indentation experiments with the 
ABAQUS finite element software. The comparison 
between the experiment data and numerical results 
demonstrated that the FE approach is capable of 
reproducing the loading- unloading behaviour of 
nanoindentation test. It was further shown that the 
presence of the substrate affected the hardness 
measurement for indentation depths greater than about 
15% of the film thickness.  

 
In this study, a model of nanoindentation test was 

developed using finite element modelling (FEM) 
method, involving the multilayer thin film combination 
of TiAlN and CrN coated on gray cast iron substrate. 
FEM was then used to simulate the mechanical properties 
of TiAlN/CrN with various combination of bi-layer 

thickness and structures to identify the mechanical 
behaviour within the structure. 
 
2. METHODOLOGY 
 
The objective of this study was to investigate the 
influence of bi-layer thickness on the overall hardness of 
the thin film, by simulating nanoindentation test using the 
finite element method. Figure 1 shows the flow chart of 
the study.  

 
Figure 1  Flow chart of the development and simulation 
of the nanoindentation model for thin film using FE. 
 
3. RESULTS AND DISCUSSION 
 

The loading-unloading curve of each sample was 
simulated with a three-dimensional model. Figs. 2 and 3 
show the resulting force vs displacement curve obtained 
from the nanoindentation simulation for CrN/TiAlN and 
TiAlN/CrN, respectively. Based on the figures, the 
maximum loading for TiAlN/CrN is higher as compared 
to the maximum loading of CrN/TiAlN. This means that 
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higher force is needed to penetrate TiAlN/CrN to the 
depth of 0.4 µm as compared to CrN/TiAlN. On the other 
hand, the optimum thickness ratio for TiAlN/CrN was 3:1 
(i.e. 3 µm of TiAlN and 1 µm of CrN) while the optimum 
thickness for CrN/TiAlN was 1:3.  

 
 

 
  
Figure 2 Loading- unloading curve for CrN/TiAlN 

with different thickness of ratio 
 

 
  
Figure 3 Loading- unloading curve for TiAlN/CrN 

with different thickness of ratio 
 
Figure 4 show the calculated hardness for the 

multilayer thin film coatings with different ratio of 
thickness. It was found that the resulting minimum 
hardness obtained for CrN/TiAlN and TiAlN/CrN were 
higher than the hardness of monolithic coating of CrN 
(20 GPa from [3]) and TiAlN (31 GPa from [4]). 
Generally, this shows that the addition of TiAlN as a sub-
base for CrN increased the original hardness of CrN, and 
the addition of CrN as a sub-base increased the original 
hardness of TiAlN. Apart from that, it was also found that 
the thickness of the TiAlN layer will influence the overall 
hardness of the thin film, where the thicker the layer of 
TiAlN, the higher the hardness. This is in line with the 
findings from Yao and Su [5], where they also found that 
there is a significant relationship between hardness and 
the coating`s thickness. 

 

 
 

Figure 4 The value of hardness for CrN/TiAlN and 
TiAlN/CrN with different bi-layer thickness ratio 
 

4. CONCLUSIONS 
 

The influence of bi-layer thickness on the 
mechanical properties of thin film TiAlN/CrN and 
CrN/TiAlN using simulation of finite element (APDL) 
was systematically studied. Based on the findings, it can 
be concluded that the bi-layer thickness and the structures 
in a multilayer thin film can influence the mechanical 
properties of the thin film, specifically the hardness 
value. For the case of TiAlN and CrN, it was found that 
the maximum hardness was obtained from the multilayer 
of TiAlN/CrN, with the bilayer thickness of 3:1. 
However, since the mechanical properties of thin film 
also depends on other aspects such as stress, grain size, 
chemical composition, structure and deposition 
parameters, more work is needed to investigate the 
influence of these aspects on the mechanical properties 
of the thin film. 
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ABSTRACT –  In internal combustion engines, there is 
demand for the reduction of friction loss under poor 
lubricating conditions, for higher contact pressure and for 
a longer lifetime. Overlay technology is one of the 
effective means for reducing friction loss and improving 
seizure resistance of journal bearings. The present study 
describes the fundamental tribological behavior under 
boundary lubrication of a polyamide-imide (PAI) overlay 
containing molybdenum disulfide (MoS2) powder. 
Specimens with different layer structures for the overlay 
were prepared, and the effects of the layer structure of the 
overlays were investigated experimentally. As results, the 
MoS2 in the surface overlay layers became highly aligned 
through a high-speed spin coating process. In the case of 
the overlays containing MoS2, the coefficient of friction 
became almost constantly with a gradual increase, and 
this was in contrast to the case of the overlays without 
MoS2. 
 
1. INTRODUCTION 

In order to reduce fuel consumption, downsizing of 
the internal combustion engines is progressing. In 
particular, in sliding equipment, there are also calls for 
the reduction of friction loss under poor lubricating 
conditions, for higher contact pressure and for a longer 
lifetime. For example, in actual journal bearings, 
texturing technology such as micro-grooving [1] and 
overlay technology such as foamed soft thin films [2] 
have been applied to the sliding surface in order to 
improve initial running-in and seizure resistance. 

In previous studies, it has been reported that the 
creation of a micro-scale texture on a sliding metal 
surface and the squeezing of a solid lubricant such as 
molybdenum disulfide (MoS2) into the fabricated texture 
are effective means for reducing the friction coefficient 
and improving seizure resistance [3]. 

On the other hand, in overlay technology, a polymer 
overlay containing solid lubricants is an effective method 
for a moderate initial running-in. In our recent research, 
the application of a subsurface micro texture fabricated 
through micro shot peening and a multi-layered structure 
for the overlay were effective for improving the 
durability of the overlay [4]. However, the effects of 
detailed structure, such as film thickness, the volume 
fraction of MoS2 and the alignment of MoS2, have yet to 
be explained.  

The present study describes the fundamental 
tribological behavior under boundary lubrication 
condition of a polyamide-imide (PAI) overlay containing 
molybdenum disulfide (MoS2) powder. Specimens with 
different layer structures for the overlay were prepared, 

and the effects of the layer structure of the overlays were 
investigated experimentally. 
 
2. METHODOLOGY 

An aluminum cast alloy (AC8A) disc was employed 
as the metal substrate. The surface texture of the substrate 
was mainly fabricated using micro shot peening, to 
improve the adhesion strength between the overlay and 
the substrate. PAI was employed as the overlay material. 
PAI overlay and a composite overlay dispersed solid 
lubricant such as MoS2 were coated onto the micro-
textured surface using a spin coating technique. First, the 
intermediate layer of PAI was coated onto the textured 
substrate then the surface layer of PAI or PAI+MoS2 was 
coated onto the intermediate layer. It was possible to 
control the thickness of the overlay layers through the 
revolution speed of the spin coating. The specimens were 
baked in an electric furnace after vaporizing the solvent 
had been vaporized on a hot plate. The film thickness and 
surface profile of the surface layer were controlled by 
polishing using diamond slurry. The total film thickness 
was 10 m. Figure 1 shows the surface morphology of 
the non-treated surfaces (NT, Fig1(a)), textured surfaces 
(SP, Fig.1(b)), overlay surfaces (OL, Fig.1(c)), and 
polished  surfaces (P, Fig.1(d)). Four types of specimens 
with different layer structures were prepared, as shown in 
Fig. 2. The alignment of MoS2 in the overlay layers was 
evaluated using wide-angle X-ray diffraction. 

 

Fig.1 Optical microscope images and profiles of the 
surfaces of the specimens before friction test 

Tribological properties were evaluated using a 
three-ball-on-disc type testing apparatus under 
lubricating conditions. The mating specimens were balls 
made of chromium alloy steel (SUJ2). The testing 
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surfaces were flat, 1.5 mm in diameter and with a mirror 
finish, and the balls were placed at equal intervals (=120 
degrees) on the same circumference. The testing 
conditions were a sliding speed of 0.25 m/s, an applied 
load of 200 N (an apparent contact pressure of 40 MPa), 
the sliding time of 3600 sec. 40 µl of PAO (5 cSt at 313 
K) were employed as a lubricant. 

 

Fig.2 Schematics of the prepared overlay structures that 
were coated onto the micro-textured substrates. 

(M: Middle layer, S: Surface layer) 
(a) 2 m PAI surface layer on 8 m PAI middle layer 

(b) 2 m PAI+MoS2 surface layer on 8 m PAI middle layer 
(c) 8 m PAI surface layer on 2 m PAI middle layer 

(d) 8 m PAI+MoS2 surface layer on 2 m PAI middle layer 
 
3. RESULTS AND DISCUSSION 

In the case of MoS2 powder, the strongest 
diffraction peak that was observed derived from the (002) 
of MoS2 at 14.3o. Diffraction peaks deriving from the 
(004) and the (006) were also observed. On the other 
hand, in the case of the overlay containing MoS2, the 
strongest peak that was observed derived from the (002) 
of MoS2, and another peak was observed at 39o. This peak 
was derived from the (103) of MoS2, perpendicular to the 
(002) of MoS2. In order to compare the alignments of 
MoS2, an intensity ratio ( ( ) ( )⁄ ) was calcurated. In 
the case of the thin top PAI+MoS2 layer, the value of 
( ) ( )⁄   was 57.1, which was higher than the value 

of the thick top PAI+MoS2 layer (39.1). This result 
indicates that the MoS2 in the surface overlay layer 
became highly aligned through the high-speed spin 
coating process. 

Figure 3 shows the initial friction behavior of the 
various overlays. In the case of the overlays without 
MoS2, the coefficient of friction increased in the early 
stages, then became almost constantly with a gradual 
decrease. However, in the case of the overlays containing 
MoS2, the coefficient of friction became almost 
constantly with a gradual increase. These results indicate 
that aligned MoS2 in the surface layers was effective for 
a moderate running-in. 

Figure 4 shows optical micrographs of the overlay 
surfaces without or with MoS2 after the friction test. In 
the case of the overlay surface without MoS2, some 
grooves were observed at the center of the friction track 
in Fig.4(a) and (c). Almost no differences by the resulting 
from the thickness of the surface layers were observed. 
On the other hand, in the case of the overlay surface with 
MoS2, friction tracks were observed on the right side. In 
Fig.4(b) and (d), the red dots indicate MoS2 particles on 
the surface. Before the friction test, many agglomerates 
of MoS2 were observed on the surface. After the friction 
test however, few agglomerates were observed on the 
wear track. 

Fig.3 
Friction behavior of the various overlays in the initial 

running-in.  

 

Fig. 4 Overlay surfaces without MoS2 and with MoS2  
after friction test. 

(a) Thin surface layer without MoS2 
(b) Thin surface layer with MoS2 

 (c) Thick surface layer without MoS2 
(d) Thick surface layer with MoS2 

Red dots indicate MoS2 particles on the surface. 
 
4. SUMMARY 

The present study describes the tribological 
behavior of PAI overlays containing MoS2 powder. The 
MoS2 in the surface overlay layers became highly aligned 
through a high-speed spin coating process. In the case of 
the overlays containing MoS2, the coefficient of friction 
became almost constant with a gradual increase, and this 
was in contrast to the case of the overlays without MoS2. 
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ABSTRACT – In this study, Response Surface 

Methodology (RSM) namely Box-Behnken design 

(BBD) approach has been used to investigate the 
characteristics of lubricant. In this study, the effects of 

three independent variables namely speed, load and 

concentration of TiO2 on the coefficient of friction 

(COF) was investigated. The result obtained from BBD 

has shown that the most influential parameter was speed 

followed by concentration of TiO2 nanoparticles and 

then normal load. Analysis of variance (ANOVA) 

indicated that the proposed experiments from quadratic 

model has successfully interpreted the experimental data 

with a coefficient of determination R2 = 0.9931. From 

the contour plot of BBD, the optimization zone for 
interacting variables have been obtained. The zone 

indicates two regions of lower friction values (< 0.04) 

for beyond  0.5 wt% with speed in the range of 1000 

rpm to 2000 rpm. 

 

1. INTRODUCTION 

In automotive applications, the conventional 

additives used are antioxidants and extreme pressure 

agents (EP) additives such as sulfur, chlorine and 

phosphorus[1].These EP additives prevent excessive 

wear by metal-to-metal contact under extreme load. 

However, these additives specifically sulphur and  
chlorine have been restricted due to their environmental 

impacts.  

Due to recent advancement in nanotechnology, the 

use of nanoparticles as additive in lubricants provide 

plausible alternative solution to conventional additives 

with environmental limitation. Nanoparticle additives 

have advantages such as promoting smooth performance 

of engine components and are more remarkable and 

environmental-friendly [2,3]. The addition of 

nanoparticles in different shapes, sizes and 

concentrations may affect the level of friction and wear 
reduction [1–4]. 

In this work, the tribological effect of TiO2 

nanoparticles have been investigated using pin-on-disc 

tribotester. For optimization purposes, RSM using BBD 

design was deployed  in this work. This has enabled 

simultaneous consideration of many variants.  

 

2. METHODOLOGY 

A mathematical model was produced usingBox-

Behnken design (BBD). The mathematical model has 

enabled statistical analysis of the relationship between 

input variables and the output variable namely 
coefficient of friction (COF). Three parameters were 

regulated: speed (X1), load(X2) and concentration of 

TiO2 (X3).In the experimental design, the three 

parameters (speed, load and concentration of TiO2) were 

assign at different configuration for each run. In total 

there are 15 experimental runs. As shown in Table 2, the 

three parameters chosen for this study were designated 

as X1, X2 and X3 and prescribed into three levels, coded 

+1, 0 and -1 for high, intermediate and low value 

respectively. 

 

Table 2 Experimental level of independent variable 

selected. 

Variables  Symbol  Coded levels 
 Uncoded  Coded  -1 0 +1 

 

Speed (rpm) 

 

X1 

 

x1 

  

200 

 

1100 

 

2000 

Load (kg) X2 x2  10 15 20 

Concentration 

(%wt) 

X3 x3  0 0.5 1 

 

3. RESULT AND DISCUSSION 
For predicting the optimal value, a second-order 

linear model was fitted to correlate the relationship 

between independent variables and response (COF). For 

the three parameters involved, the regression equation 

obtained is : 

 

COF = 0.05101 - 0.02905 x1 – 0.002625 x2 – 006427 x3 +  

0.025786𝑥1
2–0.04694𝑥2

2–0.002439𝑥3
2 + 

0.001077𝑥1𝑥2 – 0.011358 𝑥1𝑥3 –  

             0.000762 𝑥2𝑥3                                                 (3)            

 

The result shown in Figure 1 could be very well 
explained by the mathematical model in Equation 3. 

The result indicates that the correlation is significant as 

evident by  the R2 value of 0.9931 at a confidence level 

of 95%.  

As shown in Figure 1, based on the coefficients for 

quadratics terms, speed is found to have the most 

significant influence on the friction coefficient value. 

However, based on the interaction effects, the 

interaction between speed and concentration of TiO2 is 
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the most significant.  

 

 
Figure 1 Analysis of variance (ANOVA) results for 

acquired model. 
 

The contour plot in Figure 2 provides a better 

visualization of the tendency of each factor that 

influence the COF. The shape of the contour plot 

indicates the natures and extents of interactions between 

factors. 

 

 
Figure 2 Effect of speed and concentration of TiO2 on 

the COF  

 

As shown in Figure 2, the COF decreases as speed 

increases. The region with the lowest friction is 
indicated by dark blue between 1000 rpm to 2000 rpm 

and beyond 0.5 by weight percentage of of TiO2 

concentration. The region with the highest friction is 

beyond 0.4 wt% of concentration of TiO2 at speed 

below 250 rpm with 0.10 as shown in Figure 2. This is 

similar to what has been reported in Ettefaghi et. al [3]. 

They found that the concentration of nanoparticles has a 

great effect on the functionality of  nanolubricants. A 

range of 0.1 to 0.5 wt% of concentration was reported as 

the optimum values in many studies [12, 13]. 

 

4. CONCLUSION 

Preliminary work has been carried out on the effect 

of TiO2  nanoparticles on lubricating oil towards friction 

coefficient. Based on the results, the following are 

observed: 

 

i)   Of the three variables, ANOVA analysis reveals that 

speed is the main parameter, which has the greatest 

influence compared to load and additive concentration. 

The interaction of input variables indicates that 

nanoparticles had influenced friction values to some 

extent. Nanoparticles promote a protective film 
formation and hence reduce contact between interfacial 

surfaces during extreme speed and load conditions. 

 

ii)  The optimization zone for low friction was observed 

at a region of optimum concentration of beyond 0.5 

wt% with speed in the range of 1000 rpm to 2000 rpm. 
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ABSTRACT – Mild steels are widely used in the 
manufacturing industries. The major problem of mild 
steel is corrosion. The mild steel is easily corroded 
when it is exposed to the environment. Hence, a coating 
will be applied on mild steel to solve the corrosion 
problem. This study investigated the effect of process 
parameters in the fabrication of Co-Ni-Fe as a protective 
coating layer on the mild steel. A low-cost 
electrodeposition method was applied to the synthesis of 
Co-Ni-Fe nanoparticles. The electrodeposition was 
conducted at a controlled temperature of 50 ±5°C in an 
acidic environment. Process variables are the key factor 
in controlling the fabrication process. It is important to 
study the processing parameter in order to optimize the 
performance of the final product. The influence of 
deposition time (15, 20 and 30 min) and current density 
(11, 33, and 87mA/cm2) towards the surface roughness 
were studied. The Co-Ni-Fe nanoparticles deposited at 
30 minutes and 33 mA/cm2 current density produced 
the smallest surface roughness value (Ra). The same 
sample also obtained the highest Vickers microhardness 
of 122.6 HV and experienced the slowest corrosion rate. 
It was found that increasing the time deposition and 
current density had improved the microhardness and 
corrosion resistance behavior of Co-Ni-Fe coated mild 
steel. This may be due to the homogenous and complete 
protection coating performed on the mild steel. 
 
1. INTRODUCTION 

Many steel industries are still having corrosion 
problem on their devices, machines, and products that 
are exposed to the corrosive environment. Although 
maintenance has been done by the industries, an 
economical process that can enhance the lifespan of the 
material yet to be explored. The previously published 
literature showed that Cobalt-Nickel-Iron (Co-Ni-Fe) is 
one of the candidates replacing the most famous 
chromium corrosion resistance coating [1,2]. 
Electrodeposition is well known as an effective method 
to produce a coating at a fast rate [3]. In the 
electrodeposition process, the characteristic and 
performance of the coatings are controlled by varying 
processing parameters such as electrolyte pH, 
temperature, deposition time, current density and 
electrolyte composition [4]. Nevertheless, the effect of 
these parameters on surface roughness is important to be 

studied. Thus, this research is focused on the current 
density, deposition time and their effect on the surface 
roughness. 
 
2. METHODOLOGY 

The preparation of CoNiFe coating was achieved 
by mixing the electrolyte solution containing CoSO4, 
NiSO4, FeSO4, H3BO3, ascorbic acid and saccharin. 
Table 1 shows the chemical composition of the CoNiFe 
coating. The working temperature was set 
approximately at 50°C. The deposition was performed 
at different current densities of 11, 33, and 87mA/cm2. 
The experiment was carried out in pH of 1. The time 
deposition was varied from 15 minutes to 30 minutes. 
The substrate was mild steel having dimensions of 45 
mm x 20 mm x 1 mm. A platinum electrode was used in 
this electrodeposition process as an anode. 

 
Table 1. The chemical composition of the 

nanocrystalline CoNiFe  
 

Composition Molarity (M) 
CoSO4 0.075 
NiSO4 0.200 
FeSO4 0.030 
H3BO3 0.400 

Ascorbic Acid 0.010 
Saccharin 0.050 

 
The crystalline structure of the sample was studied 

using X-ray diffractometer (XRD, Ultima IV, 
FD3668N). Characterisation of coating morphology was 
performed by JEOL JSM-7600F, Field Emission 
Scanning Electron Microscope (FESEM). Average 
surface roughness and microhardness of the obtained 
coatings was identified by Optical 3D Surface 
Metrology and MITUTOYO MVK-H1, Vickers 
Microhardness instrument, respectively. The corrosion 
rate was determined using potentiodynamic polarization 
test. 

 
3. RESULTS AND DISCUSSION 

All as-synthesized samples showed the similar 
XRD patterns, which were having phases of FeNi and 
CoNi [5]. All the samples revealed the similar structure 
consisting a mixture of FCC and BCC structure [5]. The 
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Co-Ni-Fe coating had irregular shape particles. The Co-
Ni-Fe was proven in FESEM observation having less 
than 50 nm size and coating thickness about 105 m. 

The effect of current density and time deposition 
on surface roughness is significant as shown in Figure 1.  
When the time deposition and current density were 
increased, the surface roughness was reduced. The 
lowest Ra value was achieved by the sample prepared at 
33 mA/cm2 and 30 minutes. If the current density was 
low, the reduction rate was also slow. Hence, the 
electrodeposition may take a longer time to sufficiently 
coat the whole surface area of the substrate. However, 
the drawback of lengthy time deposition may result in 
larger particle size and agglomerates. Thus, controlling 
parameters such as time deposition and the current 
density are very important to get a homogeneous and 
dense microstructure. 

In figure 2, the microhardness of Co-Ni-Fe coated 
mild steel is found to be the highest at 33 mA/cm2 and 
30 minutes time of synthesis. This is due to the 
homogeneous particle distribution, compact, and dense 
microstructure. Not only that, the condition preserved 
the lowest surface roughness. The surface roughness of 
the coated surface was proportional to the achieving 
microhardness of the coated sample. The corrosion rate 
dropped when the current density was increased. The 
smooth surface coating that served as a protective layer 
protected the mild steel from corrosion attack. The 
voids and stress concentration peaks were minimised by 
the smooth surface coating at higher current density. 
 

 
Figure 1 Effect of electrodeposition parameters on 

surface roughness  
 

 
Figure 2 Effect of electrodeposition parameters on 

microhardness  
 

 
 

Figure 3 Effect of current density on corrosion rate at 
constant time deposition (15 minutes)  

 
4. CONCLUSIONS 

The effects of current density and time deposition 
play an important role to produce lower surface 
roughness which results in better performance of final 
products in terms of hardness and corrosion rate. Higher 
current density and longer time deposition are 
recommended to produce a compact and smooth surface 
coating which enhances the properties of coated mild 
steel. 
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ABSTRACT – Steels are commonly used materials for 
marine structures due to their good mechanical 
performance and are relatively low cost compared to 
other alloy materials. However, steels may suffer from 
poor corrosion and erosion control [1], so it is crucial to 
protect the surfaces from aggressive environments like 
the marine system. Common techniques like paints and 
biocides have been used to tackle the problems, 
however, there are toxicity and other side-effects that 
could harm the marine organisms and ecosystem [2]. 
Thus, in this paper thermally sprayed ceramic powders; 
Al2O3-TiO2 were selected to be deposited on the mild 
steel substrates. The deposition of Al2O3-TiO2 was then 
further improved by texturing via laser texturing 
technique in order to mitigate erosive wear. It was 
reported that specific textures, like dimples, could 
decrease the attachment of marine growths and reduce 
the corrosion and erosive wear problems [3]. These 
dimples may act as tiny craters that could trap the 
eroded particles during the harsh flow of the ocean. 
 
1. INTRODUCTION 

Surface texturing is a rising technology in 
tribology. Recent studies have shown that the presence 
of micro-textures on surfaces can significantly affect the 
tribological performance [4,5]. In relation to that, a laser 
surface texturing (LST) technique has been used widely 
in the automotive industry, for producing many intricate 
patterns on most mechanical components [6,7]. Micro- 
and nano-dimples were among the popular patterns and 
were considered as one of the most important surface 
textures in improving tribological properties of 
interacting surfaces for micro-electro-mechanical 
systems [8]. Most texturing are applied directly on the  
substrates, by engraving the surfaces with a high 
precision laser [9]. 

In this study, an inert and hard ceramic powder; 
Al2O3-TiO2 is selected to mitigate the marine growth 
and corrosion-erosive wear problems that normally 
occur in the marine industries. By learning from mother 
nature, namely the sharks’ skin [10], a dimpled ceramic 
coated steel is fabricated and characterised. The greatest 
challenge of the present work is to engrave optimum 
dimples on the hard but brittle ceramic coating that has 
been deposited on mild steels, as most previous works 
were mainly focused on the non-ceramic substrates [9]. 
According to He and co-workers [11], a dimple size of 
150 µm in diameter with 50 µm in depth was found to 
be the most optimum texture for Ti alloys in improving 
the wear behaviour. It was also reported that the density 
of the textures up to 43% played an important role in 
enhancing the tribological performance [11]. Therefore, 
the current work is hoped to produce similar findings by 

using the same dimple size on the ceramic coatings.  
 
2. METHODOLOGY 

Several mild sheets of steel were prepared in bars 
of 24 mm(L) x 10 mm(W) x 4 mm(T) and sandblasted 
prior to the thermal plasma coating. A high purity of 
Al2O3-13wt%TiO2 was used as the coating powders to 
deposit onto the mild steels. The flow chart shown in 
Figure 1 shows the overall methodology of the process. 
A dimple textured design with the size of 150 µm in 
diameter and 50 µm in depth were then prepared by 
using an LST with different density percentages; of 7%, 
25% and 43% [11]. 
 

Figure 1 Methodology of ceramic textured coating 
 

3. RESULTS AND DISCUSSION 
An average uniform coating thickness of 260 µm was 
obtained for all samples. All textured samples were then 
placed under a stereomicroscope to observe the different 
percentage of the dimple density as shown in Figure 2. 
It was noted that all dimples were efficiently engraved 
on the ceramic coatings without any visible cracks 
observed [13]. 
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Figure 2 streomicrocopy images of a) 7%, b) 25% and 
c) 43% dimple texture densities on ceramic coatings  

 
Table 1 shows the average micro Vickers hardness of 
ceramic surface coated mild steels. The average 
hardness of untextured ceramic coating was 875.87HV. 
It was found that the hardness of the coated steels had 
increased up to twofold (~1800HV) with the presence of 
the dimples. The hardness was also noted to be in line 
with the density percentage of the dimples [13]. 

 
Table 1 Surface coating hardness 

 
 
 
 
 
 
 
 

Figure 3 shows the presence of iron particles inside the 
dimple area after an erosion wear test. The result 
indicated the entrapment of unwanted debris in the 
dimples that may be beneficial in reducing the 
formation of the third body abraders, thus improving the 
wear resistance [12]. A corresponding EDX analysis 
was also included to prove the presence of the foreign 
materials within the dimple area.  
 

 
Figure 3 Entrapment of iron particles in the dimple area. 

  
4. CONCLUSIONS 
The presence of high densities dimples with 43% of the 
ceramic coatings had significantly improved the 
microhardness of the coated mild steels by a twofold 
increase. The formation of the dimples with 150 µm in 
diameter and 50 µm in depth were also found to be 
beneficial in improving the erosive wear resistant 
behaviour.  
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Dimple 
density(%) 

Hardness 
(HV) 

0 875.87 
7 1521.14 

25 1466.42 
43 1792.71 
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ABSTRACT – This paper discussed the wear behaviors 
of the nozzle in abrasive water jet machining. The aim 
of the experiment was to get the wear profile and also to 
analyze the wear mechanism of the worn nozzles. The 
worn nozzles had been analyzed using video 
measurement microscopy and optical microscope. It is 
found that the worn nozzle had a wavy bore profile and 
the roundness of the nozzles are uneven. 
 
1. INTRODUCTION 
Abrasive water jet machining is one of the non-
traditional machining processes that was first 
commercialized in 1983. It has been used in a broad 
range of industries, ranging from small machine shops 
to large sheet metal, automotive and aerospace to 
medical and food industries[1]. In abrasive water jet 
machining, the nozzle is the shortest-lived component 
and critically important as it will directly influence the 
precision, performance, and economics of the abrasive 
water jet machining process. Furthermore, wear of the 
nozzle will lead to the degradation of the quality of the 
cut surfaces and causes the undesirable changes in the 
geometry of the work pieces. Nozzle wear is the result 
of the process of material removal as the two surfaces 
are in sliding contact [2]. 

M. Nanduri et al. [3], M. Nanduri et al. [4] 
and R.Kumar et al. [5] M. Hashish [6] and M. Hashish 
[7]  had studied about the parameters that affect nozzle 
wear. The result shows that bore eccentricity, nozzle 
length, inlet depth, nozzle inlet angle, nozzle diameter, 
orifice diameter, abrasive flow rate and water pressure 
are the parameters that influence the wear rate of the 
nozzle. This research is focused on the wear behaviors 
of the nozzle. Detail experiment is done on the worn 
nozzle to get wear profile and to study the roundness of 
the nozzle. 
 
2. METHODOLOGY 
The experiment started by obtaining the worn nozzles 
from the industry. The nozzles made of WC/Co with the 
length of 76.2mm and initial diameter of the bore was 
0.76mm. Upon receiving the worn nozzles, the first step 
is to weight the worn nozzle to find the mass. Next, 
metallurgical microscope (Olympus BX51M) was used 
to check the roundness of the nozzles. Then, the worn 
nozzles were cut sectionally using EDM wire cut 
(Sodick VZ300L) with a wire diameter of 0.2 mm, wire 
speed (WS) of 80mm/min and servo speed (SF) of 
8mm/min as shown in figure 1. The diameters of the 
bore were taken using optical video measuring system 
(Econ) for every 1mm. The diameters were converted 
into the graph profile using Origin Pro 8 software.  
 

 
Figure 1: The sectioning worn nozzle. 

 
3. RESULTS AND DISCUSSION 
 
3.1 Wear profile 

Wear test has to be done in order to get the 
wear profile. However, in this research, the wear 
test was not included as the worn nozzles are from 
the industry. There are wavy patterns along the bore 
profile. The wavy patterns were found because of 
the sliding friction between the abrasive particles 
and the nozzle wall. As known, abrasive water jet 
machining works when the abrasive particles mixed 
with the high pressure stream to form high energy 
jet. As the abrasive particles pass through the 
nozzle the collision happened within the abrasive 
particles and also the nozzle wall thus produce the 
sliding friction between the nozzle wall and the 
abrasive particles.  

  The wavy patterns are more visible in 
figure 2 as it shows the diameter of the bore for 
every 1mm for each of the worn nozzles. The 
diameter of the new nozzle is 0.76 mm. As the time 
passes the worn nozzle can reach up to 1.90 mm in 
diameter.  

 
Figure 2: Worn nozzle bore profile. 
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3.2 Nozzle roundness 
Figure 3 to 6 shows the comparison of the 
roundness of the new nozzle and the worn nozzle. 
The new nozzle have a complete round shape while 
the worn nozzle has uneven round shape. This is 
because the abrasive particles are active in the 
formation of the first wave near the upper portion 
of the nozzle. As time progresses, the wear profile 
inside the nozzle develops into the two or three 
wave pattern. As the nozzle wears, the waves 
propagate and lead to nonlinear exit bore growth. 
The exit diameter for the new nozzle is 0.76 mm 
while the exit diameter for the worn nozzle can be 
up to 1.9mm.   

 

 
Figure 3 : Roundness of the new nozzle. 

 

 
Figure 4: Roundness of the worn nozzle 1. 

 
Figure 5 : Roundness of the worn nozzle 2. 

 
Figure 6 : Roundness of the worn nozzle 3. 

4. CONCLUSIONS 
• Nozzle wear profile and characteristic was 

determined by measuring the diameter of the 
sectioning nozzle. 

• The wavy patterns were found because of the 
material removal from the sliding friction 
between the abrasive particles and nozzle wall. 

• There was two patterns of the nozzle wear 
graph converge and diverge. 

• The new nozzle have a complete round shape 
while the worn nozzle has uneven round shape. 
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ABSTRACT – Field in biomimetics is getting more 
attention in engineering applications. The plain surface 
wettability existing in nature such as in leaves can be 
mimicked into artificial technologies. Basically, the 
surface structures have micro and nano scales in nature 
and possess properties of interest. Pistia stratiotes, for 
example, has intrinsic oleophilicity which has not been 
explored. In this study, a preliminary work on Pistia 
stratiotes at different maturity has been conducted to look 
at oleophilicity based on contact angle measurement. The 
surface characteristics were also examined using Variable 
Pressure Scanning Electron Microscope (VP-SEM). 
Three different oils namely Bio oil 1, bio oil 2 and MP-R 
10w/40 semi-synthetic oil were tested on the Pistia leaf 
surface to measure the contact angle (CA) and wetting 
properties. It was found that both types of bio-oils had 
distinct contact angle values compared to that of the 
synthetic oil. A maximum difference of 65°- 75° was 
recorded in contact angle values. The maturity of leaves 
was found to affect the contact angle values. 
 
1. INTRODUCTION 

Lately, functional surfaces with bio-mimicking 
micro textures have obtained much interest due to the 
great advantages and potentials in applications related to 
hydrophobicity, hydrophilicity, self-cleaning, anti-
adhesion, and self-healing [1].  

In the past two decades, several papers on the 
wettability of plant leaf surfaces have been published [2], 
[3]. Both the surface chemistry and topography influence 
the wetting properties. Similarly, the shape and size of 
features present on the surface are equally crucial. The 
topographical parameters such as shape, pitch, height and 
lateral dimensions influence the wetting of patterned 
surfaces [3]. Meanwhile, Victoria et al. [4] reported that 
plant trichomes like unicellular or multicellular and 
glandular or nonglandular of leaves, stems or floral 
outwards on the surface plant organs play some important 
functions which may have a major influence on the 
wettability of plant leaf surface. Besides trichomes, the 
contact angle (CA) was also influenced by epiphytic 
microorganisms (filamentous fungi, yeasts, or bacteria). 
For surfaces of young leaves, they were found typically 
clean [5].  

There have been publications on a general overview 
of oil droplet on the surface of plant leaves [6], [7] but 
work on hairy structures of plant leaf are still scarce for 
example on pistia leaves. Figure 1 shows the surface 
structure of pistia leaf (Pistia stratiotes) also known as 
water lettuce. In nature, pistia has leaves that range from 
2.5 cm to 35 cm long and primary roots as long as 1 m 
[8]. It has segmenting hairy structure along an acrylic like 
conically shaped surface when observed using VP-SEM. 

Bhusan [9] reported that oil and organic liquids has 
lower surface tension than water. Some applications have 
been reported before. In 2008, Liu et al. [10] found that 
hydrophilic and oleophilic surfaces (solid-air-water 
interface and solid-air-oil interface) could switch to an 
oleophobic surface in water (solid-water-oil interface) 
when they fabricated specific cotton for the test. It was 
observed that when the cotton was immersed in water, the 
oil contaminants were washed away.  

In this paper, the main focus is on pistia leaves. The 
aim of the study is to detect physiological responses to 
bio-oils [11] and synthetic oil [12] droplet for the case of 
pistia leaves at different maturity. The parameter 
measured was the characteristics of contact angle. 

  
2. METHODOLOGY 

Materials 
Pistia leaves at different maturity were used and 

classified as young, middle and mature. They were 
characterized based on size and colour of the leaf. Three 
types of oil deployed were bio oil 1, bio oil 2 and MP-R 
semi- synthetic oil 10w/40 during experiments. 
 

Table 1 Length of pistia stratiotes leaf 
 

Pistia Stratiotes leaf Young Middle Mature 
Length (cm) 3.5  6  8  

 
Contact Angle Measurement 
The static contact angle of oils droplet with 2μL of 

volume droplet was measured by using contact angle 
meter (model OCA 15EC) at ambient temperature. The 
liquid was injected manually on the leaf surface and left 
it for 10 s before the image is being captured. Each 
sample was measured 10 times at 10 random locations on 
the leaf. 
 

VP-SEM 
The characterizations of oleophilicity pistia leaves 

surfaces were carried out using a high resolution VP-
SEM SU5000 Hitachi model, equipped with commercial 
cool-able sample holder connected to a thermoelectric 
cooling module to control the temperature inside the VP-
SEM.   

 
3. RESULTS AND DISCUSSION 

The morphologies of the real leaves of pistia were 
studied. The pistia leaves exhibited a significant change 
in its morphology as seen in Figure 1. Interestingly, the 
hairy acrylic conical shaped became longer with 
maturity.  A segmenting acrylic conical shape at the 
center of the mature cell and a ridge that surrounds each 
hairy acrylic cone was observed. It was found that only a 
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mature epidermal cell carries the hairy acrylic cone. 
Based on VP-SEM, the adaxial surface of pistia stratiotes 
is densely covered with complex multicellular hairs. In 
Figure 1(a), some tips look like shrunk were also spotted 
likely due to temperature setting.  

Results for oils contact angles obtained are presented 
in Figure 2. For bio oil 1, the contact angles recorded for 
young, middle and mature of pistia leaves were found to 
be 63°, 68°, and 69° respectively. However, the contact 
angles for bio oil 2 were found higher which were 75°, 
73°, and 72° for young, middle and mature respectively. 
Amazingly, the MP-R synthetic oil contact angle were 
observed to approach  0° for middle and mature pistia 
leaves but 10° for the young leaf.  

Differences in contact angle values at different 
leaves maturity is believed due to the effect of 
topography on the wetting nanoscale patterns. It was 
showed that the topography has influenced the wetting 
properties [3]. In conjunction with chemical composition, 
the rheology of oil also has some influence on the 
wettability of the surfaces as reported by Bhusan [9]. The 
organic oil and synthetic oil had the lower surface tension 
that causes oil to spread out easily into the cells of the 
pistia leaf. Based on naked eye observation, synthetic oil 
gave low viscosity than bio oils.  
 

 
Figure 1 VP-SEM images of pistia stratiotes leaf a) 
young; b) middle and c) mature. Their length of hair 
varied between 109 and 411 μm as well as 78 and 87 
apart μm with a diameter of epidermal cell size varied 

between 31 and 48.5μm with a diameter of the cell 
around 21 to 21.9 μm. The inset is snapshot of 

representative oil droplet on pistia stratiotes; i) bio oil 1, 
ii) bio oil 2, iii) MP-R semi-synthetic oil 

 

 
Figure 2 Averaged Oil Contact Angle for Pistia leaf  

 
4. CONCLUSIONS 

This study is about biomimetic inspired structured 
surfaces for low fluid drag. Pistia stratiotes were used to 
investigate the property on oleophilicity. Bio Oil 1, Bio 
Oil 2 and MP-R synthetic oil were used in this study. It 
was observed that the static contact angle (θ) for Bio Oil 
1 and Bio Oil 2 were in the range of 63°-69° and 72°-75° 
respectively. For MP-R synthetic oil, the contact angle 
(θ) was 10°. Synthetic oil has shown a higher 
superoleophilicity property believed due to the artificial 
chemical composition in the oil. Bio oil 2 recorded the 
largest contact angle (θ) and the most viscous of the three 
oil types. As a result, it took a longer time to spread out 
on the leaf surfaces. This study serves as a preliminary 

work on the potentials of pistia stratiotes for engineering 
applications. Both bio oils are under development and 
hence will not be disclosed.  
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ABSTRACT – Palm-based oil properties, which consist 
of long fatty acid chains, have the potential to replace 
current mineral oils. Recent studies have shown that 
palm-based oil has comparable lubricating properties to 
those of commercial engine oil. However, several palm 
oil products, such as palm kernel oil (PKA), RBD palm 
stearin (RBD PS) and palm fatty acid distillate (PFAD), 
exist in solid form, which must be modified to liquid 
form. In this study, pour point dispersant (PPD) of the 
alpha-olefin copolymer was used to liquedify palm-based 
oil. Pour point dispersant was mixed with palm oil at 
ratios of 1:2, 1:5 and 1:10 via a mechanical stirrer at a 
speed of 200rpm for 30 minutes. The mixture was kept at 
a temperature of 20°C in the cold chamber for one day, 
and the change in physical form was observed. All 
mixtures that were successfully liquedified proceeded to 
tribological testing with a four ball tribotester to collect 
the coefficient of friction (COF) and wear data. Results 
showed that for every load applied, the palm fatty acid 
distillate recorded the lowest coefficient of friction, while 
palm kernel oil recorded the lowest wear scar diameter 
(WSD).   

1. INTRODUCTION
Increasing global awareness towards a greener

environment has triggered the search for renewable, 
alternative energy resources to replace those that 
contribute to ecological pollution [1]. One such effort 
includes the area of lubrication, where many researchers 
are considering vegetable oils, due to their biodegradable 
and non-toxic properties and because they are renewable 
resources, as replacements for petroleum oil [2]. 
Vegetable oils have already been used for projects such 
as the construction of monuments [3]. A large amount of 
unsaturated and polar ester groups in vegetable oils have 
proven to have better lubrication abilities than 
commercial mineral oils or synthetic oils [4].  

The study of vegetable oils’ suitability as a lubricant 
was conducted by [5] comparing tribological 
performances between palm fatty acid distillate and 
commercial engine oil at different speeds and [6] 
comparing oil performance between jatropha oil and 
commercial engine oil at different temperatures. 
Malaysia is one of the world’s largest palm oil 
manufacturers; it has the advantage of producing palm 
oil-based lubricant in large quantities at a lower cost. It is 
assumed that one hectare of palm trees can produce 
almost 10 times as much oil as other sources of vegetable 
oil [7]. Lubricant creates a thin layer that reduces friction 
and protects parts from wear. Friction defines the 
efficiency and reliability of various machinery 
components, e.g. in automotive engines. It is estimated 
that approximately 20–25 percent of the energy generated 

by combustion is lost to frictional dissipation [8]. This 
wear causes up to 80–95 percent of failures and damage 
to surfaces [9]. 

Lubricant commonly is in the liquid form and might 
trigger a misperception when it existed in a solid form. 
This paper is investigating the method to change current 
palm oil product which in a solid state into a liquid state 
at room temperature by implementing PPD at different 
mixing ratio.  

2. METHODOLOGY
The palm oil used in this study included palm kernel

oil, RBD palm stearin and palm fatty acid distillate, 
which were mixed with pour point dispersant of alpha-
olefin copolymer via a mechanical stirrer at a speed of 
200rpm for 30 minutes. The ratios were 1:2, 1:5 and 1:10 
of palm oil to PPD. All mixtures were kept in a cold 
chamber at 20°C for one day. All mixtures that were 
successfully converted into liquid form proceeded to the 
four ball tribotester. This was done to evaluate the 
coefficient of friction and wear scar diameter according 
to ASTM 4172 standards, and loads applied varied from 
40 to 60, 80 or 100kg. The tribological test consisted of 
one ball rotating on three fixed balls, which were fully 
submerged in lubricants. Figure 1 shows the assembly of 
a four ball tribotester machine.   

Figure 1 Fourball Tribotester Machine Assembly 

3. RESULTS AND DISCUSSION
The different lubricants and loads resulted in the

variation of coefficients of friction, which are shown in 
Figure 2. Palm kernel oil and palm fatty acid distillate 
showed a slight increase in COF as the load increased. 
However, RBD palm stearin showed a reverse pattern, 
where the COF decreased significantly as the load 
increased. PFAD recorded the lowest COF in all loads 
applied. Even though RBD PS recorded the highest COF 
value at 40 and 60kg, at 80 and 100kg, it was lower than 
PKO. The variations of wear scar at 40 and 60kg for all 
lubricants were the same, but at 80kg, PFAD recorded a 
higher WSD at 3.2mm and ended with the same WSD, 
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with RBD PS at 3.5mm for a 100kg load. All lubricants 
showed WSD increases as loads increased. The same 
finding was found by [10]. The performance of PFAD 
was consistently better than PKO and RBD PS. 
According to [11], PKO has a higher wear rate than 
PFAD due to the lower viscosity value. In this study, the 
usage of alpha-olefin copolymer in PFAD resulted in 
higher wear rate than PKO. The high content of fatty acid 
in PFAD was oxidised by adding the PPD, which initiated 
a chemical attack; oil was absorbed by the ball’s surface, 
which had weakened and corroded, subsequently 
increasing wear.   

Figure 2 Coefficient of friction vs load for various 
lubricants 

Figure 3 Wear scar diameter vs load for various 
lubricants 

4. CONCLUSIONS
The pour point dispersant of the alpha-olefin

copolymer is capable of changing the solid state of
palm-based oil into liquid form at a room
temperature of 20°C. This tribological study
showed that alpha-olefin copolymer had a better
performance of the COF and WSD at lower loads of
40 and 60kg. However, at higher loads of 80 and
100kg, the WSD showed a significant increase.
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