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MJTS 2016 Keynote speakers 
 

  
Prof. Dr. Salmiah Kasolang, Faculty of Mechanical Engineering, Universiti Teknologi MARA, 
Malaysia. 
 

Different Facets of Tribology 
 
Tribology literally is a study of ‘rubbing’, a form of motion that is very common in machine interactions. Generally, 

Tribology looks into three key concerns in engineering applications namely friction, wear, and lubrication. By nature, 
Tribology is green because of its fundamental concern on reducing friction to prolong the life service of engineering 
components and efficiency of engineering system. Similarly, by nature, Tribology is a multidisciplinary study that 
goes beyond boundaries of research areas. This has contributed to different facets of research work associated with 
tribology as evident by the voluminous publications presented to academic community. This signifies the horizon of 
opportunity and applications awaiting tribology enthusiasts and advocates to explore and investigate for the 
advancements of related knowledge and technology in Tribology.  
 

 

 
Prof. Dr. Shinya Sasaki, Tokyo University of Science, Japan. 
 

Sustainable Tribology 
 
The global warming problem has reached a point at which action cannot be delayed. It is necessary not only to expect 
novel technological development but also to create realistic solutions by renovating conventional technologies. 
Tribology has supported various technological developments over the years and has also responded promptly to 
societal demands for decreasing substances from engineering products that would be hazardous to the environment. 
As societies aim to become sustainable, tribology needs to be involved and contribute to the solution more than ever 
before. Sustainable tribology is an effective engineering technology that can contribute to solve the global 
environmental issues. 
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MJTS 2016 Invited speakers 
 

 
Prof. Dr. Hitoshi Washizu, University of Hyogo, Japan. 

 

Simulation Studies of Micro/Nano Tribology 
 
Molecular based simulations for tribology is first applied for Micro/Nano devices, such as hard disk drive in 1990s. As 
a member of automotive industry, we started our research to extend the applicability of the nano-scale knowledge to 
macroscopic phenomena. In this presentation, we show our atom based studies for the origin of solid friction, low 
friction mechanism of lamellar materials, molecular origin of elastohydrodynamic lubrication and boundary 
lubrication, always taking into account of the relation between nano and macro. Some applications for the powertrain 
of automobiles are also shown.  
 

 

 
Prof. Dr. Jaharah bt A. Ghani, Universiti Kebangsaan Malaysia, Malaysia. 
 
Cutting Tool wear condition Monitoring (TCM) and Dynamic Assisted Tooling for 
Turning process 
 
Due to rapid and fast  growing in technology  especially in manufacturing industry, the demand from the customers 
have urged on the production quality and efficiency. Latest and up-to-date production technology and method are 
required to ensure the manufacturing industries are competitive at the market place.  
Tool wear monitoring is important in machining industries for controlling the quality of machined parts that helps to 
improve the productivity. To date, many monitoring system methods are developed by utilizing various signals, and 
cutting force is one of the signals in machining process that has been widely used for tool wear monitoring. The 
application of the I-kazTM and I-kaz 2D methods to interpret the cutting force signal for detection the tool wear 
progression in turning process is presented. The focus is on the assessment  
of these methods via relationship between coefficient values of I-kazTM method and tool wear progression then 
compared the performance results. The I-kaz coefficient including the I-kaz coefficient of main cutting force (ZFc∞), 

feed force (ZFf∞), and I-kaz 2D coefficient (Z2∞). Surface texturing in the form of dimples for mechanical 

components is very important in enhancing tribological properties which are closely associated to wear and friction. In 
order to minimize friction and wear, there are 4 methods i.e coating on engine component, surface texturing on engine 
component, lubricant and rolling resistance of tires. The Dynamic Assisted Tooling was developed to enable the 
fabrication of dimple structures using the turning process. 
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FRICTIONAL CHARACTERISTICS OF HIGHLY HYDRATED HYDROGEL ARTIFICIAL 

CARTILAGE 

 
Y. Sawae 1, R. Baba 2, Y. Hong 2, T. Yamaguchi 1, and T. Morita 1 

 
1Faculty of Engineering, Kyushu University, Japan. 

2 Graduate School of Engineering, Kyushu University, Japan. 
 

1. INTRODUCTION 
 
Natural synovial joints have fascinated many tribologist 
with their low friction and low wear nature. Articular 
cartilage is soft and hydrated tissue covering articulating 
surfaces of synovial joints and thought to be a key 
component in the sophisticated joint lubrication 
mechanism. Especially, several researchers have suggested 
that the highly hydrated nature of natural cartilage surface 
gives synovial joints unique lubrication mechanisms, i.e. 
biphasic lubrication [1] or hydration lubrication [2]. Based 
on these suggestions, the application of highly hydrated 
hydrogel as artificial cartilage in articulating surfaces of 
joint prosthesis has been proposed to mimic natural 
synovial joints and improve the lubrication mode and joint 
lifetime of artificial joints. In this study, poly(vinyl alcohol) 
(PVA) hydrogel was selected as an artificial cartilage 
material and its frictional characteristics are examined in 
reciprocating cylinder-on-plate test and hip joint simulator 
test. Subsequently, the contribution of water content of 
PVA hydrogel on the frictional behavior was discussed. 
 

2. MATERIAL AND METHODS 
 
PVA hydrogel used in this study was prepared by the 
repeated freeze-thawing method [3]. It was physically 
cross-linked polymer hydrogel and its elastic modulus and 
water content were 1.2 MPa and 79 wt%, respectively. 
First, the frictional characteristics of PVA hydrogel was 
evaluated in the reciprocating cylinder-on-flat test. 
Reciprocating tests were conducted with two different 
specimen configurations. Schematics of two specimen 
configurations are shown in Fig. 1. In “Upper test” 

configuration, 2 mm thick PVA hydrogel sheet was glued 
on an acrylic cylinder with a radius of 11 mm and slid over 
a glass plate. On the other hand, a glass cylinder with a 
radius of 13 mm was slid over 2 mm thick flat PVA sheet 
glued on the stainless steel plate in “Lower test” 

configuration. In both configuration, the upper cylindrical 
specimen was fixed to the loading flam and loaded against 
the flat plate specimen which is immersed in a lubricant and 
reciprocated by a servo motor. The load was varied from 
4.9 N to 10.8 N while the average speed and the stroke of 
reciprocating motion were set at 20 mm/s and 25 mm, 
respectively. All tests were conducted for 1500 cycles 
under room temperature and 30 vol% diluted fetal bovine 
serum was used as a lubricant. 
Second, artificial hip models consists of a CoCrMo femoral 
head with 26 mm diameter and an acetabulum cup with 2 

mm thick PVA hydrogel liner were prepared and their 
frictional characteristics were examined by a custom-made 
hip joint simulator under quasi-physiological kinematic 
conditions. A close-up view of the prepared hip joint model 
installed in the hip joint simulator was shown in Fig. 2. In 
this simulator, the femoral head was fixed to a swinging 
shaft and the acetabular component was mounted on the 
cradle. Then, the flexion-extension motion was applied to 
femoral head by a PC controlled servomotor while static or 
dynamic joint load within a physiological range was 
imposed to the hip joint model by hydraulic actuator. 
During the experiment, friction force exerted between 
CoCrMo head and PVA liner was monitored by a load cell 
which was connected to the cradle. Three acetabulum cups 
with different inner diameter of PVA liner, 26 mm, 26.2 
mm and 26.6 mm, were prepared and the effect of nominal 
radial clearance on the frictional behavior was examined. 
All simulator tests were conducted under room temperature 
and 30 vol% diluted fetal bovine serum was also used as a 
lubricant in the simulator test.  

  
(a) Upper test (b) Lower test 

Fig.1 Specimen configurations in cylinder-on-flat test 

 

 
Fig.2 Hip joint model installed in hip joint simulator 

 
3. RESULTS AND DISCUSSIONS 

 
3.1. Cylinder-on-flat test 
The transitional behavior of friction coefficient in the 
reciprocating cylinder-on-flat tests was shown in Fig. 3. It 
was obviously observed that the friction coefficient was 
load- and time-dependent in the upper test except for the 
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6.86 N. The friction coefficient between PVA hydrogel and 
glass plate was initially around 0.1. However, it increased 
continuously during the sliding test and finally exceeded 
0.3 in many cases.  
On the other hand, the sliding pair of glass cylinder and 
PVA sheet did not show the load- and time-dependent 
behavior of friction in the lower test. The frictional 
behavior in the lower test was much better than that in the 
upper test and the friction coefficient around 0.1 could be 
maintained until the end of sliding tests under all loading 
conditions. 

 
(a) Upper test 

 
(b) Lower test 

Fig.3 Transition of friction coefficient in reciprocating 
cylinder-on-flat test 

The difference in the frictional behavior under the 
reciprocating motion observed in this test might be raised 
from the highly hydrated nature of PVA hydrogel. The 
biphasic lubrication mechanism was first proposed to 
describe the time-depended frictional behavior of highly 
hydrated articular cartilage. In this theory, the hydrated 
cartilage was modeled as a biphasic material consists of 
solid phase and fluid phase and friction could be reduced as 
a large fraction of the contact load was supported by the 
pressurized fluid phase. In upper test, the contact load was 
always applied to the same position of PVA surface and the 
water contained in PVA was gradually squeezed out from 
the contact zone. Then PVA lost the load support by the 
interstitial water and subsequently friction coefficient 
increased. However, the contact point moved on the PVA 
surface continuously in the lower test. It allows PVA 
surface rehydrate after the contact with glass cylinder and 
maintain its water content. As a result, the friction 
coefficient could be level-off until the end of the sliding 
test. 
The hip joint model consists of CoCrMo head and PVA 
liner also showed time-depended frictional behavior and the 
friction coefficient increased with the progress of joint 
simulator test (Fig.4). The increasing rate of the friction 
coefficient depended on the inner diameter of PVA liner 
and PVA liner with the smallest inner diameter, 26.0 mm, 
resulted in the largest increasing rate while the largest inner 

diameter, 26.6 mm, showed only slight increase in the 
friction coefficient.  

 
Fig.4 Transition of friction coefficient in hip joint 

simulator test 

These results might also have linked to the hydrated nature 
of PVA hydrogel used in the articulating surface of the hip 
joint model. For the PVA liner with the inner diameter of 
26.0, the radial clearance between head and liner become 0 
and the contact patch reaches to the rim of the cup. In this 
case, the hip joint fall into the edge loading condition and 
elastohydro dynamic lubrication (EHL) film formation is 
restricted by the effect of starved condition [4]. Therefore, 
PVA surface could not be rehydrated under severe contact 
condition and the friction coefficient increased with 
decreasing the water content of PVA in the contact area. On 
the other hand, the 26.6 mm liner could have an enough 
inlet area and promote EHL film formation. Subsequently, 
the PVA liner surface could rehydrate by the lubricant 
entrained into the contact zone and the friction increase 
might be alleviated. 
 

4. CONCLUSIONS 
 
The frictional characteristic of highly hydrated PVA 
hydrogel was evaluated in the reciprocating cylinder-on-flat 
test and the hip joint simulator test to consider about its 
potential as an artificial cartilage for future joint prostheses. 
Results indicated that the hydrated nature and related 
intrinsic lubrication mechanisms play important role in the 
frictional behavior and PVA can keep low friction if it can 
be rehydrated by the lubricant. 
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1. INTRODUCTION 

 
The ultra-high molecular weight polyethylene used in 
conventional artificial joints causes prosthetic looseness or 
granuloma owing to the occurrence of wear debris caused 
by the mixed lubrication. Therefore polyvinyl alcohol 
hydrogel (PVA-H) has been proposed as an artificial 
cartilage material. PVA-H is expected to achieve fluid film 
lubrication that reduces friction and wear due to its high 
moisture content. 
A pin-on-disk type tribometer has often been used as a 
friction test. PVA-H slides continually to the mating surface 
because the specimen is pin-shaped, whereas the cartilage 
of an actual human joint slides oscillatory. The purpose of 
this study is to clarify the frictional property of PVA-H by 
using a pendulum-type friction-tester which moves in a way 
that is similar to the movement of a human joint. In this 
study, saline and pseudo-synovial fluid including 
hyaluronic sodium were used as lubricants. The frictional 
properties of PVA-H in saline and pseudo-synovial fluid 
were compared.  
 

2. EXPERIMENT 
 
2.1. Experimental apparatus 
 

A schematic diagram of the experimental apparatus is 
shown in Fig. 1. A concave piece made of PVA-H was 
rubbed to SUS304 stainless ball to oscillate the pendulum. 
The PVA-H was set in a water bath filled with a lubricant, 
either saline solution or pseudo-synovial fluid. To measure 
the frictional force, damped oscillation of the pendulum 
was detected. An inclinometer fixed to the pendulum was 
used to measure the amplitude angle of the pendulum. The 
experimental conditions are shown in Table 1. 
 

 
①Inclinometer ②Water bath ③PVA-H  
④Mating sphere⑤Data storage ⑥Weight 

Fig. 1 Pendulum-type friction tester 

 
Table 1 Conditions during friction test 

 
 
2.2. Specimen 
 
The PVA-H used in this study was prepared by the repeated 
freezing-thawing method. Table 2 shows the specimen 
preparation conditions. Three types of PVA-H were used: 
unfilled PVA-H, tricalcium phosphate (α-TCP)-filled PVA-
H, and laminated PVA-H. The PVA density of each PVA-H 
was 15 wt%, and 7 wt% α-TCP was introduced as a filled 
specimen in order to improve the mechanical properties. 
Unfilled PVA-H and filled PVA-H were layered to 
combine the lower frictional coefficient and higher 
mechanical properties.  
 

Table 2 Conditions of specimen preparation 

 
 

 
Fig. 2 PVA-H with pherical surface 

 

Lubricant

Mating sphere
Diameter of mating sphere, mm

Load, N 200 300 400
Pendulum length, mm 465 635 715

Initial phase, °
Oscillation frequency, Hz

Temperature, °C

saline solution,
0.5wt%NaHA with saline

SUS304
35

-10

23
0.5

Specimen
Unfilled
PVA-H

α-TCP filled

PVA-H
Laminated

PVA-H
PVA, wt% 15

α-TCP, wt% 0 7 0, 3, 7
Freezing time, h 12
Thawing time, h 12

The number of freezing-
thawing cycles

5

Freezing temperature, °C -23
Thawing temperature, °C 3.5
Radius of curvature, mm 17.5

Thickness, mm 3
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2.3. Theory 
 

The frictional coefficient calculated from the damped 
oscillation was deduced as follows1). 
The frictional moment M of the pendulum was given by: 

𝑀 = 𝑊・𝑟・𝜇                                                                  (1) 
where W is the weight of the pendulum, r is the radius of 
curvature of the mating sphere, and μ is the frictional 
coefficient. The coefficient of mean resistance moment 
M/W was derived as: 
𝑀

𝑊
= 𝑙・

𝜃𝑛−1−𝜃𝑛

4
                                                                (2) 

where l is the length between the center of oscillation and 
the center of gravity of the pendulum, and θn is the half-
amplitude angle for the nth oscillation. By substituting eqn. 
(2) in eqn. (1), the frictional coefficient was as follows: 

𝜇 =
𝑙∙∆𝜃

4𝑟
                                                                       (3) 

where ∆𝜃  is the difference between the half-amplitude 
angle for the nth oscillation and that for the n-1th 
oscillation. 
 

 
(a) Pendulum   (b) Damping and envelop curve 

Fig. 3 Method of calculating frictional coefficient 
 

3. RESULTS AND DISCUSSION 
 

The experimental results are shown in Fig. 4-Fig. 7. 
Stribeck curves, e.g. the frictional coefficient as a function 
of  ηU/W, were introduced in which η is the viscosity of the 
lubricant, U is the sliding speed, and W is the normal load. 
The viscosity of the saline and pseudo-synovial fluid were 
set to 1.0 cP and 3590 cP, respectively. The frictional 
coefficient increased as the horizontal shaft increased and 
did so irrespective of the weight or specimen in saline. 
When the unfilled PVA-H was rubbed in pseudo-synovial 
fluid, the frictional coefficient remained almost steady. 
The difference in the frictional coefficient between unfilled 
and laminated PVA-H was small, and the frictional 
coefficient of α-TCP-filled PVA-H was slightly greater 
than those of the unfilled and laminated PVA-H in pseudo-
synovial fluid. This difference was likely due to surface of 
laminated PVA-H being the same as that of unfilled PVA-H. 
 

 

Fig. 4 Stribeck curve of PVA-H with saline solution 

 
Fig. 5 Stribeck curve of unfilled PVA-H in pseudo-synovial 

fluid 

 
Fig. 6 Stribeck curve of α-TCP-filled PVA-H in pseudo-

synovial fluid 

 
Fig. 7 Stribeck curve of laminated PVA-H in pseudo-

synovial fluid 
 

4. CONCLUSION 
 

Experiments on a spherical surface made of PVA-H were 
conducted using a pendulum-type friction tester, and the 
results were as follows. 
 (1) The frictional coefficient increased as the horizontal 
shaft increased and did so irrespective of weight or PVA-H 
specimen in saline. In pseudo-synovial fluid, the frictional 
coefficient remained almost steady. 
 (2) The difference in the frictional coefficient between 
unfilled and laminated PVA-H was small, and the frictional 
coefficient of α-TCP-filled PVA-H was slightly greater 
than those of unfilled and laminated PVA-H in pseudo-
synovial fluid. 
 

REFERENCES 
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1. INTRODUCTION 

 
Joint prostheses are implanted for patients who injured their 
own joints. The implants can release patients from pain, and 
improve their Quality of life (QOL). The longevity depends 
on the wear of rubbing material, ultra-high molecular 
weight polyethylene (UHMWPE). There are a lot of studies 
to improve the longevity by enhancing wear resistance of 
UHMWPE, or replacing rubbing material other materials. 
Authors have introduced artificial cartilage as rubbing 
material to change lubrication regime from boundary 
lubrication to adaptive multimode lubrication[1].  
The artificial cartilage showed low friction, but it is 
considered that severe lubrication in human body will 
occur. Therefore wear propery of artificial cartilage was 
investigated and resulted in low and high wear depending 
on protein concentration in lubricant. The adsorbed protein 
film showed low wear formed lamellar structure of bovine 
serum albumin (BSA) and human -globulin (HGG), but 
that showed high wear formed hetelogenious structure[2]. 
To understand the tribological properties of joint prosthesis, 
it is necessary to understand adsorbed proteins, because the 
adsorbed film showed a marked effect on tribological 
properties. In this study, the initial formation process of 
adsorbed film is discussed to clarify the origin of lowering 
wear depending on adsorbed protein film structure. 
 

2. EXPERIMENTAL METHOD 
 
Protein adsorption amount: BSA and HGG were employed 
as proteins included in natural synovial fluid. Lubricant was 
PBS (pH7.4) contained BSA or HGG. Frictional tests were 
performed in a reciprocating tribometer in a combination of 
glass plate and poly(vinyl alchohol) (PVA) hydrogel. The 
glass plate has thin gold layer (40 nm) with hydrophilic 
SAM (self assembled mono layer) to simulate hydrophilic 
PVA hydrogel surface. The adsorbed amount was measured 
in a Surface Plasmon Resonance (SPR). After rubbing, 
glass plate was set in the SPR and attached protein solution 
to investigate protein adsorption on adsorbed protein film to 
discuss protein formation process. Adsorbed HGG film 
thickness was analyzed in a ellipsometer. 
Protein adsorption/desorption behavior: BSA and HGG will 
adsorb/desorb during rubbing. The electrochemical mechod 
was employed to investigate the adsorption property. The 
rubbing combination was UHMWPE (GUR1050) and 
CoCrMo alloy (ASTMF75) to measure the potential 
between lubricant and CoCrMo alloy by Callomel probe. 
The potential indicates surface oxidation/reduction during 

rubbing. Therefore the method can measure adsorption 
property in situ. 

3. RESULTS AND DISCUSSION 
 
As shown in Fig.1, static adsorption amount of HGG was 
higher compared to BSA adsorption. Both of BSA and 
HGG showed increase of adsorption amount with increase 
of rubbing distance until 120m. BSA showed low 
adsorption amount compared with HGG adsorption. 
Therefore it is considered that HGG will remain compared 
to BSA molecules under rubbing condition. The HGG rich 
bottom layer under rubbing condition is similar to 
observation results of fluorescent technique[2]. Figure 2 
shows protein adsorption amount on protein film 
constructed under rubbing condition (20 m). HGG adsorbed 
film showed adsorption of HGG molecules, but not of BSA 
molecules. BSA film constructed under rubbing condition 
adsorbed both of BSA and HGG molecules. In addition, 
longer sliding period showed little BSA molecules 
adsorption on BSA adsorbed film, but HGG adsorbed film 
showed HGG molecules adsorption as shown in Fig.4. It is 
considered that the difference of adsorption amount was due 
to surface property change by shear force of friction., and 
the surface property change induced by denature of protein 
molecules by shear. This indicates that HGG film grows on 
only HGG adsorbed film. These results of adsorption 
amount shows that BSA molecules are easily removed by 
shrar force of rubbing, then HGG will remain on the 
hydrophilic substrate. BSA molecules can not readsorb on 
HGG adsorbed film constructed under rubbing condition, 
but HGG molecules adsorb on HGG adsorbed layer.  
The film thickness was less than 6 nm as shown in Fig.4. 
The theoretical thickness of adsorbed HGG without 
denature was estimated 6 nm from the aspect of native HGG 
molecule, so that adsorbed HGG film was thinnered by 
rubbing. It indicates that adsorbed HGG molecule adsorbed 
under rubbing condition is denatured. The denature induces 
surface property change, and it resulted the difference of 
adsorption amount of BSA and HGG. 
Protein adsorption behavior was obtained from potential 
transition as shown in Fig.5. BSA showed potential drop 
after starting rubbing, and it was about -0.1 V. On the other 
hand, potential drop of HGG was about -0.01 V. Potential 
drop indicates reduction of the surface, in this case, it means 
desorption of protein. Therefore it was shown that BSA was 
easily desorbed compared to HGG desorption from the in 
situ observation of protein adsorption/desorption behavior. 
 From above observation, protein adsorbed film formation 
process can be considered as following: 
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1. BSA and HGG adsorb on the surface, but HGG amount 
is much compared with BSA adsorption amount 

2. Adsorbed protein film is sheared by counter surface. 
BSA molecules are desorbed from surface, HGG rich 
layer is formed in the bottom.  

3. Shear force makes HGG molecules denatured. The 
denatured HGG adsorbed film statically adsorbs HGG 
molecules included in lubricant. 

4. HGG rich film is sheared again. Then HGG rich film 
grows in the bottom. 

The process can explain initial formation. Rich HGG film 
leads lamellar structure with low friction and wear. 
 

4. CONCLUSIONS 
Adsorption properties of proteins included in natural 
synovial fluid was observed. The initial process of protein 
adsorption under rubbing condition was clarified. Rubbing 
plays an important role to form bottom layer with rich HGG 
molecules. 
A part of this work was supported by JSPS KAKENHI 
Grant Number 15K05765.  
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1. INTRODUCTION 
 
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 [1]. Due to its mechanical properties 
of light weight and high corrosion resistance, aluminum 
alloy is the main choice for piston in automotive application 
[2]. Aluminium-Si alloy can be divided into 3 categories, 
based on the percentage of silicon, i.e. 12-13 % of silicon 
(Si) is classified as eutectic, below 12 % is classified as 
hypoeutectic, and above 14 % is classified as hypereutectic 
Al-Si alloy, as explained by Lee [3]. Due to the high content 
of Si, machining of this type of material is very challenging. 
In this study milling of A390 at high cutting speed regime 
was carried out in order to evaluate the surface roughness 
obtained. The Si content for A390 is between 17-18%, 
which indicate this material is very abrasive and to achieve 
smooth surface in milling process is challenging. 
 

2. METHODOLOGY 
 
In this study the material A390 was utilized. The chemical 
composition of this material is shown in Table 1. 
The cutting tool used was DL1000 grade from Sumitomo  
(diamond like coating (DLC) - aurora coating) with cutter 
diameter of 50 mm. 
The experiment was performed with a high speed milling 
regime for milling aluminum alloy. The factors and level 
used is shown in Table 2. 
The cutting speed (Vc), feed rate (Fz), and axial (Ap depth 
of cut (Ae) used was suitable for a high speed machining 
regime of aluminum alloy. The cutting speed (Vc) was in 
the range of 900-1700m/min. The feed rate was 0.02-0.06 
mm/tooth which is suitable for the finishing cut. The axial 
depth of cut was 0.2-0.4 mm, which is also suitable for the 
finishing cut.  
The machine used was the Spinner VC450 Machining 
Centre with a capacity of 5.6 kW power and 23 Nm torque. 
The machining was carried out in a dry condition. A 
Mitutoyo Surftest SJ-310 surface roughness tester was used 
for measuring the roughness values of the machined surface. 

The measurement was taken after the milling was performed 
and was repeated 3 times to find the average and standard 
deviation values. 
 
Table 1 Chemical composition of work material of A390 in 
wt% [4] 
 

 
Table 2 Factor and level used in the experiment 

 
3. RESULT AND DISCUSSION 

 
Table 3 shows the result of average of Ra obtained in the 
experiment. Is shows that for this range of milling conditons 
the Ra ≤ 0.5 µm.  This indicate very smooth surface finish 
can be achieved by implementing high speed machining 
concept eventhough the material is very abrasive. 
 
Table 3 Average of Ra obtained in the experiment 
 

Cutting 
speed  

Vc 
(m/min) 

Feed rate 
 

(mm/tooth) 

Axial 
Doc 

 
(mm) 

Average  
Ra 

Cutting 
speed  

Vc 
(m/min) 

Feed rate 
 

(mm/tooth) 

Axial 
Doc 

 
(mm) 

Average  
Ra 

900 0.02 0.2 0.15 1300 0.04 0.4 0.30 

900 0.04 0.3 0.18 1300 0.06 0.2 0.31 

900 0.06 0.4 0.18 1500 0.02 0.4 0.27 

1100 0.02 0.3 0.18 1500 0.04 0.2 0.42 

1100 0.04 0.4 0.27 1500 0.06 0.3 0.43 

1100 0.06 0.2 0.35 1200 0.02 0.2 0.16 

1300 0.02 0.4 0.19 1200 0.04 0.3 0.33 

1300 0.04 0.2 0.35 1200 0.06 0.4 0.45 

1300 0.06 0.3 0.36 1400 0.02 0.3 0.17 

Chemical composition (%) 

Al Si Cu Mg Fe Ti P 

balance 17.51 4.12 0.43 0.28 0.06 0.06 

Factor/Level 0 1 2 3 4 5 6 7 
Cutting Speed Vc 

(m/min) 900 
110

0 
120

0 
130

0 
140

0 
150

0 
160

0 
170

0 
Feed Fz 

(mm/tooth) 0.02 0.04 
 

0.06 
Axial depth -Ap 

(mm) 0.2 0.3 0.4 
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1000 0.02 0.2 0.21 1400 0.04 0.4 0.31 

1000 0.04 0.3 0.29 1400 0.06 0.2 0.42 

1000 0.06 0.4 0.36 1600 0.02 0.4 0.25 

1200 0.02 0.3 0.14 1600 0.04 0.2 0.38 

1200 0.04 0.4 0.21 1600 0.06 0.3 0.69 

1200 0.06 0.2 0.34 1300 0.02 0.2 0.16 

1400 0.02 0.4 0.16 1300 0.04 0.3 0.26 

1400 0.04 0.2 0.30 1300 0.06 0.4 0.35 

1400 0.06 0.3 0.50 1500 0.02 0.3 0.17 

1100 0.02 0.2 0.18 1500 0.04 0.4 0.21 

1100 0.04 0.3 0.20 1500 0.06 0.2 0.31 

1100 0.06 0.4 0.32 1700 0.02 0.4 0.14 

1300 0.02 0.3 0.15 1700 0.04 0.2 0.19 

    
1700 0.06 0.3 0.24 

 
ANOVA for Response Surface Linear Model is shown in 
Table 4. 
 
Table 4 ANOVA for Response Surface Linear Model 
 

Source  Sum of 
Squares 

DF Square Value Prob > F 

Model 0.32 3 0.11 16.57 < 0.0001 

A 0.028 1 0.028 4.42 0.0418 

B 0.29 1 0.29 44.96 < 0.0001 

C 2.128E-
003 

1 2.128E-003 0.33 0.5667 

Residual 0.26 41 6.380E-003   

Cor Total 0.58 44    

  
The Model F-value of 16.57 implies the model is 
significant.  There is only a 0.01% chance that a "Model F-
Value" this large could occur due to noise. 
  
Final Equation in Terms of Coded Factors: 
Ra  = 0.28+ 0.046 *A+ 0.098*B  -8.422E-003*C 
This equation indicates that the Ra increases with the 
cutting speed and feed rates, whilst the effect of depth of cut 
is considered negligible.  This relationship is supported by 
the 3D surface plot using Design Expert 6 as shown in Fig. 
1.   

 
 

Fig. 1 3D surface plot 

Fig. 2 shows the normal plot of the residuals that indicate 
the model is adequate. 

 
Fig. 2 Normal plot of the residuals 

 
 

4. CONCLUSIONS 
 
Smooth surface finish of less than 0.5 µm can be achieved 
by machining at high cutting speed with very low feed rate 
and depth of cut for abrasive A390 material.  ANOVA 
found that cutting speed and feed rate are the most 
influential factors that affecting the Ra produced.  
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1. INTRODUCTION 

 
Minimal quantity lubrication (MQL) machining has already 
been well recognized as representative environmentally 
friendly machining in a number of practical applications [1]. 
In order to achieve successful MQL machining, cutting 
lubricants would play a significant role because they should 
be supplied to the cutting zone in a very small amount. 
Under the circumstances, a synthetic biodegradable polyol 
ester, rather than vegetable based oils, has presented the 
optimal characteristics as a cutting lubricant [2, 3]. If an 
ester works as an effective lubricant, its tribological action 
is usually resulted from the formation of an excellent 
lubricating film by means of some strong chemical 
adsorption onto sliding surfaces. This paper therefore 
discusses the tribological action of the lubricant ester in 
connection with its cutting performance encountered in 
practical MQL machining. 
 

2. EXPERIMENTAL METHODS 
 
2.1. Controlled Atmosphere Cutting Apparatus 
 
Fig. 1(a),  illustrates a high vacuum cutting apparatus (setup 
A) consisting of a cutting chamber, a quadrupole mass 
spectrometer, a cutting force dynamometer, a workpiece 
assembly, a cutting tool and two gas leak valves. The 
atmosphere in the chamber can be maintained at the vacuum 
level of 5x10-5 Pa by two turbo molecular pumps. A mass 
spectrometer monitors the ion currents of gases in the 
chamber. Two different gases can be supplied into the 
chamber through individual leak valves. Each gas was 
introduced to make its ion current equivalent to the pressure 
of 0.01 Pa. 

Fig. 1(b) shows a normal atmosphere cutting apparatus 
(setup B) which has the same cutting configuration as that 
of setup A. This apparatus was prepared to examine the 
cutting performance in actual MQL machining with various 
carrier gases. The specifications of the synthetic polyol ester 
used in MQL machining are listed in Table 1 and this ester 
has been developed as an optimal MQL lubricant [2, 3]. 
MQL mists were supplied externally and close to the cutting 
interface by a pressurized gas of 0.2 MPa. 
The machining process used for both setups was orthogonal 
using metal disks with the width of 1.2 mm. The rotational 
speed of the disk and the feed rate of the tool were adjusted 
synchronously to maintain the constant cutting speed and 
depth of cut. Table 2, presents the cutting conditions of the 
tests using the above setups A and B.  
 

Table 1:  Specifications of synthetic polyol ester 
 

Density (15 oC) 0.95 g/cm3 

Kinematic Viscosity (40 oC) 19.1 mm2/s 

Biodegradability (CEC L-33-A-93) 100 % 

 
Table 2: Cutting conditions of the tests for setups A and B 

 

 Setup A Setup B 

Cutting speed 12 m/min 60 m/min 

Tool feed 
rate 

0.02 mm/rev. 0.06 mm/rev. 

Workpiece JIS* SCM435 steel JIS* S45C steel 

Tool Uncoated cemented carbide insert 

* Japanese Industrial Standard 
 

 (a) High vacuum cutting apparatus (b) Normal atmosphere cutting  
 (setup A) apparatus (setup B) 
 

Fig. 1: Experimental setups of controlled atmosphere cutting apparatus 
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2.2. Adsorption Activity Measurement 
 
In the test using the setup A, the experimental procedures of 
measuring adsorption activity are as follows. After inlet and 
outlet gas flows are balanced, the introduced gas pressure 
becomes constant. Then, the tool starts machining the steel 
disk specimen at a given cutting speed and a feed rate to 
create a clean surface of the metal. If the introduced gas 
adsorbs onto, or reacts with, this freshly cut metal surface, 
its pressure decreases. According to Mori’s method [4], a 
linear relationship can be obtained on semi-logarithmic 
diagram. The adsorption activity of the gas component can 
readily be calculated as an absolute value from the slope of 
this relation. It should be noted that this calculation 
provides the same slope even if ion current is used instead 
of pressure because of the linear relation between them. The 
adsorption activity is a quantitative measure of gas 
molecule's affinity for the clean metal surface. 
 

3. RESULTS AND DISCUSSION 
 
3.1. Adsorption Activity Evaluation with Setup A 
 
Fig. 2 compares the adsorption activity of methyl 
propionate, a model ester, with that of n-Hexane 
representing hydrocarbons. Methyl propionate shows 
relatively high adsorption activity in both cases with argon 
and oxygen. Here, chemically inactive argon is introduced 
to make the partial pressure of the ester in the chamber 
same as that when the ester and oxygen are introduced 
together. n-Hexane shows no significant adsorption because 
hydrocarbons have no polar group to adsorb on the metal 
surface. It is considerably interesting that the adsorption 
activity of methyl propionate is increased if oxygen is 
present. This result suggests that oxygen can enhance the 
adsorption ability of ester. This situation may be very 
similar to the behavior of a lubricant in MQL cutting 
because, even near the cutting point, the lubricant particles 
are surrounded by a large amount of air containing oxygen.  
In MQL cutting, therefore, the reactivity of the lubricant 
ester is supposed to be intensified by atmospheric oxygen, 
leading to the formation of a robust and tribologically 
effective lubricating film. As a matter of fact, the cutting 
force evaluated for the ester with oxygen was somewhat 
lower than that for the ester with each of inert gases. 
However, the degree of cutting force reduction was only 
several %, probably because the length of alkyl chain 
provided by methyl propionate was not enough to form a 
robust lubricating film. Thus, the influence of oxygen on the 
cutting performance of synthetic ester should further be 
discussed in the case of actual MQL machining with the 
setup B. 
 
3.2. MQL Cutting Performance with Setup B 
 
In actual MQL machining with the setup B, synthetic polyol 
ester of Table 1 was applied as MQL media and the 
influence of different carrier gases on the cutting force was 

investigated using nitrogen, air and oxygen. Fig. 3 shows 
the resultant cutting force obtained in this MQL machining, 
obviously demonstrating the better cutting performance in 
the order of higher oxygen concentration in the carrier gas.  
 

Adsorption activity (1/sec)

ester (+Ar)

0 0.02 0.04 0.06 0.08 0.1

ester (+O2)

n-Hexane

Adsorption activity (1/sec)

ester (+Ar)

0 0.02 0.04 0.06 0.08 0.1

ester (+O2)

n-Hexane

  
Fig. 2: Values of measured adsorption activity 
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Fig. 3: Cutting force obtained in MQL machining with 

different carrier gases 
 

4. CONCLUSIONS 
 
Using the controlled atmosphere machining apparatus, this 
study presented the adsorption characteristics of a model 
ester and oxygen were complementary and, further, the ester 
and oxygen were likely to enhance mutually their adsorption 
activities. The experimental facts obtained by normal 
atmosphere cutting apparatus demonstrated that an optimal 
synthetic ester for MQL machining provided the better 
cutting performance in the order of higher oxygen 
concentration in the carrier gas. These results suggested that 
the cutting phenomena could tribologically be in good 
connection with the adsorption behavior of the ester and 
atmospheric gases. 
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ABSTRACT 

 
Dimple structure geometries like shape, size, depth, area 
ratio and array are among the important issues as the main 
role for micro lubricating reservoir and minimizing friction 
and wear rate during sliding of mechanical components. 
Turning and milling processes were used in this research to 
produce various geometries of dimple structure resulted in  
turning process was able to produce three shapes of dimple 
structure (spherical, short drop and long drop), whereas 
milling process was able to produce circle shape. The range 
of sizes of  dimple structures produced were width (153 µm 
- 999 µm), length (964 µm - 3261 µm), diameter (15 - 30 
µm), depth (37 µm - 155 µm) and area ratio (2.7 - 13.8 %).  
These range of sizes, depths, area ratios and array produced 
were within the limit obtained by earlier researchers which 
will minimize the friction and wear for sliding mechanical 
components. 
 

1. INTRODUCTION 
 
The issue of friction and wear particularly on sliding 
components is the problem that has long existed in 
manufacturing, automotive and aerospace industries. 
Surface treatment process or dimple structure especially on 
mechanical components is one of the methods to overcome 
this problem in order to avoid the occurrence of system 
failure [1]. The distribution of micro dimples in relation to 
textured surfaces acts as a lubrication reservoir and is able 
to reduce friction by 30% [2]. Various methods exist and 
have drawn the attention of researchers especially tribology 
members to search for  the effective and efficient method in 
the dimple structure fabrication.  Processes like etching, 
laser beam, laser coating, photochemical, and many more. 
From the stated processes, chemical based process or 
energy beam process is effective in dimple structure 
production but there arise several negative issues like 
environmental effect, flexibility, cost and production rate 
[3]. However the accuracy as well as the efficient 
fabrication of micro structure as textured surface are still 
the major challenges in research world [4]. Therefore, as a 
selection of an alternative process, machining process is the 
best judgement to produce dimple structure [3,6]. This view 
is in line that machining process has the absolute advantage 
in terms of cost, lower energy and time too [5]. Geometries 
like area ratio, depth and diameter are the main parameters 
than can affect tribology attributes [7]. Based on the 

importance of various structure geometries that were 
studied by earlier researchers, therefore through this 
research, turning and milling processes were selected as 
methods to produce dimple structure. It is also based on the 
potential of the machining itself which able to produce 
multiple sizes, shapes, depth, area ratios and dimple 
structure arrays. In addition, the difference in dimple 
structure geometries ptoduced from both processes were 
studied, analyzed and compared.  
 

2. METHODOLOGY 
 
Experiments were conducted using CNC Lathe Colchester 
Tornado and Sajo UF-52 Vertical Milling with assisted 
toolings developed in house for generating vibration on the 
cutting tool in both machining processes. The following is 
the simple flowchart of the research which covers 
determination of important parameters, the development of 
assisted tooling, experiment procedure, analysis and 
evaluation procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 1 Flowchart 

 
 

3. RESULT AND DISCUSSION 
 
By using Design of  Experiment (Taguchi) in conducting 
experiment, four shapes of dimple were produced (turning 

Start 

Parameters Determination & 
Development of Assisted Toolings 

opment 

Machining Experiment 
(Turning & Milling Processes)   

Dimple Structure 
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and milling processes) i.e. spherical, short drop, long drop 
and circle with the array approaching square, hexagon and 
square.  
 
Table 1 Shapes with the arrays (Turning Process) 

             3D view                         Array                  Shapes 

                           
depth = 64 μm, width = 397 μm,  
length = 3261 μm, area ratio = 9 % 
 

                       
depth = 155 μm, width = 999 μm,  
length = 2800 μm, area ratio = 13.8 % 
 

                        
depth = 66 μm, width = 560 μm,  
length = 2420 μm, area ratio = 8.5 % 

 
Table 2 Circle shape with arrays  (Milling Process) 

             3D view                               Array                   

                               

 

depth = 45 μm , diameter = 69 μm & area ratio = 6.5 % 
 
 
There are some differences between dimple structures 
produced using milling and turning processes i.e. in the 
form of shape and array. Turning process was able to 
produce more shapes by using various cutting tool 

geometries. Similarly for the arrays, hexagon and almost 
square arrays were obtained. On the other hand, for milling 
process, dimple shape produced was limited to one type 
only. This was due limited to one rotating condition of the 
cutting tool during machining which would only form a 
circle shape. But various arrays could be produced since it 
can be controlled during the machinng process. Based on 
shapes and area ratio derived i.e. width range (153 µm - 999 
µm), length (964 µm - 3261 µm), diameter (110 - 890 µm), 
depth (37 µm - 155 µm) and area ratio (2.7 – 13.8 %) they 
were within the range studied and derived by earlier 
researchers i.e. equivalent diameter (20 µm – 4 mm), area 
ratio ( 7 – 40 %) and depth (200 nm – 100 µm)   as reported 
[6].  The outcome was in line with the research done [8] 
that tested shape and area ratio of dimple structure of 3 
shapes i.e. circle, long drop and short drop with width 
geometry (500 – 800 µm), length (800 – 1600 µm), depth 
(55 – 60 µm) and area ratio (7.5 – 20 %). Circle shape and 
long drop shape could minimize coefficient of friction more 
than short drop shape. Overall, dimple geometry structure 
derived has the potential in minimizing coefficient of 
friction and wear on mechanical component plus upgrading 
tribology attributes.  

 
4. CONCLUSION 

 
There are some differences between dimple structures 
produced using milling and turning processes i.e. turning 
process was able to produce more shapes but for milling 
process was limited to one type only. 
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1. ABSTRACT 
 
In this study, the tribological performance of Al6061-SiCp 
composite is investigated considering the influence of stir 
casting process parameters. The wear and frictional 
characteristics were studied using the dry reciprocating 
wear testing machine. Experimentation is generated through 
the central composite design (CCD) using a four factor five 
level design plan. The process parameters (reinforcement 
fraction wt%, stirring speed rpm, processing temperature °C 
and processing time s) are examined using ANOVA and 
multiple objective optimization (MOO) analysis. The result 
shows that stirring speed has the most significant 
contribution in controlling the wear and friction 
characteristics. Confirmation test is also conducted to verify 
and validate the process parameters in order to optimize the 
tribological output. Moreover, characterization of the 
composite wear scar mechanism is performed using 
scanning electron microscope. This study provides an 
effective method of minimizing the tribological properties 
of Al6061-SiCp composite by optimizing the stir casting 
process parameters. 
 

2. INTRODUCTION 
 
The demand for superior performance and light weight 
materials for tribological applications in the automotive and 
aerospace industries has led to the development of 
advanced materials. Due to these requirements, metal 
matrix composite (MMC) have become attractive and are 
increasingly preferred over monolithic materials due to 
their high strength to weight ratio, toughness and 
tribological characteristics [1]. As a result, aluminium 
based particulate reinforced MMC has attracted much 
attention by researchers owing to its low density, high 
thermal conductivity, low melting point and the ability to 
be reinforced by a wide variety of reinforcement phases [2]. 
Moreover, numerous processing technique such as powder 
metallurgy, squeeze casting, liquid infiltration and stir 
casting can be employed in developing MMC. However, 
studies [3] have shown that stir casting process possesses a 
simple and cost effective route to fabricate particulate 
reinforced composite. With this, achieving optimal AMC 
properties has been major challenge due to the influence of 
several processing factors considered.  

As a result, it is of utmost necessity to consider the 
simultaneously interaction of these factors. This is because 
when two or more factors are investigated together, the 

effect of one factor on response depends on the level of the 
other factor. CCD has been a preferred method because it is 
a very efficient method to reduce the number of 
experiments with a large number of factors and levels. It 
provides high quality predictions in studying linear, 
quadratic and interaction effects of factors influencing the 
response [4]. It is also capable of achieving optimum 
conditions required to attain the best characteristic 
properties. Most studies conducted with experimental 
design are conducted using powder metallurgy route, 
however very limited report have been made on stir casting 
technique with CCD.Therefore, the aim of this study is to 
utilize the CCD to achieve optimal tribological performance 
of Al6061-SiCp composite. Crucial parameters considered 
for the stir casting process include the reinforcement 
fraction wt%, stirring speed rpm, processing temperature °C 
as well as the processing time s. 
 

3. METHODOLOGY 
 
The CCD of response surface methodology (RSM) 
accommodates five levels of each factors comprising of 
factorial, axial and center points as shown in Table 1 

Table 1  Factors and levels in CCD plan 

Factors 
Levels 

-2 -1 0 +1 +2 
RF: Reinforcement fraction (wt %) 5 10 15 20 25 
SS: Stirring speed (rpm) 200 300 400 500 600 
PTemp: Processing temperature (°C) 700 750 800 850 900 
PT: Processing time (secs) 60 90 120 150 180 

Wear test is conducted with a dry reciprocating wear and 
friction monitor according to ASTM D 6079-97/EN 590. 
The test utilized an applied load of 50 N at 600 rpm for 30 
mins for each of the cast AMC from the design plan. The 
wear characteristics is calculated as expressed in the eq. (1): 

                             r
m

w
t


                              (1) 

Δm = mass loss, ρ = density, t = time 

  
4. RESULTS AND DISCUSSION 

 
According to ANOVA, the response (wear rate wr and 
friction coefficient µ) output indicates a quadratic 
relationship based on regression analysis with the 
processing factors. The tribological performance models 
suggested are dependent on the significant terms with p 
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values < 0.05. To improve the model and also optimize the 
results insignificant terms are eliminated. The fitness and 
adequacy of the tribological output (wr = 0.19, µ  = 0.15) is 
confirmed by ensuring the R2

pred and R2
adj has a difference 

of < 0.2. The factor with the most influencing impact in 
order of importance on wr are SS, PTemp and RF. Fig. 1 
shows the 3D surface plot of the process parameters 
interaction on wr. Fig. 1(a) depicts the influence of SS and 
PTemp which achieved a minimum wr of 1.21 x 10-5mm3/min 
at 530 rpm and 825 °C. Also, Fig 1(b) shows that SS and 
RF which attained minimum wr of 1.22 x 10-5mm3/min at 
520 rpm and 16 wt%. 
 

 
Fig. 1 3D surface plot of wr performance considering (a) SS 
and PTemp (b) SS and RF 
 
For µ , SS and RF are the only factors which influences the 
ouput performance. Stable µ  (0.39-0.41) is attained within 
the range of 500-540 rpm and 13-18 wt% respectively as 
shown in Fig. 2. 

 
Fig. 2  3D surface plot of wr performance for SS and RF. 
 
In optimization analysis, the condition required is to 
minimize the wr and µ  properties. Therefore, the MOO is 
used to achieve a set of process factors which 
simultaneously optimizes the tribological performance. 
Table 2 shows the optimal generated desirability of the 
response with solution No. 1 selected as the predicted 
optimal by 84 % desirability. 
 

Table 2: Optimal solution generated for response 
RF SS PTemp PT wr µ Desir. 

 
14.283 500.000 827.747 150.000 0.974 0.405 0.838 Selected 

14.300 499.999 828.556 150.000 0.974 0.405 0.838 
 

14.240 500.000 828.217 150.000 0.976 0.405 0.838 
 

 
Confirmation test were conducted three times to validate 
the predicted optimal process parameters in order to verify 
the MOO analysis. Fig. 3 shows that the percentage error of 
the response (wr, µ) are within the range of 1.2 to 3.5%. 
The topography of the worn surface is characterized as 
relatively smooth mild wear without formation of cracks 
and craters. Also, the formation of oxide layer on the wear 

surface is represented as a brownish dark layer on AMC 
sample. However, it is viewed as the whitish scale profile 
as seen in Fig. 4 (a). 
 

 
Fig. 3 Percentage error analysis between predicted and 
actual response 
 

  
(a)                                          (b) 

Fig. 4 (a) Wear surface morphology and (b) frictional 
performance for optimized Al6061-SiCp composite 
 
This layer serves as a protective surface which improves the 
abrasion and adhesive resistance. Moreover, the layer acts 
as a coating shield protecting against excessive wear and 
also stabilizes frictional performance as shown in Fig. 4(b). 
 

5. CONCLUSIONS 
 

The optimum input process factor that achieved 
optimized tribological performance of Al6061-SiCp 
composite are 14 wt% RF, 500 rpm SS, 828 °C PTemp and 
150 s PT. These conditions achieved a wr of 0.974 x 10-5 

mm3/min and µ  of 0.41 with a desirability value of 84%. 
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1. INTRODUCTION 

 
Fuel efficiency tires are developed due to the recent rise in 
the environmental problems. Carbon black (CB) are usually 
used as the reinforcing filler for tread rubber of general 
tires. On the other hand, Silica (Si) was used as the 
reinforcing filler for fuel efficiency tire. It is well known 
that silica-filled rubber decrease in rolling resistance of tire. 
However, the wear of silica-filled rubber as compared with 
that of carbon black-filled rubber  is thought to be either 
larger or lower. The rubber mixed with CB and Si forms 
three-dimensional network structure. The molecular chains 
of rubber react with CB and silica physicochemically. The 
bound molecular chain on the filler surface is called bound 
rubber and constrained rubber inside filler aggregates is 
defined occuluded rubber. The higher-order structure of 
filled rubber consists of bound rubber, occuluded rubber, 
and unconstrained rubber. Some reports said that the 
decrease in the repeated stress occurred owing to the change 
in restrained rubber after the wear test. However, the 
influence of friction force on the higher-order structure of 
filled rubber are not clearly understood. 
The purpose of this study is to clarify the change in the 
higher-order structure of the carbon-black filled and the 
silica-filled rubber using atomic force microscope 
 

2. EXPERIMENTAL 
2.1. Specimens 
 
The main formulation of rubber specimens were shown in 
Table 1. 103.13 phr (perts per hundred parts of rubber) 
styrene butadiene rubber mixed with 25 phr butadiene 
rubber was used. The mixture amount of Si and CB varied 
from 0 phr to 25 phr respectively, whereas the total amount 
of fillers was fixed 25 phr. Unfilled specimen was also 
studied for the comparison. Stainless metal gauze was used 
as the mating surface for the friction test. 
 
2.2. Apparatus and method 
A pin-disk type tribometer was used for the friction test. 
The schematic diagram of the apparatus is shown in Fig. 1.  

A rubber pin specimen was rubbed to the mating stainless 
gauze fixed on the rotating disk. Friction force was detected 
by strain gauges affixed to the parallel leaf springs and wear 
depth was measured by a differential transducer as the 
decrease in the thickness. The dimensions of the rubber 
specimen were 3 x 3 x 1 mm. The normal load was 1.8N 
(0.2MPa) for filled rubber and 0.49N (0.06MPa) for 
unfilled rubber. The sliding speed was 10 mm/s. 
The higher-order structure in the rubber specimen was 
observed using an intermittent contact mode of atomic force 
microscope (AFM). This mode detected the phase change 
of the cantilever oscillation due to the hardness of the 
contact point. Harder substance such as bound rubber and 
filler is represented brighter area in the phase image 
obtained by the observation, though the unrestricted rubber 
is displayed darker tone. 
AFM observation is conducted at the worn surface and at 
the cross-section immediately under the worn surface. In 
addition, rupture surface of tensile specimen after the tensile 
test was also observed for comparison. 
  

3. RESULTS AND DISCUSSIONS 
 
Optical micrograph of the worn surface were shown in Fig.2. 
Abrasion patterns perpendicular to the sliding direction 
were formed. It was clearly understood that rubber surface 
was severely damaged by the friction force. Figure 3 
represents the AFM phase images of the rubber specimen 
before the experiment. The size of each observing area was 
5m x 5m. A lot of small bright spots were distributed in 

Table 1 Main formulation of rubber specimen 
phr: parts per hundred parts of rubber 

 

 
1; rubber specimen, 2; metal gauze, 3; dead weight, 4; 
differential transducer, 5; strain gauge, 6; parallel leaf 
spring, 7; counterbalance 
 

Fig. 1 Schematic diagram of the apparatus 
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the observed area of filled rubber irrespective of CB 
contents. On the contrary, no bright spots were observed in 
the unfilled rubber. Consequently it was confirmed that 
these small light spots represent the restricted rubber, bound 
rubber and occuluded rubber, or filler. Although two types 
of fillers were introduced, no differences in the phase lag 
and in the shape were seen . In consequence, the difference 
between the filler types were hardly distinguished. 
The AFM phase images of worn surface after the 
experiment were shown in Fig. 4. It was found that the 
bright spots representing restricted rubber were fragmented 
as compared with the image obtained before the experiment. 
It seems the higher-order structure of filled rubber were 
destroyed by friction force. The cross-section of 
immediately under the worn surface were investigated to 
understand the extent of the destruction of restricted rubber 
by the friction force  
Figure 5 represents the phase image in the vicinity of the 
worn surface. As a result, both the phase lag and the spot 
size were as the same as that of the initial situation. 
Accordingly, it is probably said that the extent of 
destruction of the restricted rubber influenced by the 
friction force is limited to the worn surface. Assuming the 
crack propagating on the surface when the rubber was worn 
by the friction, the restricted rubber was thought to be 
influenced by the crack propagation. Therefore the ruptured 
rubber surface of tensile test was also observed to confirm 

the relation between crack propagation and fragment of 
restricted rubber. As compared with the initial specimen, 
the phase lag and bright spot size of the restricted rubber in 
the ruptured surface was identical. As a result, it was found 
that the restricted rubber such as bound rubber or occulude 
rubber were destroyed directly  by frictional force, however,  
the restricted rubber was kept steady when frictional force 
acted indirectly to the restricted rubber or crack propagation 
region. 
 

4. CONCLUSIONS 
 
The higher-order structure of rubber at the worn surface was 
fragmented as compared with the initial state before the 
experiment. On the other hand,  the higher-order structure 
immediately under the worn surface after the experiment 
and of the fracture surface after the tensile test were 
unchanged. 

 
Fig.2  Optical micrograph of worn rubber surface 

      
(a) Si25/ CB 0                b) Si 0/CB25 

       
       (c)  Unfilled  
Fig.3  AFM phase image before the experiment 

     
(a) Si25/ CB 0                b) Si 0/CB25 

       
       (c)  Unfilled  
Fig.4  AFM phase image of worn rubber surface 

      
(a) Si25/ CB 0                b) Si 0/CB25 

     
       (c)  Unfilled  
Fig.5  AFM phase image immediately under worn surface 
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1. INTRODUCTION 

 
From previous studies, many researchers established that 
different types of solid lubricants can be applied in 
tribological applications such as material coating or 
reinforcement [1]. Hence, the development and formation of 
this tribolayer on sliding surfaces can affect the material 
tribological behaviour characteristics such as thickness, 
hardness, fracture, and materials composition [2]. The 
potential usage of local waste products as reinforcement 
substitute in the manufacturing of lightweight materials such 
as metal and polymer matrix composites has gained 
attention due to its self-lubricating properties and zero 
waste approach at an affordable cost [3]. Some research 
cases found that porous carbon, such as Palm Shell 
Activated Carbon (PSAC) have displayed capability to turn 
into a self-lubricating material when reinforced with 
aluminium alloy which can considerably improve wear 
resistance by increasing PSAC content up to 10 wt.% [4]. In 
the recent decade, studies regarding on Palm Kernel 
Activated Carbon (PKAC) have been widely conducted by 
numerous researchers due to its remarkable properties in the 
tribology field. Developed from waste materials of palm oil 
extraction process, it contains carbon properties and 
residual oils (natural lubricant) which can change into a new 
self-lubricating material with a low friction coefficient and 
high wear resistance. Thus, potential for zero waste strategy 
and improving tribological properties at an affordable cost 
can be attained by applying carbon materials formulated 
from agriculture wastes as a new reinforcement substitutes 
in the fabrication of polymer matrix composites [5]. Since 
there are a limited number of studies conducted regarding 
on the effects of applied load on PKAC materials as solid 
lubricants in polymer matrix composites, the aim of this 
project is to determine the load bearing capacity of PKAC-
E composite under a dry sliding condition. 

 
2. METHODOLOGY 

 
In this research, PKAC were used as a self-lubricating 
material with high-density epoxy [West system 105 epoxy 
resin (105-B) and West system 206 slow hardener (206-B)]. 
The fine powder of PKAC was prepared using a crusher 
machine and sieved into particle sizes of 250 µm using a 
sieves shaker. The 60 wt% PKAC powder was then mixed 

with 40 wt% epoxy of resin to hardener ratio 4:1. The 
mixture of PKAC and epoxy was then placed into a mould 
with a layer of wax before compressing it using a hot-press 
machine. The equipment was used at a working temperature 
and pressure of 80°C and 2.5MPa respectively 
The sample was compressed in 10 minutes and then cooled 
down to room temperature for another 15 minutes before 
extracting it out from the mould. The completed disc 
specimens of 74mm in diameter and 5mm thickness were 
left to be cured at room temperature for one week. This can 
be seen in Fig. 1. The densitometer and shore hardness 
tester (Type D), were used to measure density and hardness 
respectively. Mechanical properties of the disc specimens 
and steel ball are shown in Table 1. The dry sliding test was 
conducted at a constant 60 wt% of PKAC using a ball-on-
disc machine with according to standard ASTM G99-05 
(2010). All tests were performed at speed 500 rpm and 
3000m sliding distance with applied load between 20-100N. 
The morphology of the particles and worn surfaces were 
observed and analysed using a scanning electron 
microscope (SEM). Fig. 2 shows the schematic diagram of 
ball-on-disc tribometer. 

 
Table 1: Mechanical properties of the ball and disc materials before 

testing 
 

Properties Disc (60 wt% PKAC 
+ 40wt% epoxy) 

Ball (carbon 
chromium 

steel) 
Hardness (H), HRC 8.36 61 
Density, ρ [g/cm3]   1.4 7.79 
Surface roughness (Ra), 
µm 

0.4 0.022 

                 

 
 

Fig. 1 Sample of PKAC-E composite disc. 
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Fig. 2 Schematic diagram of ball on disc tribometer 

 
 

3. RESULTS AND DISCUSSION 
 

Fig. 3 shows the coefficient of friction, COF results of 
PKAC-E composite sliding against carbon chromium ball 
steel from the ball on disc test with increasing operating 
load. The tests were divided into three stages for a better 
understanding of tribological behaviour relating to contact 
mechanisms during the experiment process. As illustrated in 
Fig. 4, the first stage (Stage I) shows the COF value 
decreased dramatically. This could imply that when applied 
load is increased, the real surface contact area increases as 
well which in return causing more plastic deformation or 
damaging of asperities. As a result, surface roughness will 
diminish and would lead to decrease value of COF. Second 
stage test (Stage II) shown to have similar results which 
suggest that there are no significant differences statistically 
where the value of COF remains steady about 0.11. The 
result mentioned could be explained by the fact that the 
tribolayer generated from the preferential wear of the soft 
carbon material is caused by a carbon-based tribofilm 
adhering onto the counter surface which breaks the adhesive 
joints between the asperities [6]. Fig. 4(a) shows that the 
transfer layer of the PKAC-E material is formed on the 
counter surface thus helps to stabilise COF due to the 
surface contact change from PKAC-steel to PKAC-PKAC. 
This correlates with the results established by Mat Tahir et 
al. [5] in 2016. In the final stage (Stage III), the COF value 
significantly, where more friction is generated and abrasive 
wear occurred. Because of that, the transfer layer 
deteriorates making the ball bearing no longer have a 
protective layer to act as self-lubricant. This also means that 
the contact surface experienced high abrasion due to the 
ploughing of harshness between contacting surfaces which 
might influence on the increment of friction force [7]. Fig. 
4(b) visualise a higher magnification micrograph of 
damaged regions and the formation of debris. From the 
above discussion, the overall results show that when the 
applied load exceeds 80N, the value of COF will increase 
again due to the breaking of the protective transfer layer. 
Therefore, the load bearing capacity for PKAC-E composite 
is proposed to be 80N. 
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Fig. 3 Average steady state COF of the PKAC-E composite at 

different load. The error bar is for standard deviation. 
 

Transfer Layera

 

Abrasive Wearb

 
Fig. 4 SEM micrograph at (a) 60 N (b) 100 N of the PKAC-E 

composite. 
 

4. CONCLUSION 
 

In a nut shell, high load ball-on-disc experiment has been 
successfully carried out to stimulate tribological behaviour 
of PKAC-E composite. Overall, it can be said that the COF 
value from Stage I to Stage III decreases and increases from 
a low to high bearing load respectively with Stage II being 
considered as the optimum load range for the specimen. 
Hence, this study suggests that the load bearing capacity for 
PKAC-E composite is 80N. 
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1. INTRODUCTION 

 
Titanium alloy grade 5 (Ti-6Al-4V) is widely used in 
engineering industries. Ti-6Al-4V also has been known to 
show good mechanical properties, excellent corrosion 
resistance and having low density [1]. However, the grade 5 
titanium alloys have poor tribological properties since it has 
poor wear resistance, low hardness and high coefficient of 
friction. Therefore, the improvement of surface properties 
are required to increase the performance of the parts. 
Previous research work by Adeleke & Maleque [2] studied 
the surface alloying of commercial purity titanium (CP-Ti) 
using preplaced Fe-C-Si powder by TIG technique. The 
surface modified CP-Ti alloy exhibited hardness values 
ranging from 600 Hv to 800 Hv which was 3 times higher 
than base material hardness. The main aim of this study is to 
improve the tribological properties of grade 5 (Ti-6Al-4V) 
under lubricated condition based on Taguchi approach. The 
substrate alloy was preplaced with silicon carbide (SiC) 
powder and tungsten inert gas (TIG) torch surface melting 
technique was applied for composite coating on Ti-6Al-4V 
alloy.  

 
2. EXPERIMENTAL DETAILS  

 
The material used for this study is titanium alloy grade 5 
(Ti-6Al-4V) with the dimension of 17 mm x 40 mm x 15 
mm as the substrate material. The SiC powder preplacement 
with different sizes of 20, 40 and 60 μm was used for suface 
modification. The SiC powder weighed of 0.5 mg per 
millimeter square was mixed with a small amount of 
polyvinyl acetate (PVA) binder and agitated to form a paste 
with the aid of distilled water and alcohol. The addition of 
binder is to keep the powder on the surface under the flow 
of the shielding gas. The Ti-6Al-4V substrate with pre-
placement reinforcement of SiC was carried out using TIG 
torch melting technique to produce a series of tracks. The 
wear testing under lubricated condition was conducted 
using ball-on-disc sliding machine with load of 30 N and 
frequency of 10Hz for 30 minutes. In this research, L9 
orthogonal array of the Taguchi experimental design was 
used in designing and analyzing the effect of TIG process 
parameters on the wear rate and coefficient of friction (CoF) 
of the TIG-processed SiC reinforced composite coated Ti-
6Al-4V under lubricated condition. The design matrix for 
the experiment is shown in Table 1. 
 
 
 

Table 1 Design matrix for TIG-processed SiC coating 

Curre
nt 

(A) 

Speed 
(mm/s) 

Vol 
tage 
(V) 

SiC 
powder 

sizes 
(µm) 

Wear 
rate 

(μcm3/
s) 

Coefficient 
of friction 

70 1.0 20 20   
70 1.5 25 40   

70 2.0 30 60   
80 1.0 25 60   
80 1.5 30 20   

80 2.0 20 40   
90 1.0 30 40   
90 1.5 20 60   

90 2.0 25 20   
 

3. RESULT AND DISCUSSION  
 

3.1. Wear rate analysis 
 
The wear rate of silicon carbide reinforced composite 
coated Ti-6Al-4V alloy for each experimental run of L9 
orthogonal array is listed in Table 2. In Taguchi method, the 
wear rate of the TIG processed coating is analyzed with S/N 
ratio using the smaller the better criterion. The signal-to-
noise ratio is calculated in decibel scale (dB) using equation 
1 [4]. 

S/N (STB) = -10log*(∑ (Y2)/n)   (1)                                       
Where Y is the experimental data and n is the number of 
experiment. The wear rate value and their corresponding 
S/N ratio obtained for each of L9 experiment is shown in 
Table 2. The computation and analysis of S/N ratio is done 
using Minitab 17 statistical software package. 
 
Table 2 Experimental results for wear with S/N ratio 

Exp. 
runs 

Wear rate  
(μcm3/s) 

S/N ratio (dB) 

1 0.4212 -12.490 

2 0.1975 -5.911 
3 0.3160 -9.994 
4 0.1711 -4.665 
5 0.4081 -12.215 
6 0.3028 -9.623 
7 0.2370 -7.495 
8 0.3555 -11.017 
9 0.3291 -10.347 

 
The S/N response analysis is obtained from the experiment 
results by calculating the average of S/N ratio for each level 

mailto:Laila_7164@yahoo.com
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of selected process factor or parameter. The mean responses 
for S/N ratio of wear rate is shown in Table 3. From the 
obtained result, the rank ‘1’ and rank ‘2’ in Table 3 
indicates that the TIG voltage and SiC powder size  have a 
stronger effect on the TIG process. Rank ‘3’ in the same 
table shows that welding speed has a strong effect on the 
process followed by Rank ‘4’ which means that welding 

current has the minimum effect on the process.  
 

Table 3 Mean responses for S/N ratio of wear rate 

Levels 
Current 

(A) 
Speed 
(mm/s) 

Voltage 
(V) 

SiC powder 
sizes (μm) 

1 -9.465 -8.217 -11.043 -11.684 
2 -8.834 -9.714 -6.974 -7.676 
3 -9.619 -9.988 -9.901 -8.559 

Delta 0.785 1.771 4.069 4.007 
Rank 4 3 1 2 

 

 
Fig. 1 Main effect plot for the wear rate of SiC coated Ti-

6Al-4V. 
The effect of process factor on the mean S/N response for 
wear rate is shown in Fig. 1. From the main effect plot in 
Fig. 1, the inclination of the plot is used to determine the 
significance of each parameter. The parameter with the 
highest inclination line has most effect on the wear rate of 
the material. Hence, the optimum value to obtain the 
minimum wear rate in the composite coated was at current 
level of 80A, speed at 1.0 mm/s, voltage of 25V and SiC 
powder size of 40 μm. However, the confirmation test is 
needed to fulfill the requirement of the Taguchi design 
matrix. 
 
3.2. Coefficient of friction (CoF) analysis 
 
The CoF value and corresponding S/N ratio for all 
experimental runs is shown in Table 4. The mean of S/N 
ratio for CoF is given in the response table of Table 5. The 
ranking which gives the order of importance of the TIG 
process factors indicates that CoF is influenced by welding 
voltage, SiC size, speed and current in that order. 
Interestingly, this trend is similar to what was obtained for 
wear rate response in this study. Fig. 2 shows the response 
plots for CoF. The optimum combination of process 
parameters is current level of 80A, speed at 2 mm/s, voltage 
of 25 V and SiC powder size of 40 μm. However, the 
confirmation test is needed to fulfill the requirement of 
Taguchi design matrix. 
 

 

Table 4 Experimental results for CoF with S/N ratio 

Exp. 
runs 

Coefficient of friction 
S/N ratio 

(dB) 

1 0.76740 -17.700 
2 0.14203 -3.048 
3 0.23409 -7.388 
4 0.109033 -0.751 
5 0.75285 -17.534 
6 0.18091 -5.149 
7 0.17353 -4.788 
8 0.87323 -18.823 
9 0.21043 -6.462 

 
Table 5 Mean responses for S/N ratio of CoF 

Levels 
Current 

(A) 
Speed 
(mm/s) 

Voltage 
(V) 

SiC powder 
sizes (μm) 

1 -9.379 -7.746 -13.891 -13.899 
2 -7.812 -13.135 -3.420 -4.328 
3 -10.024 -6.333 -9.903 -8.987 

Delta 2.213 6.802 10.470 9.571 
Rank 4 3 1 2 

 

 
Fig. 2 Main effect plot for CoF of SiC coated Ti-6Al-4V. 

 
4. CONCLUSIONS 

 
1)The influence of the process parameter for SiC reinforced 
composite coated Ti-6Al-4V is similar for both wear rate 
and and friction behavior. The voltage and SiC powder 
sizes are the prominent factor influencing the process.  
2)SiC with 40 μm preplaced powder on Ti-alloy surface 
exhibited lower wear rate under lubricated condition.  
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1. ABSTRACT 
 
In this paper, effectiveness of non-additivated and 
additivated versions of palm trimethylolpropane (TMP) 
ester containing glycerol mono-oleate (GMO), molybdenum 
dithiocarbamate (MoDTC) and zinc dialkyldithiophosphate 
(ZDDP), in enhancing tribological performance of steel/cast 
iron contact has been investigated. Friction and wear results 
obtained with TMP-based lubricants are then compared 
with those of PAO-based ones to evaluate the compatibility 
of bio-lubricant with conventional additives. In addition to 
that, mechanisms involved in a particular tribological 
behavior are investigated using scanning electron 
microscope (SEM) and energy dispersive x-ray (EDX). 
 

2. INTRODUCTION 
 
The main constituents of commercially available lubricants 
are base oils and additives packages. About 85% of the 
lubricants consumed worldwide are derived from non-
renewable and non-biodegradable sources such as 
petroleum whereas rest of them are either synthetic or bio-
based [1]. In order to meet the energy needs of rapidly 
developing world, fossil fuel reserves are depleting at a 
rapid pace and are at the verge of scarcity [2]. Moreover, 
there are many environmental and health issues associated 
with the excessive usage of petroleum-based fuels and 
lubricants. Therefore, there is a need to reduce reliance on 
conventional lubricants and shift to environmentally 
sustainable, renewable and biodegradable ones. 
 
Chemically modified vegetable oils such as palm TMP ester 
are one of the potential candidates for alternate lubricant 
base oils due to their extraordinary lubricating properties. 
Since, conventional lubricant additives are optimized for 
conventional base oils; therefore, there is a need to evaluate 
the effectiveness of these additives in bio-based oils. 
 
In this research work, viability of palm TMP ester as a 
substitute for conventional base oils has been investigated 
by analyzing its tribological compatibility with most widely 
used lubricant additives (GMO, MoDTC and ZDDP) in 
combination with steel/cast iron contact.  
 

 

3. METHODOLOGY 
 

Reciprocatory sliding tests were conducted using universal 
wear testing machine (Cameron Plint TE99) with pin-on-
plate geometric configuration. AISI 52100 steel rectangular 
plates were used as flat surfaces whereas BS 1452 cast iron 
pins were used as counterbody. Tribotest conditions were 
selected in such a way that they replicate cam/tappet 
interface of a commercial automotive engine Table 1. 
Additivated version of bio-lubricant was synthesized by 
mixing 1.0 wt% of each additives in palm TMP ester. For 
reference, PAO was used as conventional base oil, with and 
without additives. In order to investigate the mechanisms 
responsible for a particular tribological behavior, wear 
tracks on cylindrical pins were analyzed by field emission 
scanning electron microscope (FESEM) and energy 
dispersive x-ray (EDX). 

Table 1: Tribotest conditions  

Physical Quantities 

 

Specifications 
Temperature  90 ∘C 
Speed 0.04 m/s 
Duration 120 min 
Stroke length 10 mm 
Load 615 N 
Maximum hertzian contact 

pressure 

700 MPa 
Total sliding distance 288 m 

 
4. RESULTS AND DISCUSSION 

 
Average friction coefficients of steel/cast iron contacts in 
combination with non-additivated and additivated versions 
of PAO and TMP are shown in Fig.  1 whereas wear 
coefficient of pins are presented in Fig.  2. Among the base 
oils, TMP showed superior friction behavior compared to 
PAO. This improved friction characteristic of TMP can be 
attributed to its polar nature due to which it adsorbs on the 
interacting surface whereas no such behavior can be seen in 
case of PAO due to its non-polar chemical structure. A 
significant improvement in friction behavior was observed 
when additivated lubricants were used instead of non-
additivated ones.  
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Fig.  1 Average friction coefficient values of steel/cast iron 
contacts 

Contrary to friction results, high values of wear coefficient 
of pins were observed with TMP compared to PAO. This 
can be attributed to ineffectiveness of TMP in providing 
boundary lubrication and preventing the asperities of 
interacting surfaces from coming into direct contact with 
each other. Mixing of base oils with additives substantially 
improved the wear characteristics. Additivated lubricants 
were proved to be very effective and reduced the wear 
coefficients of pins to almost one-hundredth irrespective of 
base oil used. Among additivated lubricants, T+G+M+Z 
proved to be the most effective lubricant in preventing the 
pin form excessive wear. 

 

 

Fig.  2 Wear-coefficients of cast iron pin 

Atomic percentage of elements deposited on cast iron pins 
after 2 hours of sliding against AISI 52100 steel plates are 
presented in Table 2. Lowest value of composite wear 
observed with T+G+M+Z can be attributed to the formation 
of ZDDP-derived tribofilm on the contact which prohibits 
surfaces from excessive wearing. MoDTC-derived tribofilm 
composed of molybdenum oxide and molybdenum disulfide 
were observed on cast iron pins which resulted in 
improvement in friction performance. 
 

Table 2: Atomic percentage of elements found on cast iron 
pins after 2 hours of sliding using EDX 

Lubricants 
Elements 

C P S Mo Zn Fe O 

TMP 29.5 - - - - 58.2 
12.
3 

PAO 20.7 - - - - 53.1 
26.
3 

T+G+M+Z 51.8 0.2 0.9 1.3 1.3 22.9 
21.
5 

P+G+M+Z 18.2 0.4 0.7 4.3 1.4 57.1 
17.
9 

SEM micrographs of cast iron pins are presented in Fig.  3. 
When non-additivated lubricants were used, severe cracks, 
wear debris, deep grooves and structural disintegration was 
observed on pin surface which resulted in extremely high 
wear coefficients whereas no such effect was seen with 
additivated lubricants. This surface deterioration was more 
eloquent when non-additivated TMP was used and wearing-
out of cast iron pin was 5 times more compared to PAO.  
 

  

  

Fig.  3 SEM micrographs of cast iron pins in case of 
steel/cast iron contacts in combination with (a) PAO, (b) 

TMP, (c) P+G+M+Z and (d) T+GM+Z 

 
5. CONCLUSION 

 
In non-additivated form, palm TMP ester proved to be more 
effective in enhancing friction performance of steel/cast 
iron contact compared to PAO. Lowest value of wear 
coefficient was observed with T+G+M+Z which shows that 
conventional additives which are actually optimized for 
conventional base oils such as PAO are also effective in 
augmenting tribological charactersitics of palm TMP ester. 
From these observations, it can be concluded that TMP 
ester has a potential to be used as base oil in automotive 
lubricants in combination with PAO. 
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ABSTRACT 
 

This study examined the potential use of three polyol esters 
(POEs) derived from palm oil as a lubricant in bentonite 
suspension drilling fluid. It was revealed that the POEs 
investigated reduced the coefficient of friction in bentonite 
suspension by more than 80%. However, 
trimethylolpropane (TMPE) and neopentylglycol ester 
(NPGE) undesirably altered the gel texture of the 
suspension. Pentaerythritol (PEE) shows the best 
performance as it produced the highest lubricity and the 
lowest effect on the suspension texture. 

 
Keywords—drilling fluid; bentonite suspension; polyol 
ester lubricant; mud lubricity 

 
1. INTRODUCTION 

 
High lubricity drilling fluids or muds are always desired in 
oil and gas drilling operation. They can minimize the 
friction between the drill pipes and the wellbore wall, 
increase the penetration rate, and prevent drilling problems 
such as stuck pipe, wear and tear. Lubricants are usually 
added to the mud to increase the lubricity [1, 2]. 
Research into the potential use of polyol ester (POE) as 
drilling mud lubricants has not been given a great attention 
[3], despite their high performance and biodegradability in 
general lubricant application [4]. In this study, the 
lubricating effect of different kind of polyol esters on 
bentonite suspension is reported. Bentonite suspension was 
chosen as the base drilling mud because this type of mud 
has poor lubricity but economical. It simply comprises of 
bentonite and water. POEs are hygroscopic lubricants (i.e. 
they absorb water), which makes they theoretically 
compatible for water-based mud. The finding in this study 
would be useful as a preliminary data for future 
applications of POE in wider mud formulation. 
 

2. EXPERIMENTAL 
 
2.1. Polyol ester lubricants 
 
Three different high viscosity POEs, which are 
pentaerythritol ester (PEE), trimethylolpropane ester 
(TMPE), and neopentylglycol ester (NPGE), were used as 
lubricant additives for separate mud samples. The viscosity 
of PEE, TMPE, and NPGE, are 68.4, 45.7, and 21 cSt at 
40°C, respecrively.  

 
2.2. Bentonite suspension preparation 
 
The bentonite suspension was prepared by mixing 7.5% 
(w/v) of bentonite in distilled water using a Silverson mixer 
at 6000 rpm for 30 minutes. The mud was then being static 
aged at 90°C for 16 hours. After that, distilled water was 
added while mixing until the resultant mud had the apparent 
viscosity in the range of 15 ± 1 centiPoise, which was a 
good mud viscosity for general drilling purposes [5]. One 
type of lubricant was added accordingly while being stirred. 
 
2.3. Lubricity measurement 
 
Lubricity was masured using a Fann Model 212 lubricity 
tester. The force of 150 inch-pounds was applied to the test 
block that ran at 60 RPM. The torque reading was recorded 
and the mud lubricity was expressed as coefficient of 
friction (COF). 
 
2.4. Foaming test 
 
It is common for lubricants to foam in mud [2, 6]. Foaming 
tendency caused by POE were evaluated by measuring the 
mud weight using a mud balance and visual inspection.  
 

3. RESULTS AND DISCUSSIONS 
 
3.1. Effect of different lubricant on mud lubricity 
 
At a low concentration of 0.5%, PEE, TMPE, and NPGE 
reduced the COF of the mud by 86.8%, 82.4%, and 80%, 
respectively. Increasing the lubricant concentration to 1% 
appeared to not improve the lubricity any further. The COF 
reduction by 1% of PEE, TMPE, and NPGE are 87.5%, 
82.8%, and 80.4%. This is mainly attributed to the strong 
attraction between the high polar POE molecules and metal 
surfaces, even at a very low concentration [1, 7]. A small 
quantity of POE possibly sticks to the metal surface of 
lubricity tester, creates a lubricant film, and stays in the 
contact area.  
In Fig. 1, PEE is shown to have the highest COF reduction, 
compared to TMPE and NPGE. The viscosity of PEE, 
which is the highest among other lubricants, might play the 
essential role in resulting thicker lubricant film.  
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Fig. 1 Coefficient of friction of bentonite suspensions 
containing lubricants. 
 
3.2. Foaming tendency 
 
The density of the mud containing TMPE and NPGE 
decreased, compared to the base mud, as reported in Table 
1. The density reduction of the mud indicates there is 
foam/bubbles presence in the mud. Meanwhile, the density 
of the mud containing 0.5% of PEE was relatively the same 
with the base. The results also show that increasing the 
lubricant concentration to 1% increases the tendency to 
foam which is shown by further reduction of density.  
 

Table 1: The density (pound per gallon, ppg) of the 
bentonite suspensions with the presence of 0.5% and 1% of 

lubricants 
Conc. 
(%) 

Base  
mud 

NPGE 
mud 

TMPE 
mud 

PEE 
mud 

0.5 8.6 8.1 7.9 8.55 

1  8.6 7.6 7.2 8.1 
 

  

  
Fig. 2 The different texture of (a) base mud, (b) NPGE 

added mud, (c) TMPE added mud, and (d) PEE added mud. 
 
The texture of the mud after the addition of lubricants is 
presented in Fig. 2. Mud containing TMPE demonstrated the 
worst appearance in terms of numerous bubbles formed, gel-
like texture, and density reduction, while mud containing 

NPGE showed a better properties. The bentonite particles 
seem flocculated in the presence of TMPE. Mud with NPGE 
also had much bubbles trapped inside, but since it did not 
gel up and partial bubbles could be easily released. 
Meanwhile, mud with PEE appeared thick and smooth, very 
similar with the base mud. Regardless, the difference in 
ester linkages and chain length of lubricant used in this 
study affect its compatibility with bentonite suspension. 
Since both of TMPE and NPGE changed physical properties 
of the mud, the usage of both lubricants might not be 
favourable, especially when the application of bentonite 
suspensions mostly depends on its viscosity and gel 
characteristics. Montmorillonitic clay, the main component 
of bentonite, possibly has a negative nature towards TMPE 
and NPGE. 

 
4. CONCLUSIONS 

 
High polar polyol esters investigated in this study, which 
are PEE, TMPE, and NPGE, were able to reduce the 
friction in bentonite suspension by more than 80% at a 
concentration of 0.5%. On the basis of current results, PEE 
perfomed better compared to TMPE and NPGE, as it 
resulted in highest COF reduction and did not have 
significant foam tendency. TMPE and NPGE also caused 
texture alteration of the mud. The use of TMPE and NPGE 
might not be desirable for bentonite suspension application. 
Unfortunately, there is no systematic understanding of the 
interaction between bentonite with the lubricants in the 
present study.   
In the future, it is encouraged to study the lubricity 
performance and compatibility of POE on a water-based 
mud, which consist of other mud additives, apart from 
bentonite alone.  
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1. ABSTRACT 
 
This paper presents the investigation on vibration 
characteristic on ball bearing operated with hexagonal 
boron nitride (hBN) nanoparticle mixed with diesel engine 
oil. Machine components including gears and bearings 
operates at high speed and high load condition. These 
extreme condition will lead to the high pressure and 
vibration on the working system. Thus, lubricant is needed 
to overcome the increase in pressure, temperature and also 
vibration. In this paper, the hBN nanoparticle was added as 
an additive into the SAE 15W40 diesel engine oil. 
Comparison study is also carried out with based engine oil 
and nanoparticles hBN mixed engine oil for different 
concentration.  From this proposed study, the vibration 
characteristic can be investigated and performance of diesel 
engine oil with hBN nanoparticle can also be determined. 
The results show that the addition of hBN nanoparticle in 
the lubricant functioning effectively in reducing vibrations 
of bearing in diesel engine oil. 
 

2. INTRODUCTION 
 
Studies have proved that the right lubricant needs to be used 
in order to reduce the friction, wear, operating temperature, 
corrosion of metal surfaces, and assists in keeping 
contaminants out of the system. Lubricants have many 
properties that can be mixed and matched the operating 
needs. Due to that reason, searching for new additives in 
the lubricant has becomes one of the most important 
technology from the researchers because the additives 
present in lubricant can reduce the friction and wear 
between the contacting surfaces [1]. The past research used 
the copper nanoparticles as additives to prevent severe anti-
wear, load-carrying and friction reduction performances 
added in diesel engine oil. These findings were followed by 
other nanoparticles like zirconia/silica (ZrO3/SiO2) 
composite, copper oxide (CuO), titanium oxide (TiO2) and 
also nano-diamond. All these nanoparticles were observed 
as efficient in improving tribological properties [2-3]. This 
nano-oil also actively reduced the wear rate of materials and 
this shows good quantitative agreement with coefficient of 
friction by dispersing the nanoparticles in conventional 
diesel engine oil. Hexagonal boron nitride was widely uses 
as lubricant additive for high temperature lubrication. Other 
than that, it can also uses as electrical insulators, standard 
parts materials, heat radiation material, aeronautics and 

space application [4]. This shows that the crystal structure 
of this element make it can be used in widely range of field. 
There has been a few published papers shows that this type 
of nanoparticles has significant reduction in wear and 
friction. However, until now, none of this research has 
provides clarification of the reduction in vibration 
amplitude. Vibration method is one way of condition 
monitoring for the machine and also it is more versatile as it 
can reveal wider range of faults for the early deterioration 
or malfunction in machinery. Thus, in this paper, the 
vibration measurement technique is applied to obtain the 
amplitude of the ball bearing operated with hBN 
nanoparticles mixed with engine diesel oil. 
 

3. METHODOLOGY 
 
An experimental setup is designed and fabricated to 
determine the vibration measurement on ball bearing 
operated with hBN nanoparticles added with diesel engine 
oil. Fig. 1 depicts the schematic layout of the measurement 
system. 

 
Fig. 1 The schematic layout of the measurement system 

 
The main components of the experimental setup are motor, 
flexible coupling, ball bearing and container. The shaft is 
connected to the DC motor using flexible coupling and also 
supported by deep groove ball bearing. All the components 
are mounted on steel channel which is welded together to 
avoid the unwanted vibration. The steel channel has the 
heavy-duty caster for easy to mobilize around. A DC 
electric motor of 1 Horse Power (Volt-240V, Current-2.3 
A) with operating speed of 1440 rpm is used in the 
experiment setup. An accelerometer was mounted on top of 
the bearing housing is connected with data  by acquisition 
device DATA PHYSIC SignalCalc Analyser connected via 
USB port of the PC. The mixture of nanoparticles in the 
diesel engine oil was homogenized using an ultrasonic 
homogenizer for 30 minutes. Different concentrations (0%, 
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0.2%, 0.5%, 1.0%) of hBN nanoparticles was dispersed into 
SAE 15W40 diesel engine oil. This mixture was poured into 
lubricant container until the ball bearing was partially 
submerged by the lubricants and vibration signals were 
acquired. Then, the raw data was converted by Fast Fourier 
Transform (FFT) in MATLAB software to acquire the 
frequency waveform. The experiment were conducted with 
three different types of bearing which were new bearing, 
inner defect bearing and outer defect bearing with the 
different concentration of nanoparticles. Several loads were 
located at different places in order to introduce the 
unbalanced condition. 
 

4. RESULT AND DISCUSSION 
 
Table 1 shows the results obtained for a new bearing, outer 
defect bearing and inner defect bearing from the test. 
Table 1 Acceleration values of the different types of bearing 

Types of 
bearing 

Acceleration (ms-2) 

Vol.Concentration (%) 

0.0 0.2 0.5 1.0 

New 
bearing 

0.1630 0.1410 0.2760 0.2790 

Outer 
defect 

0.0661 0.0360 0.0839 0.1920 

Inner defect 0.0154 0.0150 0.0574 0.0701 

 

 
Fig. 2 Amplitude of vibration as a function of nanoparticles 

concentration 
 
As shown in Fig. 2, the 0.2% vol. concentration of 
nanoparticles is the best concentration in reducing vibration 
for all type of different bearings compared to other 
concentration. The significant reduction in amplitude for 
0.2% of concentration was obtained compared to base 
lubricant in which reduction of 13.5% for new bearing, 
45.5% for outer defect bearing and 2.6% for inner defect 
bearing. The amplitude of the mixed nano-lubricants was 
decreased compared to the base lubricant because of the 
formation of full film lubrication regime formed around the 
ball bearing. Also, vibration performances of this mixed 
lubricants are slightly better than the base lubricant due to 
the different in particles sizes formed. The significant peaks 
for outer and inner defect of bearings can be observed at 
4.5X and 5.4X as shown in Fig. 3 and 4. 

 
Fig. 3 The outer defect significant peaks 

 
Fig. 4 The inner defect significant peaks 

 
5. CONCLUSION 

 
The hBN nanoparticles mixed lubricants can function 
effectively in reducing the vibration measurement in the ball 
bearing in order to decrease the emission and better fuel 
efficiency. 
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1. INTRODUCTION 

 
Friction are found generally in an internal combustion 
engine of vehicles, grinding operation, strip movement in 
metal rolling, control of chatter in a machine tool slide way, 
etc. In lubrication, it is more important to maintain steady 
friction than to obtain the lowest possible friction. 
Lubricant also acts to reduce wear, to prevent overheating 
and corrosion, and forms a film thickness that cover the 
parts of object that under friction. Mineral Oil performance 
has been seen through its viscosity, thermal properties, 
oxidation stability, ability to dissolve additives and 
contaminants. With the rapid development globally, the 
high demand to this petroleum based oil keep increasing 
and leading to a depletion and price hike. Therefore, an 
initiative to use vegetable oil as lubricant has been study 
where vegetable oil is known for low pollution to the 
environment, high biodegradability, compatibility with 
additives, low production cost, low toxicity and wide 
production possibilities [1]. The performance of two types 
of lubricants of vegetable oil Palm Stearin (PS) and 
commercial mineral engine oil (CMEO) are being tested by 
using pin on disc tribotester machine following ASTM G99 
standard. The materials used for this experiment are pure 
aluminium pin (A110) with spherical head and stainless 
steel disc (SKD11) with four grooves. In this study, the 
cefficient of friction (COF) obtained by palm stearin is 
higher than CMEO oil. The COF for both oils are inversely 
proportional with sliding speed. Besides, the wear rate of 
palm stearin is bigger than CMEO. This shows that CMEO 
is better than palm stearin. 
 

2. METHODOLOGY 
 
This study was using a pin on disc tribotester machine that 
connected to controller and display the data in the computer 
and according to the ASTM G99 standards. The speed are 
varied from 1.5m/s to 3.5m/s with an increment of 1m/s. 
The load and time remain constant at 1kg and 1 hour. The 
oil volume that applied on the disc is 2.5ml. The specimens 
used are pure aluminium pin (A110) and stainless steel disc 
(SKD11). The lubricants used palm stearin (PS) and a 
direct comparison with commercialized mineral engine oil 
(CMEO). In this study, the data obtained from the 
controller of pin-on disc machine are wear and frictional 
force. The pin-on-disc machine is attached with LVDT 
sensor that able to detect the wear rate of the pin and disc. 
Then the coefficient of friction is calculated by using this 
formula:  

 

𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑛𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑
               (1) 

 
Wear scar diameter (WSD) of the pin was measured by 
using charge-coupled device (CCD) microscope. Surface 
roughness of the pin is measured by using surface 
roughness tester (Mitutoyo SJ210). The wear scar diameter 
and surface roughness of the pin is reflected to the wear 
mechanism that highlighted in the objective. 
 

3. RESULT AND DISCUSSION 
 

3.1. Coefficient of Friction 
 
From Figure 1, the value of COF of both oils are decreasing 
when the sliding speed increases. This happen due to wear 
debris that produced and will interact with the metal surface 
and will act as protective layer to overcome high frictional 
force and metal to metal direct contact. This result 
supported by Riyadh et al. [2]. COF of PS is recorded 
higher than CMEO. This is due to PS has low resistance to 
oxidative degradation and poor low temperature properties 
and CMEO has the existence of the additive [3].  
 

 
Fig. 1 Coefficient of friction versus Sliding Speed  

 
Researcher indicate that petroleum-based mineral oils 
which is without any additives have lower lubricity and 
viscosity temperature properties compared to vegetable oils 
[4]. Vegetable oils comprised of triglycerides consist of a 
glycerol molecule with three different long-chain fatty acids 
attached with an ester linkage. As the increase in fatty acid 
content occurs, a decrease in the coefficient of friction is 
observed [5].  
 
3.2. Wear 
 
Figure 2 shows graph of wear against sliding speed for PS 
and CMEO. In this graph, wear of PS is increasing when 
sliding speed increase and wear of CMEO decreasing when 
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sliding speed increase. CMEO recorded higher wear at 
early stage of sliding speed because the static friction is 
high and when the speed increases its already enter 
dynamic friction and in a stable sliding condition. However 
PS recorded increase in wear because the temperature at 
surface contact increases when speed is increases. 
Therefore the bulk temperature will decrease the yield 
strength of the material and lead to changes in the wear 
mechanism and the real contact configuration [6]. 

 
Fig. 2 Wear versus Sliding Speed 

 
Fatty acid content has a significance effect to reduce wear 
rate [7] where the presence of long-chain fatty acid 
produces hydrocarbon layer that protects wearing surface. 
However, higher level of unsaturation fatty acid will give a 
negative influence on the performance of fatty acids as 
boundary wear reducers [8,9]. In other word, when the level 
of unsaturated fatty acids increases, the wear rate will also 
increase. 
 
3.3. Surface Roughness 
 
Figure 3.3 shows that the graph of surface roughness of pin 
against the sliding speed for both lubricants palm stearin 
and CMEO. It was observed that the trend for CMEO is 
surface roughness of pin is inversely proportional to the 
sliding speed while palm stearin surface roughness of pin is 
directly proportional to the sliding speed. The CMEO 
surface roughness of pin has value 0.3875micron at speed 
of 1.5m/s and decrease to 0.2680micron at speed 2.5m/s 
and lastly decrease only a little difference to 0.2585micron 
at speed 3.5m/s. For palm stearin surface roughness value 
of pin has highest value 0.600micron at speed 3.5m/s. At 
the starting it has value of 0.2285micron at speed 1.5m/s 
and then increase to 0.3450micron. 
 

4. CONCLUSION 
 
As a conclusion as sliding speed increase, the coefficient of 
friction values are decrease for both oils and Palm stearin 
has higher coefficient of friction compared to CMEO at all 
speed. The value of wear rates is directly proportional to the 
sliding speed for palm stearin and has higher wear rates 
compared to commercial mineral engine oil. Whereas 
commercial mineral oil has wear rates inversely 
proportional to the sliding speed. CMEO recorded stable 

surface roughness while PS is increases when speed 
increases. 

 
Fig. 3 Surface roughness of pin versus sliding speed 
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1. INTRODUCTION 
 
In the last few years, effects of surface texturing have been 
investigated on diamond-like carbon (DLC) coated surfaces 
in oil-lubricated sliding conditions. DLC coatings are 
increasingly being used to improve the tribological 
performance of engineering components like bearings, 
gears, seals, metal cutting, and forming tools, magnetic hard 
disks and biomedical, due to their hardness and excellent 
mechanical and tribological properties [1]. Because of the 
higher tribological performance, the use of DLC in 
automotive components is also increasing. As automotive 
components are subject to higher temperatures, loads, and 
oxidative environments, to maintain the performance of 
DLC at these harsh conditions, DLC is doped with 
hydrogen, various metals, nitrides, and carbides [2]. Surface 
texturing has recently been considered as one of the 
methods to maintain and enhance the tribological 
performance of DLC coating [3]. Most of the work done in 
this regard is at room temperature. It is well known that 
DLC coatings possess lower thermal stability at higher 
temperatures. Therefore, in the present study, the authors 
have investigated the effect of textures on hydrogenated 
amorphous carbon (a-C:H) DLC coating at various 
temperatures. 
 

2. METHADOLOGY 
 
Micro textures with approximate dimensions of dimple 
depth, diameter, and density of 8 µm, 100 µm, and 20% 
were created on the substrate using a pico second laser with 
a power of 10 W and a wave length of 1.06 µm. After 
surface texturing, the DLC coating was deposited by hybrid 
magnetron sputtering. To evaluate the a-C:H DLC coating 
performance under various temperatures, a reciprocating 
sliding tribological testing apparatus with a ball on a flat 
configuration was used. The diameter of ball was 6.35-mm. 
Poly alpha olefin was used as a lubricant. Experimental 
conditions used are as follows: load 100 N; temperature 30, 
80, and 125 °C; frequency 5 Hz; test duration was 2 h and 
stroke length was 2.5 mm. 
 

3. RESULTS 
 
PAO-T30 showed lower COF compared to PAO-C30 (Fig. 
1). Textures helped in lowering the COF by acting as 

lubricant reservoirs and wear particle traps [4]. PAO-T30 
showed the lowest wear coefficient compared to un-textured 
samples (Fig. 2). Textured samples (PAO-T80) showed 
lower wear coefficient compared to un-textured samples 
(PAO-C80) (Fig. 2). Higher COF was observed in textured 
case compared to un-textured DLC at 80 ºC (Fig. 1). The 
reason for the decrease in COF of un-textured DLC at 80 
and 125 °C may be due to graphitization transformation. 
The reduction in COF due to graphitization has been 
noticed previously [5]. Due to graphitization, the coating 
layer becomes soft and the load bearing capacity reduces 
and wear increases [6]. This could be the reason for the 
higher wear rate in the case of un-textured DLC at 30 °C, 
80 °C and 125 °C, as can be seen in Fig. 2. This has been 
confirmed with Raman spectroscopy. Table 1 shows ID/IG 
ratios before and after tests. The increase in the ID/IG ratio 
indicate an increase in the sp2 fraction in the DLC film [7, 
8].  It can be observed that in textured cases the increase in 
ratio is less compared to un-textured samples. Which 
confirms higher graphitic transformation. In the case of 
textured DLC, COF increases with the increase in 
temperature (Fig. 1), which is different from un-textured 
DLC. This may be due to the suppression of graphitization 
by the textures. The reduction in graphitization 
transformation can explain the lower increase in the wear 
rate of textured DLC compared to un-textured DLC at 
various temperatures tested(Fig. 2). SEM of wear track 
shows that at 30 ºC the PAO-T30 showed only polishing 
wear whereas un-textured PAO-C125 samples showed 
delamination with abrasive wearing (Fig. 3).   
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Fig. 1 CoF of DLC coated samples under PAO lubrication 
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Fig. 2 Wear Coefficient of DLC coated samples under PAO 

lubrication 

 

 
Fig. 3 SEM images  (a) PAO-T30 (b) PAO-C125 

 
 
Table 1: ID/IG ratio of textured and Un-textured DLC 
samples 

Sample ID/IG Ratio Before ID/IG Ratio After 
PAO-C30 1.17 1.41 
PAO-T30 1.04 1.03 
PAO-C125 1.17 2.01 
PAO-T125 1.14 1.18 

 
4. CONCLUSION 

(1) The results show that micro textures improved the wear 
resistance of a-C:H DLC coating compared to untextured 
DLC at 30, 80, and 125 °C temperatures under PAO. This 
was due to textures behaving as fluid/wear debris reservoirs, 

whereas, at higher temperatures, this was due to the 
suppression of coating graphitization and textures behavior 
as fluid/wear debris reservoirs. 
(2) At a lower temperature, 30 °C, textured DLC showed 
lower friction and wear compared to un-textured DLC. 
(3) As the temperature increased to 80 and 125 °C, the 
textured DLC showed higher COF compared to un-textured 
DLC. This finding can be explained by the higher 
graphitization transformation in case of un-textured 
samples.  
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1. INTRODUCTION 
 
In order to reduce fuel consumption, downsizing of the 
internal combustion engines is progressing. In particular, in 
sliding equipment, there is also demand for the reduction of 
friction loss under poor lubrication conditions, for higher 
contact pressure and for 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 the overlay technology, a polymer 
overlay containing solid lubricants is an effective method 
for 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, volume fraction of MoS2 and the 
alignment of MoS2, have yet to be explained. 
The present study describes the fundamental friction 
behavior under mixed/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 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 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. Fig. 1 shows the surface morphology of the 
non-treated surfaces (NT, Fig.1(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. 
 

 
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 8m PAI middle layer 
(b) 2 m PAI+MoS2 surface layer on 8m 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 
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Friction behaviors were evaluated using a three-ball-on-disc 
type testing apparatus under lubricated conditions. The 
mating specimens were chromium alloy steel (SUJ2) balls. 
The testing 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. 
 

3. RESULTS AND DISCUSSION 
 
3.1. MoS2 alignment 
 
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 (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 
(𝐼(002) 𝐼(103)⁄ ) was calcurated. In the case of the thin top 
PAI+MoS2 layer, the value of 𝐼(002) 𝐼(103)⁄   was 57.1, which 
was higher than the value for 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. 
 
3.2. Friction behavior 
 
Fig. 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 constant with a gradual decrease. However, 
in the case of the overlays containing MoS2, the coefficient 
of friction became almost constant with a gradual increase. 
These results indicate that aligned MoS2 in the suface layers 
was effective for moderate running-in. 
Fig. 4 shows optical micrographs of the overlay surfaces 
without/with MoS2 after the friction test. In the case of the 
overlay surface without MoS2, some grooves were observed 
at the center on the friction track in Fig. 4(a) and (c). 
Almost no differences by the resuling from 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 
surfece. After the fricton test however, few aggromerates 
were observed on the wear track. 
 

4. CONCLUSION 
 
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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Fig. 3 Initial friction behavior of the various overlays.  
 

 

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 
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1. ABSTRACT 

 
Many tribological coatings working under high temperature 
environment require combination of low wear rates and 
friction coefficients, which presents a significant challenge 
to the tribology community. This study presents an 
approach based on the Taguchi design with grey relational 
analysis (GRA) for optimizing the tungsten inert gas (TIG) 
torch process parameters with consideration of multiple 
performance characteristics in order to minimize the wear 
and friction characteristics of TIG embedded composite 
coatings simultaneously. Taguchi based grey relational 
analysis with L-16 orthogonal array is employed  to analyze 
the effects of the welding current, welding speed, welding 
voltage and argon gas flow rate (AFR) on the multiple 
response characteristics. A grey relational grade from the 
GRA is used as the performance index to determine the 
optimal process parameters for the coating system. The 
experimental results indicate that welding current parameter 
has the most significant contribution in controlling the wear 
and friction characteristics. Finally, confirmatory 
experiment was conducted to ensure the validity of the 
predicted GRA optimal parameter model.  
 

2. INTRODUCTION 
Wear and friction failures account for the major phenomena 
reducing the effectiveness and life of most mechanical 
components in sliding contacts. Among carbide ceramic 
materials, titanium carbides (TiC) particles have attracted 
much interest because of certain properties that make them 
desirable for tribological application. Chief among these 
properties are high hardness, high melting point, good 
thermal and chemical stability [1]. Ceramic composite 
coatings containing TiC particles have been employed to 
enhance the surface wear performance of low alloy steel 
(LAS) materials. Attempts have been made to fabricate TiC 
composite coatings using TIG torch melting technique. The 
coating process is conducted by melting the powder with 
the energy provided by the TIG arc welding process [2]. 
The property and quality of TIG modified surfaces depend 
on the operating parameters of the process. In order to 
achieve the best functional coating layer exhibiting 
combination of lower wear rate and friction coefficient 
(CoF) characteristics, statistical approach with multi-
objective consideration can be employed for identification 
of optimal process parameters. In recent years, Taguchi 

based grey analysis has become a widely accepted approach 
for investigating multiple performance characteristics of 
overlay welding process in surface coating [3]. Hence, in 
this work, Taguchi based GRA method was adopted to 
investigate the effects of the welding current, welding 
speed, welding voltage and AFR on the wear rate and 
coefficient of friction of TIG embedded composite coatings. 
 

3. MATERIAL AND METHOD 
 

3.1 MATERIALS AND METHODS 
The rectangular blocks of AISI 4340 low alloy steel with 
size of 100 mm x 40 mm x 15 mm were used as substrates. 
Prior to powder preplacement, the surface of the substrates 
was ground to a surface roughness of about Ra = 0.4 µm  
and then cleaned with acetone under ultrasonic waves for 30 
minutes. Titanium carbide particle (40µm and 99.9 wt. % 
purity) supplied by Sigma Aldrich USA was used as the 
coating material in this study. The powder mixed with 
organic powder (PVA), distilled water and alcohol was 
preplaced onto the substrate and then dried in the oven at 80 
oC. After one hour, the preplaced samples were allowed to 
melt and resolidify with an overlapping track ratio of 50 % 
using TIG torch technique. The selection and design of 
parameter for the TIG torch melting experimental process 
were conducted according to Taguchi L-16 orthogonal 
array. Sixteen experimental trials were performed as per the 
Taguchi design. The parameters used in this study and their 
levels (L1-L4) for depositing TiC composite coating on 
LAS are given in Table 1. After TIG surface coating 
experiments, a TR-20-PHM-CHM-600 (DUCOM) ball-on-
disc tribometer was used to evaluate the high-temperature 
dry sliding wear and friction coefficients behavior of the 
coatings at 600 oC. 
 

Table 1 Process parameters and their levels 
Symbol Parameter Unit L1 L2 L3 L4 

A  current A 70 80 90 100 
B  Speed  mm/s 1.0 1.5 2.0 2.5 
C voltage  V 20 25 30 35 
D AFR L/min 10 15 20 25 

 
The sliding wear test was performed using a normal load of 
10 N, rotating speed of 0.2 m/s, a sliding distance of 500 m, 
an alumina ball of 6 mm diameter and track diameter of 7 
mm. Finally, the wear worn surfaces of the coatings were 
investigated using SEM. 
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4. RESULT AND ANALYSIS 
Table 2 shows the experimental studies conducted based on 
the L-16 OA. The wear and coefficient of friction from the 
sliding wear test experiment are given in Table 2. Based on 
these experimental values, the grey relational grades (GRG) 
calculated through grey analysis procedures are also given 
in the table. 
 
Table 2 L-16 OA experimental results, grey relational grade 

and its order for TiC Composite coatings 
Exp. 
No. 

Wear rate 
mm3/Nm 

Coefficient 
of friction 

    Grey relational 
grade 

       Order 

1 9.8072E-06 0.5600 0.9112        2 
2 1.0825E-05 0.5800 0.7636       4 
3 8.3717E-06 0.6300 0.7267       5 
4 2.5134E-05 0.6000 0.4848      16 
5 8.5910E-06 0.5800 0.8543      3 
6 1.2182E-05 0.6500 0.5538      12 
7 1.1809E-05 0.6300 0.5951      10 
8 1.2262E-05 0.7000 0.4996      15 
9 9.7859E-06 0.6600 0.6179      7 

10 1.1206E-05 0.6300 0.6127      8 
11 1.2645E-05 0.6300 0.5734     11 
12 7.9527E-06 0.5700 0.9375      1 
13 1.2795E-05 0.4700 0.6379     6 
14 1.7089E-05 0.4500 0.5115     14 
15 1.4426E-05 0.4700 0.5351    13 
16 1.9787E-05 0.4400 0.5992     9 

 
According to the result shown in Table 2, experiment 
number-12 had highest grey relational grade of 0.9375 
among the sixteen experiments. This indicates that 
experiment 12 has the best multiple characteristic for 
minimum wear rate and CoF.  
 

Table 3 Mean GRG for TiC composite coating 
Level A B C D 

1 0.6453 0.6104 0.6133 0.6189 
2 0.5449 0.6660 0.6107 0.6174 
3 0.7651 0.6334 0.6461 0.7756 
4 0.6483 0.6939 0.7335 0.5917 

Delta 0.2202 0.0835 0.1228 0.1840 
Rank 1 4 3 2 

 
Table 3 shows the mean grey relational grade for each level 
of the process parameter. The delta value is used for 
evaluating the relative importance of each process 
parameter on the multi-performance of wear rate and CoF. 
From Table 3, the maximum delta value is 0.2202. This 
therefore reveals that welding current has the strongest 
effect on the multi-performance characteristics among 
various TIG process parameter investigated.  
The process parameter influencing the GRG is shown in 
Figure 1. Basically, the level of the parameter with the 
highest GRG gives the optimal level. 

 
Fig 1 Influence of process parameter on GRG 

 
From Fig. 1, the optimal parameter condition for 
minimizing multi-response characteristics of wear rate and 
CoF were welding current of  90A, welding speed of 2.5 
mm/s speed, welding voltage of 35 V and argon flow rate of 
20 L/min (A3-B4-C4-D3). In order to validate the result of 
the optimized condition, further experiment was conducted 
using the optimal level of the process parameter. The result 
shows an improvement of 5% and prediction error of 2.4 %, 
indicating the accuracy of the analysis. Figure 2 compares 
the SEM micrographs of worn out surfaces produced under 
optimized parameter condition and the best condition 
suggested by GRG ranking (experiment 12, Table 2). As 
shown in Figure 2, the sample produced with the optimized 
condition shows clearly finer grooves, less delamination and 
few craters (Fig. 2a) due to mild abrasive wear as compared 
to that of the best GRG’s parameter condition (Fig. 2b). 
 

       
Fig 2 Wear worn surfaces of coating produced using (a) 
Optimized condition (b) Best condition predicted by GRG. 
 

5. CONCLUSION 
From grey relational analysis, it was found that the best 
combination of TIG process parameters for minimizing 
wear rate and CoF in TiC composite coating are  welding 
current of  90A, welding speed of 2.5 mm/s speed, welding 
voltage of 35 V and argon flow rate of 20 L/min. Under this 
condition, the surface of the worn out sample show minimal 
wear damage characterized by mild abrasive wear.  
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1. INTRODUCTION 

 
Environmental problems such as global warming and 

air pollution caused by fossil fuel consumption are 
currently reaching serious levels. Hydrogen is thus 
receiving attention as a potential clean energy. Hydrogen-
related equipment such as fuel-cell vehicles (FCV) and 
hydrogen stations are being developed. Compressor and 
pressure reducers for these have sliding parts under 
hydrogen atmosphere because compressed hydrogen is used. 
Polytetrafluoroethylene (PTFE) is often used as the sliding 
material in such equipment because of its low friction 
coefficient. On the other hand, metallic materials often 
show hydrogen embrittlement, so it is necessary to employ 
materials resistant to hydrogen embrittlement. SUS316L 
stainless steel and 6061-T6 aluminum alloy are reportedly 
appropriate materials [1]. The use of 6061-T6 aluminum 
alloy is expected to reduce weight and cost. However, there 
have been a few reports about the tribological properties of 
plastic materials, including PTFE composits, when rubbed 
against aluminum alloy in a hydrogen environment. 

The purpose of this study was to clarify the influence of 
the hydrogen environment on the tribological properties of 
unfilled PTFE, graphite-filled PTFE, and polyamide 610  
(PA 610) rubbed against 6061-T6 aluminum alloy. 
 

2. EXPERIMENTAL METHOD 
 

A pin-on-disk type tribometer was used in this study. 
Unfilled PTFE, graphite-filled PTFE, and PA 610 were 
used as the pin specimen with 3-mm diameters. The disk 
specimen was 6061-T6 aluminum alloy. The surface 
roughness of the disk was adjusted to Ra=0.02 µm, the 
contact pressure was 0.7 MPa, and sliding speed was 0.05 
m/s. The experiments were conducted at 23 °C and 150 °C 
in an atmosphere of hygrogen, nitrogen, and air. Friction 
force was measured by strain gauge, and wear depth was 
measured by differential transformer. For the high-
temperature experiment, heated hydrogen and nitrogen gas 
were kept flowing into the chamber.  
 

3. RESULTS AND DISCUSSION 
 

3.1. Friction coefficient and specific wear rate 
 

Figure 1 shows the friction coefficient and specific wear 
rate of pin specimens rubbed against 6061-T6 aluminum 
alloy. Friction coefficients of unfilled PTFE and graphite-
filled PTFE were around 0.2, irrespective of the 
environment and temperature. Friction coefficients of PA 
610 were around 0.5, also independent of the environment 

and temparature. The differences in specific wear rates of 
pin specimens between the atmospheres were not large. It 
was found that specific wear rates of unfilled PTFE at 
150 °C were around 1/100 compared to those at 23 °C. 
Specific wear rates of graphite-filled PTFE at 150 °C were 
smaller than those at 23 °C. Specific wear rates of PA 610 
at 150 °C were around 10 times as large as those at 23 °C. 

 
Fig. 1 Friction coefficient and specific wear rate 

 
3.2. Profile curve and surface roughness of disk 
 

Figure 2 shows the profile curves and surface roughness 
of the sliding surface of disks rubbed against unfilled PTFE. 
Profile curves and surface roughness were measured by 
stylus profilometer. Surface roughness in air was almost 
unchanged. In hydrogen and nitrogen, it was found that the 
aluminum disk was damaged. In addition, the amount of 
damage at 150 °C was smaller than at 23 °C. This decreace 
may have been because the smaller amount of oxygen 
remaining in chamber prompted the disk surface to oxidize 
at 150 °C, and the oxide film prevented disk damage. 

Figure 3 shows the profile curves and surface roughness 
of the sliding surface of disks rubbed against graphite-filled 
PTFE. Surface roughness under air at 23 °C was almost 
unchanged. Under other environments, surface roughness 
was increased. 

Figure 4 shows the profile curves and surface roughness 
of the sliding surface of disks rubbed against PA 610. The 
aluminum disk was damaged under each environment. It 
was found that the amount of damage at 150 °C was larger 
than at 23 °C.  

 
5.3. EDX analysis of pin specimen 
 

Eneygy dispersive x-ray spectrometry (EDX) analysis 
was applied to the sliding surface of each pin specimen. 
Figure 5 shows EDX maps of the sliding surface of each 
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pin specimen under hydrogen at 23 °C. Fluorine (F) 
concluded unfilled PTFE and graphite-filled PTFE, were  

 
Ra=0.03µm 

 
(a) Air, 23°C 

Ra=0.05µm 

 
(b) Air, 150°C 

Ra=4.24µm 

 
(c) H2, 23°C 

Ra=0.24µm 

 
(d) H2, 150°C 

Ra=4.66µm 

 
(e) N2, 23°C 

Ra=0.18µm 

 
(f) N2, 150°C 

 
Fig. 2 Profile curves and surface roughness of sliding 

surface of disks rubbed against unfilled PTFE 

 
Ra=0.04µm 

 
(a) Air, 23°C 

Ra=0.28µm 

 
(b) Air, 150°C 

Ra=0.24µm 

 
(c) H2, 23°C 

Ra=0.88µm 

 
(d) H2, 150°C 

Ra=1.07µm 

 
(e) N2, 23°C 

Ra=0.84µm 

 
(f) N2, 150°C 

 
Fig. 3 Profile curves and surface roughness of sliding 

surface of disks rubbed against graphite-filled PTFE 

 
Ra=0.56µm 

 
(a) Air, 23°C 

Ra=0.71µm 

 
(b) Air, 150°C 

Ra=0.36µm 

 
(c) H2, 23°C 

Ra=1.83µm 

 
(d) H2, 150°C 

Ra=0.70µm 

 
(e) N2, 23°C 

Ra=2.94µm 

 
(f) N2, 150°C 

 
Fig. 4 Profile curves and surface roughness of sliding 

surface of disks rubbed against PA 610 

observed on the sliding surface of unfilled PTFE and 
graphite-filled PTFE. Aluminum (Al) was also observed on 

these sliding surfaces. Some Al and F were observed in the 
same area. It has been reported that aluminum fluoride was 
generated [2]. So it is considered that aluminum fluoride 
may have been produced in this experiment. On the sliding 
surfaces of PA 610, Al was also observed. Abundant 
oxygen (O) was observed in the Al area, so it is thought that 
this substance was probably aluminum oxide. 
 

4. CONCLUSIONS 
 

Unfilled PTFE, graphite-filled PTFE and PA 610  were 
rubbed against 6061-T6 aluminum alloy under hydrogen 
atmosphere at 23 °C and 150 °C.  
1) 6061-T6 aluminum alloy rubbed against each specimen 

was damaged at both temperatures.  
2) Disk damage from rubbing against unfilled PTFE was 

larger at 150 °C than at 23 °C. Specific wear rate of 
unfilled PTFE and graphite-filled PTFE at 150 °C were 
decreased. 

3) Disk damage from rubbing against PA 610 was smaller 
at 150 °C than at 23 °C. Specific wear rate of PA 610 
at 150 °C was increased.  

4) Al was observed on the sliding surface at each 
temperature. 
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(a) Unfilled PTFE 
 

 
SEM Image           Al Kα               F Kα 

(b) Graphite-filled PTFE 
 

 
SEM Image           Al Kα               O Kα              N Kα 

(c) PA 610 
 
 

Fig. 5 EDX maps of sliding surface of pin specimens under 
hydrogen atmosphere at 23 °C 
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1. INTRODUCTION 

 
When two surfaces are placed in contact and subjected to 
applied load, surface roughness causes contacts to occur at 
discrete contact spots (asperities). The closeness of the 
asperities results in adhesive contacts caused by either 
interatomic attractions between solid-solid or can be due 
liquid assisted adhesion if water presented on the surfaces. 
In the tribology of micro contacts, frictional and adhesive 
properties are sensitive to the adsorbed water because 
surface phenomena become more dominant than volumetric 
phenomena. The atmospheric humidity causes the water 
vapor to adsorb on the surfaces. Researchers found that 
friction force and wear in sliding can be influenced even by 
extremely low level as the several parts per billion (ppb) 
concentration of the water on the surfaces [1, 2]. However, 
in most of published papers about unlubricated friction and 
wear experiments, the relative humidity of the environment 
is rarely controlled and often is not stated [3]. The adsorbed 
water layer can be unfavorable for lubrication and facilitate 
tribological failures [4]. When a thin liquid film with a 
small contact angle presents at the interface will result in 
so-called liquid-mediated adhesion [5]. Nevertheless, there 
is still a lack of a clear-cut elucidation on the mechanisms 
of humidity changes to influence the adhesion at the 
interface. This paper aimed to explore the mechanism of 
humidity to influence the adhesion by the observation of the 
tribological behavior during the very early stage of sliding. 
 

2. METHODOLOGY 
 
In order to observe the tribological performance of very 
local area of contact for the period of the very early stage of 
sliding, a unidirectional ball-on-ball configuration tribo-
contact simulator (T-CS) was developed and used in the 
current study. The schematic drawing of T-CS and the 
configuration of the specimens are shown in Fig. 1. T-CS 
was developed together with a data acquisition system 
which acquires the data from the sensors of friction force, 
normal force, specimen displacement, RH rate, and 
electrical conductivity. Each datum acquired is 
synchronized to the measurement position on the specimens 
while sliding. The spatial resolution of data collection for 
each measured item is 5 µm. In the current study, the 
friction force, specimen displacement, and electrical 
conductivity were evaluated as a function of distance with 
different RH rates. The T-CS was equipped with an air-
humidity controller and the RH range can be regulated at 

the value between 4% and 95%. The flow rate of humidity 
controlled air delivered to the testing chamber can be 
regulated from 1 to 10 square cubic feet per hour (SCFH). 
The experiments were performed at 8, 55, and 95 % RH, 
respectively. The materials of the ball specimens used in 
the experiments were JIS SUS316 with 4 mm diameter. In 
order to maintain the spherical shape, the surface of the ball 
specimens was not polished and used with original surface 
finishing as purchased. The measured average surface 
roughness of SUS316 ball specimens was approximately 
0.85 µm Ra. All of the ball specimens were ultrasonically 
cleaned in a 50:50 mixture of acetone and hexane for 10 
minutes and subsequently the samples were fixed up in the 
chamber of the tribotester after drying. The T-CS was 
operated at 2,000 µm/s sliding speed. The distance of 
measurement was 3,200 µm. An overlap distance between 
the ball specimens was necessary to generate the area of 
contact while sliding. The overlap distance was adjusted to 
90 µm before the test is conducted. The applied load while 
sliding was 10 N. A D.C. voltage source of 150 mV was 
applied between the samples to check the electrical 
conductivity while sliding. The test was conducted for three 
measurement cycles at each RH rate, because the purpose 
of this study is to investigate the very early stage of sliding.  
 

3. RESULTS AND DISCUSSION 
 
In general, the results of friction force showed in Fig. 2 (a) 
displayed its lowest trend during the first cycle at all RH 
rate. This is perhaps because the protective layer of the 
oxides and surface contaminations were capable to fully or 
partially prevent direct metal-metal contact. As for the 
second and third cycles, the results showed higher friction 
forces especially and the case of RH 8 and 55%. At RH 
55% the interface maybe experienced both solid-solid 
adhesion as well as liquid-mediated adhesion by the 
meniscus forces around the opposing asperities. In medium 
rate of RH, the adsorbed water layer could form a meniscus 
bridge around the contacting asperities which worked to 
increase the pull-off forces. This pull of forces results from 
the negative Laplace pressure that generated an attractive 
force to proximate the opposing asperities into each other’s. 
This situation can result in excessive damage on the 
surfaces as can be seen in the results of the specimen 
displacement in Fig. 2 (b). Our suggestion fairly agrees 
with Ando’s study when he found that increment of friction 

force with RH was caused by the increase of both pull-off 
force and viscous resistance of water film at the rate of at 
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the rate RH 67% for multi asperity arrays [6]. The presence 
of thick water layer [6] can be confirmed from the results of 
electrical conductivity in Fig 2 (c) at RH 95%. The ball 
specimens were fully conductive throughout the 3 cycles 
and this is due to the presence of thick adsorbed water layer 
on the surface. 
 

3. CONCLUSIONS 
 

The results have manifested the mechanism of the humidity 
changes to influence the adhesion during the very early 
stage of sliding. The results suggest that at medium RH rate 
can be a critical condition for the tribological phenomenon 
due to the effect of liquid assisted adhesion. However, in 
order to accomplish the understanding of the current  
results, the surface characteristics and properties from the 
physical and chemical viewpoints need to be further 
studied. 
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1. INTRODUCTION 
 
In recent years, environmental problems such as global 
warming, air pollution, cut down the amount of carbon 
dioxide and exhaustion of fossil fuel have become 
international issue. Hydrogen is a promising energy carrier 
in energy and transportation systems in the future because 
it’s low environmental load. Recently, Fuel cell vehicle 
(FCV) just came out in Japan. For further expansion of the 
use of FCV, it is necessary to solve a lot of tribological 
problems associated with hydrogen production, storage and 
use. In these systems, polymers are used as gas seals in 
many valves and compressors and sliding against metal 
counterface in hydrogen gas environment. 
Polytetrafluoroethylene(PTFE) based composites are 
widely used in a reciprocating gas compressor as dynamic 
seals, such as piston rings rider rings and rod packings. Our 
results indicated that carborn fiber filled PTFE was 
compatible with hydrogen gas environment and showed 
relatively better friction and wear behavior compared with 
glass fiber filled PTFE and PPS filled PTFE[1]. In this 
study, tribological characteristics of the carbon fiber filled 
PTFE  composite  
was examined in different sliding speed and sliding 
distance in the hydrogen gas environment and the effects 
were discussed. 
 

2. MATERIAL AND METHODS 
 
Sliding test were carried out with a pion-on-disk type 
testing machine that have a vacum chamber. Pins were 
prepared from 20% Polyacrylonitile (PAN) –based CF fiber 
filled PTFE. Tungsten carbide(WC) disks were used as 
sliding conterface. Surface roughness (Ra) of disc 
specimens were 0.04 μm. 
All experiments were conducted under dry condition with 

ambient temperature 373 K in hydrogen gas. Sliding speed 
were 0.5,1 and 2 m/s. Contact pressure was 1 MPa. Sliding 
distance were 10000m and 40000m.  
After the sliding test, detailed observation and chemical 
analyses with Raman micrososcopy and spectroscopic 
ellipsometry were conducted for the polymer worn surface 
to understand the obtained friction and wear mechanisms in 
the hydrogen environment. 
 

3. RESULT AND DISCUSSIONS 
 

Figurue 1 showed the final average friction coefficient      
(the last 1000m) with different sliding distance ploted 
against sliding speed. In the short sliding distance, the 
influence of the sliding speed on the friction coefficient 
was not recognized. In contrast, the tendency that the 
coefficient of friction became smaller when speed became 
small at the long sliding distance was recognized. 
Figure 2 showed the volumetric wear rate of pin ploted 
against sliding speed. The wear rate decreased with 
increasing the sliding speed. The the wear reduction by the 
extemded sliding distance became the most significant 
under the lowest sliding speed. 
 

 
 

 

Fig. 1 Friction coefficient with sliding speed 

  Fig. 2 Wear rate with sliding speed 

(a) 0.5m/s             (b) 1m/s                 ( c) 2m/s 
Fig.3 Pictures of the  surface of pins after test  at 40000m 
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These results indicated that the effects of sliding speed on 
friction coefficient and wear rate were not negligible. 
Microscopic images of polymer worn surfaces taken after 
sliding tests were shown in Fig. 3. Comparing thease 
pictures, it indicated that the pin surface slid under 2m/s  
was coverd with thin white film. The area of this thin white 
film was decreased with the reduction of sliding speed. 
Furthermore, to investigate the thickness of the white film 
on the pin surfaces, the worn surfaces were analyzed with 
spectroscopic ellipsometry. Figure 4 showed the film 
thickness formed on the pin surfaces with different sliding 
distance ploted against the sliding speed. The film thickness 
of the pin surface were depended on the sliding speed, but it 
was not propotion to the sliding speed. 
To analyze the chemical structure of white thin film, the 
raman spectroscopy was conducted. Figure 5, 6 and 7  
showed the raman spectra of the white film area on the pin 
surfaces with different sliding speed at 40000m sliding 
distance. The peaks of the the graphaite structure-derived 
G-band and the defect-derived D-band appeared at around 
1580 cm-1 and 1360 cm-1 of the all sliding speed 
experiments.  These results clearly indicating that the white 
film formed during sliding test consist of carbon molecules 
with some graphite structure. The carbon based peak area 
intensity of the spectra( peak area from 900 to 1800cm-1) 
became larger with increasing the sliding speed. It means 
that the the amount of carbon contained in the white film 
was larger uner higher sliding speed. The ratio of G-
band/D-band were about 1.2 at sliding speed 1m and 2m, 
but the ratio was about 1 at sliding speed 0.5m/s. It means 
that the structure of the white carbon film was different 
with the sliding speed. Therefore, the difference in the 
amount and structure of carbon film formed on the 
composite surface had some influence on friction and wear 
characteristics. 
 

4. CONCLUSIONS 
 
In this study, we conducted sliding test between PAN-based 
CF filled PTFE and tungsten carbide to investigate how 
sliding speed and sliding distance in hydrogen gas 
infuences the friction and wear characteristics. From the 
experiments, it was revealed that  the increase of sliding 
speed resulted in the decrease of the weare rate, but 
increase of the friction coefficient. On the other hand, 
chemical analysis indicated that white carbon films were 
formed on the pin surfaces and amount and structure of the 
carbon film were affected by the sliding speed. 
Consequently, the thick carbon film formed on the 
composite surface during slidin would be responsible for 
the reduced wear rate under the high sliding speed. To 
explore more deteiled mechanisums, further experiments 
wider range of PV value and detailed analysis might be 
necessary.  
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  Fig. 5 Raman spectra of 0.5m/s sliding speed at 4000m 
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1. INTRODUCTION 
 
The adsorption of water on surfaces plays an important role 
in tribology, and the influences of the adsorbed water have 
been investigated for many years since it has attracted much 
attention from many researchers in tribology fields.  
Henderson [1] showed that the adsorption of water onto 
surfaces has been studied in great detail and reviewed 
several times over the past decades. Quantitative study on 
adsorbed water on austenitic stainless steel was done by 
Subhi et. al [2] and reported as 1,800 s was long enough for 
reaching the saturation level of water adsorption. However, 
the experimental study was done for the surface as 
machined finish by a manufacturer and necessary time for 
the adsorbed water to be stabilized on the surfaces with 
different roughness is left unknown. In this study, the time 
dependent changes of water adsorption on the surface of 
austenitic stainless steel (JIS SUS 304) with 2 different 
surface roughness level were determined in different 
relative humidity conditions. The obtained results will be 
discussed in terms of both adsorption of water and time 
scale. 
 

2. EXPERIMENTAL METHOD 
 
In this study, the experiments were carried out using a 
weighing method [2]. Specimens were made of austenitic 
stainless steel (JIS SUS 304) with dimensions of 100 x 100 
x 0.2 mm thickness. One of the specimens was used as 
purchased (machine finished by a manufacturer) and two 
were used after finishing surface using sand paper with 
grain sizes of #1000 and #120, respectively. Average 

surface roughness was measured by a stylus type 
profilometer (Mitutoyo SJ-410). The stylus was calibrated 
before the test and the measurement was conducted at room 
temperature. Average roughness (Ra) value for each 
specimen is shown on Table 1. Firstly, specimens were 
ultrasonically cleaned in the mixed solution made of 50:50 
hexane and acetone for one cycle of 600 s. After that, the 
specimens were dried in air naturally and the weight of the 
specimens was measured using an electrical balance and 
then recorded. The specimen was hanged (unloaded) in a 
chamber in which humidity controlled air was inlet and then 
the specimen was loaded on the electrical balance to 
evaluate its weight as shown in Fig. 1. RH rate of air was 
changed suddenly from RH of laboratory room to around 
12% and kept until the weight of the specimen got stabilized. 
After confirming the stabilization, the RH of air was change 
suddenly to around 90% and kept until the weight of the 
specimen got stabilized. The measurement of the weight of 
the specimen and RH of air in the chamber was done every 
300s interval. Before each measurement of weight, the 
specimen was unloaded and the electrical balance was 
calibrated. Three times measurement was taken for each RH 
rate to ensure the repeatability of the data. 
 
Table 1  Average surface roughness (Ra) values of the SUS  
              304 specimens 

Specimen Surface finishing Ra (µm) 

1 As purchased 0.055 

2 #1000 0.057 

3 #120 0.184 

 
 

Fig. 1: Schematic illustration of the measurement device 
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3. RESULTS AND DISCUSSION 
 
Figure 2 shows the changes of the specimen weight and RH 
as a function of time for the case of specimen as purchased. 
RH of inlet air was changed suddenly but reading of 
humidity meter got some delay. The delay should be 
attributed to the time constants due to the volume of the 
chamber and sensor response of the setup which is 
employed in the current study. The differential weight of the 
specimen in dry (around RH 10%) air and wet (around RH 
90%) which can be regarded as adsorbed water was 0.46 
mg. Fig. 3 shows the relationship between the surface 
roughness of the specimen and the weight of adsorbed water.  
According to these results we can  expect the tendency that 
rougher surface will get more water adsorption. Another 
fact which can be noticed from Fig.2 is that time t’ 
necessary to dry the specimen is significantly longer than 
time t to wet the specimen. Fig. 4 shows t and t’ for 
different surface finishing of specimens. Rougher surface 
finished with #120 sandpaper spent longer time for both 
wetting (10,200 s) and drying (12,000 s) than other 
finishing surface did. It should be noted that specimens as 
purchased and finished with #1,200 sand paper showed very 
different t and t’ while they showed similar values for 
surface roughness and the weight of adsorbed water. This 
means t and t’ are not simply determined by surface 
roughness but influenced by other factors. In this study, it 
was clarified that stabilization in the weight of a specimen 
in each RH condition should be confirmed while 
determining the relationship between the weight of 
adsorbed water and RH rates.  
 

4. CONCLUSIONS 
 
In this study, time scale has a significant effect on 
adsorption, both in terms of the total amount adsorbed as 
well as the material surface. It could be clarified that the 
difference in the surface roughness can influence the time 
scale and the weight of water adsorption significantly. In 
addition, the rougher surface takes longer time to wetting 
and drying than the smoother surface and other factors than 
surface roughness gives influences on the time. It was 
suggested that the confirmation on the stabilization in the 
weight of a specimen is important for determining the 
amount of adsorbed water. To further investigate these 
phenomena, it is necessary to make the additional 
experimental works that will determine how water exist on 
the metallic surfaces to reveal unknown factors which 
control the wetting and drying time. 
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Fig. 2 Changes in weight as purchased SUS 304 plate in 

different RH as a function of time. 
 

  
 
Fig. 3 Weight of adsorption water compared to the result  
           from the average surface roughness. 
 

  
Fig. 4 Time to be taken for wetting and drying compared to  
            the result from the average surface roughness. 
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