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Preface by Editor-in-Chief 
This open access e-proceedings contains a compilation of 234 selected papers from the 6th Asia International 
Conference on Tribology (ASIATRIB2018) that was held in Kuching, Sarawak, Malaysia, from 17 to 20 
September 2018.  
 
ASIATRIB is the mega event in the series of International Tribology Conferences under the auspices of the 
Asian Tribology Council (ATC), the apex body of national tribology society of Asia-Pacific countries such as 
China, South Korea, Japan, Australia, India, Malaysia, Taiwan and others. This conference is organized every 
four years with the great involvements from the various universities and major industry players. This year, 
ASIATRIB celebrates its 20th anniversary since its inception in 1998. Malaysia for the first time has been given 
the opportunity to host the ASIATRIB and become the first South-east Asian country to host this event. 
ASIATRIB2018 is organized by Malaysian Tribology Society (MYTRIBOS). 
 
The call for papers attracted more than 300 submissions from different countries and continents. All submitted 
papers are then peer-reviewed, revised according to the reviewers' comments and ultimately 234 papers were 
accepted for publication in this proceedings. This open access e-proceedings can be viewed or downloaded 
via www.mytribos.org/proceedings/asiatrib2018. I hope that this proceedings will serve as a valuable reference 
for tribologists. 
 
With the large number of submissions, the conference has achieved its main objective which is to bring 
together academicians, researchers, students, authorities, and practitioners from universities, industries, 
institutions, and related agencies to share their findings through oral and poster presentations. Thus, promoting 
new opportunities for research activities and enhancement. In addition, there is an opportunity for participants 
especially young researchers and students to enhance research network with established and renowned 
tribologists from local and abroad in the respective field in the quests to get new experiences, exchange 
research ideas, and build rapport through informal discussions. 
 
As the editor-in-chief, I would like to express my gratitude to the fellow review members for their tireless 
effort in reviewing the submitted papers for this proceeding. I also would like to say special thanks to all the 
authors for promptly revising their papers according to the proceeding requirements. Finally, I would like to 
express my deepest gratitude to all sponsors for the support given in ensuring the success of this conference.   
 
Thank you 
 
 
 

Mohd Fadzli Bin Abdollah 
Editor-in-Chief 
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ABSTRACT – Surface texture and chip morphology, 
during end milling of Inconel 718 were investigated. Due 
to the complexity of the milled surface profile, variation 
in gap was detected on the spiral profile. The maximum 
gap was found to be at the centre of the cutter path and 
attenuated towards the edge of the cutter path, which 
possessed a lower surface roughness (Ra) value. Studies 
shows that the frequency of dislodged chips were 
affected by notch wear. Severe tool damage occurred was 
noticed when the accumulated chips welded on the 
cutting edge greater than 5 pieces.  
 
1. INTRODUCTION 

Aerospace industry is the highly upcoming sector 
with new materials were chosen for the best mechanical 
properties. The nickel based super alloy, Inconel 718 
exhibits best characteristic make it the choice of material 
with its outstanding characteristics and for the aerospace 
industry [1].  

Fabrication of aerospace parts requires high 
accuracy with good surface finish. Surface roughness are 
geometrical measures of surface quality and main criteria 
for the acceptance of the finished component. In the 
machining of Inconel 718, [2] reported that the common 
surface anomalies identified were material drags, white 
layers, scoring and plucks. Surface roughness is very 
critical for the machining due to the dependent effect of 
cutting conditions (feed, cutting speed, depth and width 
of cut); process kinematics; cutting tool geometry and 
material orientation; mechanical properties of the 
machined material; vibrations in the machine tool 
system; as well as the precision and rigidity of the 
machine tool and work piece as discovered by [3]. 
Whitehouse (2011) stated that the complex motion 
rotational and linear in milling process cause the 
variation is also observed in the measured surface 
roughness [4].  

Due to the geometry of a ball nose cutter, the 
machined part will display crescent features or scallop 
height, which are affected by the feed and pick ratio. [5] 
reported that that an increases in scallop height is due to 
an increase in feed rate or the width of cut.  

This paper presents a study on the effect of milling 
parameters and cutting tool wear modes on the surface 
roughness and chip formation behaviour of aged Inconel 
718 when high speed end milling with ball nose PVD 

coated tools. The issues are analysed in their milling 
parameters; which are surface roughness and chip 
morphology. 
 
2. EXMPERIMENTAL PROCEDURES 

Machining experiments were performed on a DMC 
635V Eco DMG ECOLINE vertical milling machine 
under MQL at a rate of 20 pulses/min to produce 50 
ml/hr. The work material used for the experiment was a 
160 × 100 × 50 mm block of aged Inconel 718 AMS 5663 
(42 HRc). The chemical composition of the material used 
was 53% Ni, 18.3% Cr, 18.7% Fe, 5.05% Nb, 3.05% Mo, 
1.05% Ti, 0.23% Mn, and C balance (all weight percent). 
The machining process was conducted with four main 
cutting parameters; cutting speed (Vc), feed rate (fz), 
depth (DoC) and width of cut (WoC). The PVD 
TiALN/CrN insert was a 16 mm diameter ball nose end 
mill. Four different settings of cutting parameters with 
three levels were set in this experiment; Vc 100-140 
m/min, fz 0.1 – 0.2 mm/tooth, ap 0.5-1.0 mm and ae 0.2-
1.8 mm. 

 
3. RESULTS AND DISCUSSION 
3.1 Surface roughness 

The experimental results showed that end milling 
using a ball nose can obtain a better surface finish. The 
roughness of the milled surfaces was found to be between 
0.173–0.3 µm, less than the 0.5 µm which is equivalent 
finish with manual polish. 

The influence of feed rate on the surface roughness 
can be seen during end milling. The cutting test data 
shows that the surface roughness increases with an 
increase in feed rate; However, the profile of the milled 
surface is complex; some variations in gap distance on 
the spiral profile were detected (Figure 1). The rotational 
and linear cutter motion causes inconsistent topology 
profile. Therefore, it was found that the average deviation 
of Ra value falls within ± 38%. It was common for a 
variation in the Ra value to be at 40% during milling 
process as reported by [23]. It was found the maximum 
gap of the cutter mark was in the middle of the cutter 
path. The gap reduces and is more attenuated towards the 
edge of the cutter path. This is because of the reduction 
of feed groove size and the accumulating swept material 
causing smearing at the path edge as exhibited in Figure 
2.  
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Figure 1 SEM Micrograph of roughness that vary at 

different locations of cutting path. 
 

 
Figure 2 Smearing and grooving occur along cutter 

locus those effects on Ra reading (20 x). 
 

3.2 Chip formation 
The chip was formed due to the shearing action 

during tool-work piece engagement that shown by 
lamella shape (corrugated rough surface). The chip 
generated was in a fragmented form due to an intermittent 
cutting action during machining. It was thicker at the 
leading edge (start of cutting) and decreasing towards the 
trailing edge (end of the peripheral milling cut). 

During the initial stage of machining when the 
cutting edge was in a good condition, chip disposal was 
in an elemental form. In the absence of notch wear near 
the DoC line due to the combined effect of mechanical 
impact and thermal shock, the chip adhered as notch wear 
occurred and accumulated with the new chip. This 
welded chip then was dislodged from the cutting edge 
after several tool rotations. The amount of trapped chip 
depended on the size of notch wear. At VB3 = 0.20–0.30 
mm, the number of accumulated chips, n, was observed 
to be between 2–4 pieces, which occurred alternately 
with loose chips. It indicates moderate notch wear, where 
the cutting tool is still able to withstand the milling 
process. As the VB3 reaches more than 0.3 mm, the 
number of welded chips increased (n>5) and departed 
more frequently in the shape of anise-likes (Figure 3). 
The tool could be used momentarily and soon failed, 
especially when an audible noise was emitted, with 
smoke clearly visible from the flying chip and a burnish 
colour appearing on the back of the chip. 

 
Figure 3 Incomplete segmented anise-like chips 

appearing during machining, indicating the end of tool 
life. 

 
4. CONCLUSION 

Surface roughness value is complex in milling; the 
feed mark was weakened on the milling profile; the 
variation in Ra can be seen. The gap between uncut 
surfaces in the feed direction is controlled by the feed 
rate, while the distance between the path intervals that 
expose the uncut surfaces in the feed direction is 
determined by the WoC. 

The formation of chips can be associated with the 
tool’s condition. When the cutting edge is in good 
condition, the chip is released in fragmented form. On the 
other hand, joined chips were generated as notch wear 
occurred. The number of accumulated welded chips is 
related to the severity of notching. 
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ABSTRACT –AlCr2FeCoNiNbx (x=0, 0.5, 1.0, 1.5, 2.0, 
x values in molar ratio) high-entropy alloy (HEA) 
coatings were fabricated on Q345 steel by laser cladding. 
The effects of annealing on microstructure and erosion 
wear resistance of the HEA coatings were studied. 
These HEA coatings present an erosion characteristic of 
ductile materials. With addition of Nb, the Vickers 
hardness of AlCr2FeCoNiNbx coatings increases due to 
the increase of volume fraction of Laves phase. 
Meanwhile, the mass loss rates decreased with the 
increase of Nb content. The erosion mechanism evolved 
from delamination to micro-ploughing with the Nb 
additions at 30° impact angle.  
 
1. INTRODUCTION 

High-entropy alloy (HEA) has been reported to 
display many outstanding properties, such as high 
hardness, excellent wear resistance and corrosion 
resistance (Zhang et al., 2014) (Miracle & Senkov, 
2017). HEA coatings were fabricated by laser cladding 
recently (Joseph et al., 2015), showing it has excellent 
performance although this technology is still in its 
infancy. In this paper, the AlCr2FeCoNiNbx (x=0.0, 0.5, 
1.0, 1.5, 2.0, x values in molar ratio) HEAs were 
prepared by laser cladding. Effect of Nb addition and 
annealing on the microstructure and properties of the 
HEA coatings were investigated in detail. 
 
2. EXPERIMENTAL PROCEDURES 

Q345 steel was used as the substrate material and 
using a grinder to remove surface dirt. The purities of 
each alloy powder (Al, Fe, Cr, Ni, Co and Nb) were 
higher than 99.5 wt% and mixing the powder into the 
ball mill for 15 hours. The composition of 
AlCr2FeCoNiNbx (x=0.0, 0.5, 1.0, 1.5, 2.0, x values in 
molar ratio). Then mixed thoroughly with the PVC 
solvent (4.5 wt%), pre-coated uniformly on the surface 
of the substrate (the layer thickness is about 0.8 mm) 
and baked in a drying oven for three hours. Laser 
cladding was carried out by pulsed laser processing 
machine (GD-ECYW300). The samples were cut into 
pieces of 10 ×10 ×10 mm by wire cutting for heating 
treatment and erosion experiments. The samples were 
heated, at a heating rate of 10℃ /min, and kept at the 
650℃ for 2 h, then taken out of furnace. During all of 
the annealing, argon flow was used as a protective 
atmosphere room temperature and open to the air.  

The erosion test was carried out on a slurry erosion 
test rig. Angular quartz particles (about HV 1100) with 
the mean size of 350-780μm were obtained from 

Yangtze Delta. For each erosion test, the slurry pot was 
filled with 1 cm3 aqueous solution containing 1 wt% 
sand particles. All the samples were firstly polished by 
SiC paper in a grit of #800 and degreased in acetone, 
then cleaned by alcohol and air-dried. All the specimens 
were ultrasonically cleaned in acetone before and after 
each test and weighted for the total mass loss using a 
precision electronic balance with a sensitivity of 0.1 mg.  

 
3. RESULTS AND DISCUSSION 

XRD patterns of AlCr2FeCoNiNbx (x=0, 0.5, 1.0, 
1.5 and 2.0, denoted as Nb0, Nb0.5, Nb1.0, Nb1.5 and 
Nb2.0, respectively) high-entropy alloy coatings as 
cladding are shown in Fig. 1. The pattern of Nb0 shows 
a single FCC solid solution phase. Adding Nb into the 
Nb0 alloy coating results in the formation of BCC and 
Laves phase. The Laves phase was identified as the (Co, 
Fe)2(Cr, Nb). With the increment of the Nb content, the 
relative intensity of the FCC diffraction peak is reduced 
and almost disappear when x≥1.0, while BCC and 
Laves phase diffraction peaks enhance gradually after 
x≥0.5, indicating that the addition of Nb elements 
changes the phase distribution within the coating. 

 

 
Figure 1 XRD patterns of AlCr2FeCoNiNbx HEA 

coatings as cladding. 
 
Microstructures of as-cladding and annealed HEA 

coatings are displayed in Fig. 2 and Fig. 3. Compared 
with the cladding layer, morphology of Nb0.5 and 
Nb1.0 changed greatly and each phase interinfiltrates 
each other, while the equiaxed crystal and dendrite in 
the microstructure of Nb0, Nb1.5 and Nb2.0 grew, as 
shown in Fig. 3. In alloy Nb0.5, the volume fraction of 
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the BCC phase decreases,  both FCC and Laves phases 
are well-distributed relatively. The main phase is still 
the BCC and Laves phase corresponding to the DR 
region, while a small amount of the FCC phasenucleates 
and grows in Nb1.0. After the heat treatment, the Nb 
content in the FCC phase increased obviously, 
indicating that the annealing treatment changed the 
distribution of elements between the phases, resulting in 
the change of the microstructure in the coating. 

 

 
Figure 2 SEM images of as-cladding AlCr2FeCoNiNbx 

HEA coatings, x=0, x=0.5, x=1.0, x=1.5 and x=2.0 
corresponding to (a), (b), (c), (d) and (e). 

 

 
Figure 3 SEM images of annealed AlCr2FeCoNiNbx 
HEA coatings, x=0, x=0.5, x=1.0, x=1.5 and x=2.0 

corresponding to (a), (b), (c), (d) and (e). 
 

The hardness of Nb0.5, Nb1.0, Nb1.5 and Nb2.0 is 
higher than that of Nb0.0 and the value increases with 

the Nb addition, as shown in Fig. 4. The maximum 
value is about HV 820, indicating that the increase of 
Nb plays a positive role in the hardness of coating. 

The mass loss rates of coatings decreased with the 
increase of Nb content, as shown in Fig. 5. And the 
mass loss under 90° impingement angle is lower than 
that 30°. It suggests that the increase of Nb content 
improves the erosion resistance of the coatings and 
AlCr2FeCoNiNbx high-entropy alloy coatings show the 
characteristics similar to those of ductile materials. 

 

 
Figure 4 Vickers hardness values of AlCr2FeCoNiNbx

（x=0, 0.5, 1.0, 1.5, 2.0）HEA coatings before and 
after annealing. 

 

 
Fig. 5 Mass loss of as-cladding AlCr2FeCoNiNbx HEA 
coatings as a function of x value at 30° (a) and 90° (b) 

impingement angle. 
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After adding the Nb element, the main phase 
changed from the soft FCC to the hard-eutectic structure 
(BCC+Laves) with the increase of Nb content, smoother 
worn surfaces can be observed in Fig. 6(b-e) and the 
main wear mechanism are predominant by micro-
ploughing. The main feature of the worn surfaces of the 
surface is a lot of long traces of plowing. In conclusion, 
the addition of Nb is beneficial to improve the erosion 
resistance of the coating, which can be attributed to 
BCC and Laves phase. 

 

 
Figure 6 Eroded surface morphologies of AlCr2FeCoNiNbx 

HEA coatings (as-cladding) after erosion, x=0, x=0.5, x=1.0, 
x=1.5, x=2.0 corresponding to (a), (b), (c), (d) and (e). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. SUMMARY 
AlCr2FeCoNiNbx (x=0, 0.5, 1.0, 1.5, 2.0, x values 

in molar ratio) high-entropy alloy (HEA) coatings were 
fabricated on Q345 steel by laser cladding. With the 
addition of Nb content, the Vickers hardness of 
AlCr2FeCoNiNbx coatings increases gradually before 
and after annealed due to the increase of volume 
fraction of Laves phase. The mass loss rates of coatings 
decreased with the increase of Nb content.  
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ABSTRACT – Boundary element method is used to 
analyze the effect of Poisson’s ratio on the adhesive 
contact between an elastic sphere and a rigid half-space.  
Lennard-Jones potential is used for the surface traction. 
It is found that Poisson’s ratio does not affect the pull-off 
force for small Tabor parameter.  As the Poisson’s ratio 
parameter is larger, both the jump-in distance and the 
jump-off distance are smaller. The contact radius is 
smaller for larger Poisson’s ratio at the same load.  Thus, 
the effect of Poisson’s ratio should be taken into 
consideration for large Tabor parameter. 
 
1. INTRODUCTION 

The adhesive contact between an exact elastic 
sphere and a rigid half-space is an important issues.  In 
1971, Johnson et al. proposed the JKR model Error! 
Reference source not found..  In 1975, Derjaguin et al. 
[1] proposed the DMT model.  In 1977, Tabor [2] 
proposed a parameter (the Tabor parameter) to explain 
the discrepancy between the JKR and the DMT models.  
Both JKR [1] and DMT [2] models used paraboloid 
approximation for the sphere surface. 

Complete numerical analysis for the force between 
deformable spheres was done by Greenwood [3] and 
Feng [4].  They used the paraboloid approximation for 
the sphere surface and the Derjaguin approximation [5]. 

Since traditional analysis methods have their 
drawbacks, boundary element method (BEM) becomes a 
good alternative in this topic.  Wu and Lin. [6] used 
boundary element method to solve the adhesive contact 
between an elastic sphere and a rigid half-space. 

Recently, Greaves et al. [7] showed that the 
Poisson’s ratio may be small for modern materials.  Thus, 
the effect of Poisson’s ratio on the adhesive contact 
between an elastic sphere and a rigid half-space is 
investigated.  Boundary element method is used in this 
research.  The result is compared with the adhesive 
contact between a rigid paraboloid and an elastic half-
space and that between an elastic paraboloid and a rigid 
half-space.   
 
2. METHODOLOGY 
2.1 Axisymmetric boundary element method 

If there is no body force, Somigliana identity can be 
written as 
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where p   is the point inside/on the sphere, Q  is the point 
on the boundary surface, u  is the displacement, t  is the 
traction, 

ijU   is the displacement kernel, and ijT   is the 

traction kernel. 
In term of cylindrical coordinate, equation (1) can 

be written as 
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where r , z  are the coordinates. 
Argento et al.’s surface integral of the tractions [8] 

give the same tractions as Derjaguin’s method on any 
body due to a half-space.  The traction on the sphere is 
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where it    is the vertical traction and iu   is the vertical 
displacement at point iz  ,  bS   is surface where traction 
boundary conditions are given, and  tS  is surface where 
traction is unknown. 
 
2.2 Numerical simulation  

Using the following non-dimensional parameters. 
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where P  is the Tabor parameter. 
Equation (2) becomes 
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Thus, ijU   and ijT   are functions of Poisson’s ratio.  
Equation (3) becomes 
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Wu and Lin’s method [6] is used in the research. 
 

3. RESULTS AND DISCUSSION 
The adhesive contacts for spheres of  R  100 H  , 

1000H ,  P 0.01 to 10 and  Q 0, 0.3, 0.5 are simulated. 
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Figure 1 shows the pull-off forces vs. Tabor 
parameters.   For Tabor parameter less than 0.1, Poisson’s 
ratio does not affect the pull-off force much.  For Tabor 
parameter larger than 0.1, Poisson’s ratio does affect the 
pull-off force.  For the same Tabor parameter, as 
Poisson’s ratio is larger, the pull-off force is larger.  The 
difference between the pull-off forces for  Q   0.3 and 
that for  Q 0.5 is smaller than between  Q  0 and  Q 0.3. 

 

 
Figure 1 Pull-off force vs. Tabor parameter. 

  
Figure 2 shows the load-approach curves for  R

1000H ,  P 5.  As Poisson’s ratio is larger, the jump-in 
distance is smaller and the jump-off distance is also 
smaller.  It is similar for the adhesive contact with 
different radius and different Tabor parameter. 

 

 
Figure 2 Load vs. approach for  R 1000H ,  P 5.  

 
Figure 3 shows the contact radius vs. load for  R

1000H  ,  P  5.  The contact radius is smaller for larger 
Poisson’s ratio at the same load. 

From the results, Poisson’s ratio does affect the 
adhesive contact, especially for large Tabor parameters.  
Thus, Poisson’s ratio is important for the adhesive 
contact. 

 
4. CONCLUSION 

The effect of Poisson’s ratio on the adhesive contact 
between an elastic sphere and a rigid half-space is 
investigated.  Boundary element method and Lennard-
Jones potential are used in this research.  For small Tabor 
parameter, Poisson’s ratio does not affect the pull-off 

force.  As the Poisson’s ratio parameter is larger, the 
jump-in distance is smaller and the pull-off distance is 
larger. The contact radius is smaller for larger Poisson’s 
ratio at the same load.  Thus, the effect of Poisson’s ratio 
should be taken into consideration for adhesive contact. 

 

 
Figure 3 Contact radius vs. load for  R 1000H ,  P 5. 
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ABSTRACT – Laser surface texturing has been 
demonstrated as a powerful technique for fabrication of 
surface textures on solids. The accuracy of textures 
fabricated by laser surface texturing is greatly 
influenced by laser beam parameters. In the present 
work, we fabricate aligned grooved microstructures 
with the same morphology on stainless steel by laser 
surface texturing with different pulse durations (from 
nanosecond to femtosecond). It is found that both the 
rim structure on the crest and the ablation-induced 
damage on the valley are different for different pulse 
durations, which are attributed to both different laser-
material interactions and sizes of heat affected zone. 
Subsequent ball-on-disk friction tests show that the 
presence of as-fabricated textures lowers friction 
coefficient and wear of textured surface compared to 
untextured surface. Furthermore, the pulse duration has 
a significant influence on the effectiveness of surface 
textures in friction reduction. 
 
1. INTRODUCTION 

Surface texturing is one important method of 
surface treatment because it can induce wear reduction 
and improve anti-oxidation of the surface [1-3]. 
Therefore, it is promising to improve the wear 
resistance of sliding surface between mechanical 
components by fabrication surface textures. While there 
are many techniques available for surface texturing, 
laser surface texturing is one of the most widely used 
method for the fabrication of surface textures with 
feature size in the range of a few to tens of micrometers 
[1-2].  

Laser ablation dominates the material removal in 
laser surface texturing process, which can be described 
by the two-temperature model. First, laser energy is 
absorbed by electrons. Then electrons collide with 
nuclei to transfer absorbed energy, which finally leads to 
escape of nuclei from the surface [2]. It is demonstrated 
that the efficiency and accuracy of using laser photons 
to remove material is different for different pulse 
duration. The absorption of optical energy by electrons 
is in a ladder like manner and direct multi-photon 
process for longer pulse and short pulse, respectively. 
Furthermore, the multi-photon absorption leads to 
escaping of nuclei at room temperatures because leave 
of enormous electrons, which leads to small heat 
affected zone. Consequently, both rim structures and 
ablation-induced damage are less pronounced for 
shorter pulse.  

The effect of surface texturing in friction reduction 

is attributed to that textures can generate hydrodynamic 
pressure, or trap wear debris, or acts as reservoir for 
lubrication retention. It is also indicated that the texture 
morphology has a significant influence on the friction 
reduction [4]. Therefore, it is interesting to investigate 
the influence of pulse duration on the machining 
accuracy of surface textures and subsequent tribological 
properties of as-fabricated textured surface.  
 
2. METHODOLOGY 

We use the SUS420J2 stainless steel, and the 
sample size is 25×25×10mm. After heat treatment the 
sample is mechanically grinded with a surface 
roughness of 0.1μm. Then the sample is subjected to 
laser texturing to fabricate aligned groove structures on 
the surface. Three laser durations, as nanosecond, 
picosecond and femtosecond, are considered. For each 
pulse duration, the wavelength and the height of the 
groove is 90 μm and 8 μm, respectively. Figure 1 shows 
the fabricated morphology of groove textures under 
picosecond laser texturing.  

 

 
Figure 1 Morphology of surface texture by picosecond 

laser texturing. 
 

Currently we are planning the machining of 
surface textures with both nanosecond laser and 
femtosecond laser on the same stainless steel. We will 
provide more details about the machining accuracy in 
the near future. So, the current results are mainly 
obtained with textured surface by picosecond laser 
surface texturing and untextured surface. 

After the surface texturing, the samples are 
subjected to a ball-on-disk friction test using the UMT3, 
as illustrated in Figure 2. The ball of GCr15 has a 
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diameter of 4 mm. The friction tests are performed in 
room temperature and with oil lubricant.  
 

 
Figure 2 Illustration of ball-on-disk friction test. 

 
3. RESULTS AND DISCUSSION  

We first perform friction experiments to 
investigate the influence of pressure and sliding velocity 
on the friction of un-textured surface, as shown in 
Figure 3(a) and (b), respectively. Figure 3(a) shows that 
the friction coefficient decreases with increasing 
pressure, which can be attributed to the transition in 
lubrication status. Figure 3(b) shows that the friction 
coefficient decreases with increasing sliding velocity.  

 

     
(a) 

 

 
(b) 

Figure 3 Parameter dependence of friction of un-
textured strainlesssteel. (a) Pressure and (b) velocity. 

Figure 3 shows that the dependence of friction 
coefficient of un-textured surface on both pressure and 
sliding velocity is monotonous. However, this is not the 
same case for the textured surface. Figure 4 plots the 
variations of friction coefficient with pressure and 
sliding velocity, respectively. Although the friction 
coefficient of textured surface decreases with increasing 
pressure, the friction reduction is more pronounced than 
un-textured surface.  

 

     
(a) 

 

 
(b) 

Figure 4 Influence of surface texturing on the frictional 
properties of stainless steel. (a) Pressure and (b) 

velocity. 
 

Figure 5 present wear morphology of textured and 
untextured surfaces after the friction tests under the 
same friction consideration. It is found that the wear 
scar of textured is significantly less pronounced than 
that on untextured surface, indicating a wear reduction 
by the as-fabricated textures. 

 

 
Figure 5 Wear morphology of textured (left) and 

untextured (right) surfaces.  
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4. SUMMARY 
In summary, we fabricate surface textures on 

stainless steel by laser surface texturing with different 
pulse duration. For each pulse duration, the wavelength 
and height of the aligned groove textures are the same 
as 90 μm and 8 μm, respectively. Laser ablation results 
show that the rim structure and ablation-induced 
damage are strongly affected by the pulse width. 
Subsequent ball-on-disk friction tests indicate that the 
presence of as-fabricated textures significantly lower 
friction coefficient and wear of textured surface, i.e., 
friction reduction occurs. However, the effectiveness of 
surface textures in friction reduction is strongly 
dependent on the morphology of surface textures, which 
is dominated by different laser-material interactions 
under different pulse durations. 
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ABSTRACT – In this study, the tribological 
performance of tailored surfaces is investigated. The 
tailored surfaces are created by laser surface texturing. 
Two different laser structuring methods are applied, 
namely Direct Laser Writing and Direct Laser 
Interference Patterning. Simulations are run to elucidate 
transport processes of the lubricant. The objective is to 
understand the governing processes of the lubricant and 
its behavior in the deterministic surface structures. 
 
1. INTRODUCTION 

Laser surface texturing marks a possibility to create 
functional surfaces for different applications. In this 
study, it is applied to enhance the tribological 
performance. The objective is to reduce friction and wear 
for a lubricated tribosystem. On the experimental side, 
there are two methods applied for laser surface texturing, 
namely Direct Laser Writing (DLW) and Direct Laser 
Interference Patterning (DLIP). Furthermore, a 
tribosystem is evaluated applying a ball-on-disc 
tribometer. On the simulation side, an open-source tool 
for CFD simulations, OpenFOAM®, is applied to 
investigate lubrication transport processes. The phase-
field method, applicable to two-phase systems, enables 
us to make 3D simulations of the fluid inside the 
deterministic surface structures in order to investigate the 
governing processes. Conclusively, a relationship 
between lubrication and wetting is achieved. 
 
2. METHODOLOGY 

For laser surface texturing, two different methods 
are applied: DLW and DLIP. For DLW, a single laser 
beam is focused on to the working plane with a gaussian-
shaped intensity distribution. In contrast, for DLIP, the 
laser beam is split into two or more coherent beams that 
interfere with each other on the working plane. This 
allows a high-throughput fabrication of periodic surface 
patterns [1]. For the case of two beams, due to 
constructive and destructive interference of 
electromagnetic waves, the interference pattern is a line-
like one. One important property of DLIP is the 
comparably small size of the structures that can be 
achieved. Depending on the wavelength the period can 
be in the micro- and even sub-micro range [2]. In our 
case, the period of the pattern is in the range of 2 µm to 8 
µm. Aguilar et al. [3] describe the fabrication of the 
periodic structures on stainless steel.           
For the simulation, the so-called phase field method in 
OpenFOAM® is applied. Detailed information for this 

method can be found in Cai et al. [4]. One important 
property of this method is that it has a diffuse interface 
which allows the motion of the contact line in 
combination with a no-slip boundary condition at a solid 
wall via a diffusive mechanism induced by a chemical 
potential gradient [5]. 
 
3. RESULTS AND DISCUSSION 

In Figure 1, the two laser surface structures are 
shown. For the structures in a) and b) DLIP and DLW 
were applied, respectively. For a), the period is 2.6 µm 
and the aspect ratio (defined as the depth over the period) 
is 0.32. For b), the period is 100 µm and the aspect ratio 
is ~ 0.3. 

 
a)                              b) 

     
 
 
 
 

  
Figure 1 Laser textured surfaces created with a) DLIP 

and b) DLW. 
 
In Figure 2, Stribeck curves for the different 

structures and a polished reference are shown. The 
performance of the big structure created with DLW and 
the small structure created with DLIP is compared to a 
polished reference sample (Rz=0.2 µm). While the big 
structure has a higher coefficient of friction than the 
reference sample, in the case of the small structure for 
both low and high rotational speeds the coefficient of 
friction can be reduced significantly. 

 

 
Figure 2 Tribological performance depends on structure 

size. 
 

small structure 
(DLIP) 

polished big structure 
(DLW) 

20 µm 100 µm 
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However, if we analyze the structure after the 
tribotest with a laser scanning microscope (not shown) 
we find that the structures are at least partly erased. This 
leads to the conclusion, as the performance of the 
structured sample is still better than the polished one, that 
probably the lubricant transport to the tribocontact plays 
an important role. Therefore, in a second step, transport 
processes in small grooves are simulated applying phase 
field method in OpenFOAM®.  

Governing processes are e.g. capillary forces and 
Marangoni forces. For example, Yang et al. [6] 
investigate capillary-driven flow in open microchannels. 
They show that for a channel of the same depth, 
irrespective of the shape of the channel cross-section, the 
liquid flow is faster with decreasing channel width. 
Furthermore, Chen [7] investigates the penetration of a 
wetting liquid into open metallic grooves. In contrast to 
Yang et al. they tested three grooves with different depths 
but the same width. They show a good agreement of their 
measurements with the calculation from Washburn’s 
equation based on a modified diameter. In the study of 
Gruetzmacher et al. [8], the spreading dynamics of 
additive free synthetic polyalphaolefine oil on a polished 
reference sample are compared to laser patterned 
surfaces. They show an anisotropic spreading behavior 
with a higher spreading velocity parallel to the surface 
patterns compared to perpendicular to them. 

The objective of this study is to understand the 
governing transport processes of the oil towards the 
tribocontact. Figure 3 shows first simulation results with 
the phase field method. A droplet spreads on a flat surface 
where the final state of the spreading is shown for 
different static contact angles θ. 

 

initial droplet on flat surface              spreaded droplet with θ=45°  

spreaded droplet with θ=70°              spreaded droplet with θ=93°   
 

Figure 3 Droplet spreading on unstructured surface in 
2D. 

 
4. CONCLUSION 

This study shows the effect of laser textured 
surfaces on the tribological performance. Furthermore, it 
helps to understand the governing lubrication transport 
processes. Two different laser texturing methods were 
applied to design tailored surfaces. DLW was used to 
create comparably big structures whereas DLIP was used 

to create comparably small structures. Both structures 
were compared to a polished reference. While the 
coefficient of friction µ for the larger structure is higher 
than the one for the polished sample, the smaller structure 
shows a significantly lower coefficient of friction for all 
rotational speeds. In a second step, transport processes of 
the oil were simulated in OpenFOAM® with the phase 
field method in order to elucidate transport phenomena 
towards and inside the tribocontact. 
 
ACKNOWLEDGEMENT 

The authors of this work gratefully acknowledge the 
European Commission for supporting the research 
activity within the framework of the LASER4FUN 
project, which has received funding from the European 
Union’s Horizon 2020 research and innovation 
programme under the Marie Skłodowska-Curie grant 
agreement No. 675063. 

 
REFERENCES 
[1] Lasagni, A. F. (2017). Laser interference patterning 

methods: Possibilities for high-throughput 
fabrication of periodic surface patterns. Advanced 
Optical Technologies, 6(3-4), 265-275.     

[2] Lasagni, A. F., & Beyer, E. (2015). Fabrication of 
periodic submicrometer and micrometer arrays 
using laser interference-based methods. Laser 
Surface Engineering, 423-439.  

[3] Aguilar-Morales, A. I., Alamri, S., & Lasagni, A. F. 
(2018). Micro-fabrication of high aspect ratio 
periodic structures on stainless steel by picosecond 
direct laser interference patterning. Journal of 
Materials Processing Technology, 252, 313-321. 

[4] Cai, X., Marschall, H., Wörner, M., & 
Deutschmann, O. (2015). Numerical Simulation of 
Wetting Phenomena with a Phase‐Field Method 
Using OpenFOAM®. Chemical Engineering & 
Technology, 38(11), 1985-1992.  

[5] Jacqmin, D. (2000). Contact-line dynamics of a 
diffuse fluid interface. Journal of Fluid 
Mechanics, 402, 57-88.  

[6] Yang, D., Krasowska, M., Priest, C., Popescu, M. 
N., & Ralston, J. (2011). Dynamics of capillary-
driven flow in open microchannels. The Journal of 
Physical Chemistry C, 115(38), 18761-18769.  

[7] Chen, T. (2015). Capillary Force-Driven Fluid Flow 
in Open Grooves with Different Sizes. Journal of 
Thermophysics and Heat Transfer, 29(3), 594-601.  

[8] Grützmacher, P. G., Rosenkranz, A., & Gachot, C. 
(2016). How to guide lubricants–Tailored laser 
surface patterns on stainless steel. Applied Surface 
Science, 370, 59-66. 

 



Proceedings of Asia International Conference on Tribology 2018, pp. 13-14, September 2018 

__________ 
© Malaysian Tribology Society 
 

Development of tribological polymeric coatings 
Sujeet K. Sinha* 

 
Department of Mechanical Engineering, Indian Institute of Technology Delhi, Hauz khas, New Delhi-110016, India. 

 
*Corresponding e-mail: sks@mech.iitd.ac.in 

 
Keywords: Epoxy; UHMWPE; MoS2 

 
 

ABSTRACT - Different types of coatings are used in 
tribological applications for reducing friction and 
increasing scratch and wear resistance. Recently, 
polymer-based coatings have been developed for the 
protection of many bulk materials such as Si, steel, 
aluminium etc. In this presentation, we will review the 
works carried out by our and several other research 
groups in the world in this field. Important polymers 
and composites, methodology of coating process and the 
tribological performances of these polymeric coatings 
will be presented. 
 
1. INTRODUCTION 

Though polymer coatings have been used for 
several decades now for decorative, aesthetic or 
corrosion protection purposes, their tribological 
applications have been only recent. For example, in our 
previous works we have shown the efficacy of ultra-
high molecular weight polyethylene (UHMWPE) 
coatings, both in its pure form and as composites [1,2]. 
Several studies were carried out for producing 
tribologically durable UHMWPE coatings on substrates 
such as Si and steel. UHMWPE is a biocompatible 
material and such novel coatings will have applications 
in medical devices and implants, in addition to more 
traditional industrial application. Research by [3,4] was 
carried out on PTFE, PEEK and aromatic thermosetting 
polyester (ATP) and their composites. They found that 
ATP/PTFE composite coating performed better in 
comparison to PTFE and PEEK based composite 
coatings under starved boundary lubrication by ISO46 
grade mineral oil. Low friction and presence of micro-
reservoir helping oil retention were claimed to be the 
reasons for this improved tribological performance. It 
was noted that compared to bare metal substrate all 
three polymer coatings showed excellent performance in 
titling pad thrust bearing simulated tests under boundary 
lubrication. 

Our recent efforts were focused on the 
development of epoxy-based composite coatings for 
application on steel and other metallic substrates [3]. It 
was found that epoxy, with its thermal resistance 
property, was a very useful matrix for some novel fillers 
such as graphene, talc and base oil SN150. It was also 
found that an intermediate coating of DLC is most 
suitable between steel substrate and the polymeric 
coatings such that the load bearing capacity of the dual-
layer composite coating is drastically enhanced. 

In this talk we will summarize our UHMWPE and 
epoxy-based coatings’ results in relation to some other 
similar research works taking place in the world. 

 

2. METHODOLOGY 
UHMWPE coatings were applied by the dip-

coating methods [1]. Prior to dip-coating, the polymer 
powder was dissolved in Decalin solvent at elevated 
temperature of 170 oC. Continuous magnetic stirring 
was carried out to obtain complete dissolution. Planar 
substrate of Si or metallic specimen were then dipped 
and withdrawn at a certain rate to obtain uniform 
coating of the polymer solution. This specimen was then 
heat-treated to evaporate the solvent from the polymer. 
Similar procedure was also used for the epoxy-based 
composite coatings on steel substrates. Further details 
on the coating method for epoxy-based composites can 
be found in reference [5]. Tribological tests were 
conducted on coated substrates by sliding steel or 
silicon nitride balls against the flat coated substrates at 
given normal loads and sliding speed on a ball-on-disk 
tribometer. 

 
Figure 1 Coefficient of friction of bare Si, Si/UHMWPE 
and Si/UHMWPE/PFPE samples. Tests were conducted 
at 70 mN load with calculated contact stress of 370 MPa 
and sliding speed of 0.042 m/s and the counterface was 

a 4 mm diameter silicon nitride ball [1]. 
 

3. RESULTS AND DISCUSSION 
Figure 1 provides coefficient of friction data for 

the substrate and the coatings. It is seen that there is 
drastic reduction in the coefficient of friction for the 
polymeric coatings. This reduction in the coefficient of 
friction also resulted in much longer wear life for the 
coated substrate when compared with the bare substrate 
(Figure 2). There were five orders of increase in the 
wear life for the dual coating of UHMWPE with top 
layer of perfluoropolyether (PFPE).  

Similar kind of tribological studies on epoxy-based 
composites with liquid lubricant filler has shown drastic 
improvements in the wear life and reduction in the 
coefficient of friction. Liquid lubricants such as PFPE 
and base oil, even in small quantity, provide in situ 
lubrication in the mixed lubrication mode.  
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Figure 1 Wear life as the number of cycles of sliding 

before the coefficient of friction reach the level of 0.3 of 
bare Si, Si/UHMWPE and Si/UHMWPE/PFPE samples. 

Tests were conducted at 70 mN load with calculated 
contact stress of 370 MPa and sliding speed of 0.042 
m/s and the counterface was a 4 mm diameter silicon 

nitride ball [1]. 
 
4. CONCLUSION 

It is concluded that polymer coatings show highly 
improved performance in protecting metal and other 
substrates again wear mainly by reducing the coefficient 
of friction. Better coating adhesion to the substrate also 
has beneficial effects on the coating life. These 
polymeric coatings can be used for bearings of different 

types where tradition lubrication is not desirable. Some 
coatings can also work in addition to the external liquid 
lubrication and thus enhancing the wear life by several 
orders. 
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ABSTRACT – Friction reduction in optimized cylinder 
liner of combustion engines is of significant importance. 
With sophisticated measurement approaches, detailed 
measurements of temperature influences on friction 
forces under motored and fired conditions will be 
presented. All investigations have been done on the 
floating liner test engine at University of Hannover. 
 
1. INTRODUCTION 

Following the legislation, the focus of developers of 
combustion engines is on fuel economy and low 
emissions. Compliance with the guidelines requires a 
wide range of optimizations. Friction reduction in the 
piston group, consisting of cylinder liner, piston and 
piston rings offers great potential due its high proportion 
on the total engine friction of up to 50 % [1]. To reach 
improvements on this topic, it is necessary to measure the 
piston group friction accurately and building up an 
understanding of the friction mechanisms in detail. For 
this purpose, the ITV Hannover developed a Floating-
Liner testing bench based on a 2-litre single cylinder 
diesel engine. This tool allows crank-angle resolved 
friction forces investigation under fired engine 
conditions. Preceeding projects showed that the Floating-
Liner is successfully able to compare series cylinder liner 
with locally structured liner [2]. To expand the 
knowledge to design a tribological optimized cylinder 
liner, ITV started an extensive investigation to classify 
major influences on friction force in the piston group. 
This paper shows investigations of the influence of oil 
and coolant temperature on the friction forces. 
 
2. FLOATING-LINER MEASUREMENT SETUP 

The Floating-Liner measurement system is a 
development based on earlier work of Furuhama and 
Takiguchi [3], and Kessen [4]. With two piezo electric 
force transducers between liner and cylinder housing, the 
system allows the direct crank-angle resolved 
measurement of the piston group friction force (see 
Figure 1). In axial direction, the cylinder liner is mounted 
flexible. To center and support the cylinder liner against 
radial forces, a hydrostatic bearing is used. A gas 
balancing system, consisting of two surface areas, being 
located opposite to each other, compensate forces 
resulting from the combustion gas pressure. Elastomer 
elements seal the combustion chamber against the 
coolant areas. The test bench is fully conditioned to 
ensure precise operation with load points up to 180 bar 
cylinder pressure and 1300 1/min.  

 
Figure 1 Floating-liner measurement system. 

 
For this investigation, a series cylinder liner with 

series honing was used. The coolant and oil temperatures 
were varied from 40 °C to 100 °C. All other operating 
media have been set to defined values. 
 

 
Figure 2 Operating modes for friction analysis. 

 
For friction measurement, three operation modes 

were used: motored without cylinder head, motored with 
cylinder head and operation under fired condition with 
the expected friction force curves (Figure 2).   
 
3. RESULTS AND DISCUSSION 

Friction investigations without the influence of 
compression and combustion show the main tribological 
character of the tested liner piston and ring combination. 
Here the main friction is from the piston ring tension, 
without gas force. Figure 3 shows the crank-angle 
resolved friction force recordings of the piston group and 
liner combination for 40 °C and for 100 °C coolant and 
oil temperature. The operating points is motored at 
600 1/min without cylinder head mounted.  
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Figure 3 Motored crank-angle resolved friction forces 

w/o cylinder head. 
 

Both graphs show the general expected friction 
trends (see Figure 2). Differences can be found in the 
bottom and top dead centers (-360 °CA, 0 °CA and 
360 °CA), where the piston change directions. At those 
points, the lower temperature graph shows a slightly 
lower friction peak. In the areas around the dead centers, 
the friction level is higher than in the graph with higher 
temperature. In the hydrodynamic areas (around 
±270 °CA and around ±90 °CA) the lower temperature 
case shows a significant higher friction level. The overall 
friction decrease with the higher temperature is 44 %. 

Figure 4 shows the crank-angle resolved friction 
force recordings at 600 1/min with cylinder head mounted 
together with the pressure history.  
 

 
Figure 4 Motored crank-angle resolved friction forces 

w/ cylinder head. 
 

Here, the previous trend continues. The lower 
temperature graph shows smaller friction peaks in the 
dead centers; in all other areas, the friction level is higher. 
The compression stroke of the higher temperature graph 
(-180 °CA – 0 °CA) shows a significant increase of 
friction. The overall decrease of friction with higher 
temperature is 45 %. 

Figure 5 shows the crank-angle resolved friction 
force recordings with fired conditions at 600 1/min with 2 
bar IMEP load. Here a similar trend is found in 
comparison with the non-fired friction investigations. 
The lower temperature graph shows smaller friction 
peaks in the dead centers; in all other areas, the friction is 
higher than the friction level of the 100 °C temperature 
graph. Around the compression and combustion areas (-
45 °CA – 45 °CA), the friction of the lower temperature 
graph increases in comparison to the motored 
investigation. Overall, the friction difference is 44 %. 

 
Figure 5 Fired crank-angle resolved friction forces. 

 
The main influence for this behavior can be 

explained with the temperature-dependent viscosity of 
the oil. The oil film thickness varies with its temperature. 
If the film thickness is low in the dead centers, the friction 
increases because liner and piston rings get in contact. In 
the hydrodynamic areas, a low film thickness lowers the 
friction level because the fluid friction is reduced. With 
the resulting higher temperatures, the combustion also 
lowers the oil film thickness. Other operation modes and 
points showed that these effects are not proportional to 
load and rounds per minutes. 
 
4. CONCLUSION 

At ITV Hannover extensive friction force 
investigation are done based on a Floating-Liner 
measuring system. An exemplary friction analysis 
showed reverse dependencies from the conditioning and 
combustion temperatures. They can, however, be 
understood if the influences the oil viscosity on the oil 
film thickness and the hydrodynamic friction are 
analyzed. Optimized liner layouts should regard these 
effects.  
 
REFERENCES 
[1] Golloch, R., Kessen, U., & Merker, G. P. (2002). 

Tribologische Untersuchungen an der 
Kolbengruppe eines NFZ-Dieselmotors. MTZ-
Motortechnische Zeitschrift, 63(6), 494-501.  

[2] Ulmer, H. C. (2015). Einfluss mikrostrukturierter 
Zylinderlaufbahnen auf die Tribologie der 
Kolbengruppe bei Nutzfahrzeug Dieselmotoren. 
PZH Verlag, TEWISS-Technik und Wissen GmbH.  

[3] Furuhama, S., & Takiguchi, M. 
(1979). Measurement of piston frictional force in 
actual operating diesel engine (No. 790855). SAE 
Technical Paper.  

[4] Kessen, U. Tribologische Untersuchungen an der 
Kolbengruppe eines Dieselmotors bei hohen 
Mitteldrücken.-1999. Hannover, 
Universität (Doctoral dissertation).  

 



Proceedings of Asia International Conference on Tribology 2018, pp. 17-18, September 2018 
 

__________ 
© Malaysian Tribology Society 

 

Analysis of surface roughness of AlSi/5%AlN MMC using Taguchi  
N.N. Wan1,*, M.S. Said1, M.N.A. Zakaria1, A.R.A.B. Kadir1, N. Othman1, J.A. Ghani2, B. Zubir1 

 
1) Universiti Kuala Lumpur Malaysian Spanish Institute, Kulim Hi-Tech Park, 09000 Kulim, Kedah, Malaysia. 

2) Faculty of Engineering and Built Environment, Universiti Kebangsaan Malaysia,  
43600 UKM Bangi, Selangor, Malaysia. 

 
*Corresponding e-mail: nurulnaimy@unikl.edu.my 

 
Keywords: Depth of cut; grinding process; table speed 

 
 

ABSTRACT – This paper presents the effects of 
cutting depth and table speed on the surface roughness 
of an aluminum silicon alloy (AlSi) matrix composite 
reinforced with 5% aluminum nitride (AlN) after 
grinding. Experiments were conducted at various 
cutting depths and table speeds according to a full 
factorial L9 orthogonal array. The surface roughness of 
the machined surface was observed using a Mitutoyo 
Formtracer CS-500 instrument, and the effects of 
cutting depth and table speed on surface roughness were 
analyzed by Taguchi analysis. The S/N ratios 
determined by Taguchi analysis showed that decreased 
surface roughness could be obtained using high cutting 
depths and table speeds. The optimal surface roughness 
was obtained at a cutting depth of 0.6 mm and table 
speed of 0.0453 m/s. 
 
1. INTRODUCTION 

Grinding is an unsteady manufacturing process 
involving complex characteristics that determine the 
final technological output and quality, which includes 
the micro-geometric quantities of the component. To 
predict component behaviors during use or control the 
grinding process, quantifying surface roughness, one the 
most critical quality constraints for the selection of 
grinding factors in process planning, is necessary [1]. 
The surface quality produced after surface grinding is 
influenced by various parameters, such as wheel 
parameters, including the abrasives used, grain size, 
grade, structure, binder, shape, and dimensions; 
workpiece parameters, such as fracture mode, 
mechanical properties, and chemical composition; 
process parameters, including wheel speed, cutting 
depth, table speed, and dressing condition; and machine 
parameters, including static and dynamic characteristics, 
spindle system, and table system [2,3]. During grinding, 
the surface roughness of a grinded material is reduced 
as the cutting speed and cutting depth are increased 
[4,5]. 

Metal matrix composites (MMCs) are composite 
materials widely used in the aerospace, automotive, 
electronics, and medical industries. These materials 
possess outstanding properties, such as high strength, 
low weight, high modulus, low ductility, high wear 
resistance, high thermal conductivity, and low thermal 
expansion. These desirable properties are mainly 

manipulated by the matrix, the reinforcing elements, 
and their interface [6]. MMCs exhibit poor 
machinability because they usually include hard and 
abrasive reinforcements [7]. These materials are usually 
applied in bearings, automobile pistons, cylinder liners, 
piston rings, connecting rods, sliding electrical contacts, 
turbo charger impellers, and space structures. The most 
popular reinforcements are silicon carbide and alumina. 
Aluminum, titanium, and magnesium alloys are 
commonly used as the matrix phase [6]. MMCs possess 
the combined properties of metals and ceramics [7,8]. 
The structure and properties of MMCs are affected by 
the type and properties of the matrix, the reinforcement 
material, and their interface [9]. Thus, these materials 
have been increasingly used to replace conventional 
materials in numerous applications [8].  
 
2. METHODOLOGY 

A 5% aluminum nitride (AlN)-reinforced Al-Si 
alloy (AlSi) matrix composite was fabricated using the 
stir-casting method. Here, Al-Si alloy ingots, which 
made up the matrix material, were reinforced with AlN 
particles at 5 wt% reinforcement. Two grinding process 
parameters, i.e., cutting depth and table speed, were 
studied during the grinding of the AlSi/5%AlN MMC 
samples. 

 
3. RESULTS AND DISCUSSION 

Table 2 provides an analysis of surface roughness 
based on the Taguchi method and S/N ratio. These ratios 
were generated according to Taguchi’s smaller-is-better 
characteristic. 

This study was conducted to determine the 
conditions yielding optimal surface roughness when 
AlSi/5%AlN is grinded at three levels of cutting depths 
and table speeds. Process optimization can be analyzed 
through S/N ratio. Figure 1 shows the mean S/N ratio 
for the smaller-is-better characteristic of surface 
roughness obtained using Minitab 17. The slopes of the 
graphs clearly show that cutting depth is the most 
significant factor affecting surface roughness. 
According to Figure 1, the optimal parameters for 
surface roughness are a cutting depth of 0.6 mm and 
table speed 0.0453 m/s. Table 2 reveals that the highest 
S/N ratio can be obtained for these optimal parameters. 
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(b) 

Figure 1 (a) S/N ratio and (b) means effects of surface 
grinding process. 

 
Table 1 Grinding process parameters and levels. 

Parameters 
Levels 

Low Medium High 
Depth of cut (mm) 0.2 0.4 0.6 
Table Speed (m/s) 0.0098 0.0214 0.0453 

 
Table 2 The Taguchi L9 orthogonal array. 

Test 
No 

Depth 
of Cut 

Table 
Speed 

Surface Roughness S/N 
ratio  r1 r2 r3 ra 

1 0.2 0.0098 0.91 0.67 0.65 0.743 2.576 
2 0.2 0.0214 0.71 0.68 0.63 0.673 3.435 
3 0.2 0.0453 0.64 0.66 0.73 0.677 3.393 
4 0.4 0.0098 0.63 0.73 0.65 0.670 3.479 
5 0.4 0.0214 0.50 0.55 0.52 0.523 5.624 
6 0.4 0.0453 0.59 0.54 0.37 0.500 6.021 
7 0.6 0.0098 0.58 0.57 0.53 0.560 5.036 
8 0.6 0.0214 0.44 0.63 0.51 0.527 5.569 
9 0.6 0.0453 0.47 0.36 0.38 0.403 7.887 

 
 
 
 
 
 
 
 
 
 
 

4. CONCLUSION 
The Taguchi method was applied to the machining 

parameters of the grinding process, and machining of 
AlSi/5%AlN MMC was conducted and optimized using 
an L9 orthogonal experimental array. The optimum 
machining parameters were a cutting depth of 0.6 mm 
and table speed 0.0453 m/s. The surface finish of a 
grinded material is reduced with increasing table speeds 
and cutting depths. The optimal parameters determined 
in this work will facilitate the implementation of 
competitive machining operations from the economic 
and manufacturing perspectives in the automotive 
industry. 
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ABSTRACT – Wet multi-plate clutches are relevant 
components of modern drivetrain applications, not only 
in terms of function but also safety and comfort. Espe-
cially at the beginning of lifetime, distinct changes of the 
friction behavior may occur and make the actuation of the 
clutch challenging. This transcript describes the typical 
running-in behavior of wet multi-plate clutches. Based on 
an elaborated test procedure, an advanced method of 
characterizing running-in behavior of wet multi-plate 
clutches is introduced. The development of characteristic 
values makes a quantitative evaluation possible. 
 
1. INTRODUCTION 

Driving safety and comfort enhancements are of 
high relevance in the development of modern drivetrain 
applications. As wet multi-plate clutches are important 
components of modern power shift transmissions, e.g. in 
automatic transmissions, dual clutch transmissions and 
limited slip differentials, the requirements of safety and 
comfort behavior of clutches are exacting. Functional be-
havior and shifting comfort of the clutch mainly depend 
on its friction behavior. Level and progression of the fric-
tion coefficient depend on the tribological system and, 
therefore, on fluid and operating conditions as well as 
type and condition of steel and friction plates [1-3]. Es-
pecially at the beginning of usage, when running-in pro-
cesses are not yet complete, distinct changes in friction 
behavior may occur and lead to significant challenges in 
actuating the clutch. Current research works focus on the 
friction behavior of the run-in clutch. Therefore, this tran-
script describes new research results that cannot be com-
pared with the state of the art. 
 
2. RUNNING-IN OF WET MULTI-PLATE 

CLUTCHES 
Distinct changes to friction level and progression 

are typical during the running-in of wet multi-plate 
clutches. The characteristics and amount of change in 
friction depend on the tribological system and the oper-
ating conditions. Figure 1 shows the development of the 
average friction coefficient over the number of cycles for 
an exemplary clutch in dual clutch transmission applica-
tion.  

Changes in friction behavior during running-in are 
mainly caused by the formation of chemical boundary 
layers in the friction contact and smoothing of surfaces. 
Figure 2 shows surface pictures of a steel plate in new 
state and a steel plate after running-in recorded with a 
scanning electron microscope (SEM). Smoothing and 
therefore a decrease of surface roughness of the run-in 

surface compared to the new surface is clearly visible.  
 

 
Figure 1 Change of friction coefficient during running-
in for a clutch in dual clutch transmission application. 

 

  
Figure 2 Surface picture (SEM) of a steel plate – new 

state (left) and run-in (right). 
 
3. EXPERIMENTAL INVESTIGATIONS 

To investigate the running-in behavior of wet multi-
plate clutches a special test method has been elaborated. 
The objective is to be able to characterize the running-in 
behavior of the clutch with different load levels. To 
achieve this, a load spectrum consisting of four load 
stages (variation of pressure and sliding velocity) has 
been defined. Figure 3 shows specific pressure and slid-
ing velocitiy values of the four load stages. The test pro-
cedure is given by a single power shift on each load stage, 
sequence shown in Figure 3. 

The tests are carried out on the component test rig 
ZF/FZG KLP-260 [4], as component testing is very effi-
cient while also being easily transferred to practical ap-
plication. The test rig ZF/FZG KLP-260 (Figure 4) oper-
ates in braking mode, the outer carrier is fixed and the 
inner carrier rotating. In power shift mode the main shaft 
is accelerated by the main drive. The clutch is actuated 
by a hydraulic piston in a force-controlled mode. Axial 
force, difference in rotational speed, displacement and 
friction torque are measured, and coefficient of friction is 
calculated online. 
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Figure 3 Test method – load stages and test procedure. 

 

 
Figure 4 Concept of test rig ZF/FZG KLP-260. 

 
4. CHARACTERIZATION OF RUNNING-IN 

BEHAVIOR 
To be able to compare the running-in behavior of 

different clutches, e.g. with various fluids, steel and fric-
tion materials, a quantitative method for characterization 
is needed. Therefore, we have developed a parametriza-
ble Equation (1) to characterize progression and level of 
the friction coefficient at the beginning of usage [5]. 

 
µavg= a-bx+c+d∙(x-200) ( 1 ) 

 
Table 1 gives an overview and description of the re-

gression parameters of Equation (1).  
 

Table 1 Explanation of regression parameters. 
Parameter Description of 
x Number of cycles 
a Friction level at end of test 
-bx+c Increase of friction at begin of test 
d∙(x-200) Slope in quasi linear section 

 
As the significance of the term -bx+c is limited, pur-

suing characteristic values to describe changes of coeffi-
cient of friction at the beginning of the lifetime have been 
elaborated. When the term -bx+c diverges to zero, the fric-
tion curve segues into its linear section. The number of 
cycles run before the friction curve changes to linear 
characteristic is described by the value xlin. The change 
of coefficient of friction from the beginning of the life-
time to cycle xlin is expressed by the characteristic value 
∆µstart. Figure 5 visualizes the characteristic values xlin 
and ∆µstart. 

Requirements for a safe and comfortable actuation 
of the clutch are small changes in friction behavior and 
therefore low levels for the characteristic values xlin and 
∆µstart. 

 
Figure 5 Change of friction coefficient during running-

in with characteristic values xlin and ∆µstart 
 

5. SUMMARY 
Wet multi-plate clutches show distinct changes in 

friction level and progression due to running-in processes 
at the beginning of the lifetime. The more pronounced 
these changes in friction behavior, the more challenging 
a safe and comfortable actuation of a clutch can be. 
Therefore, it is important to be able to systematically in-
vestigate and characterize the running-in behavior of wet 
multi-plate clutches. A test method has been introduced 
to investigate the running-in behavior on the component 
test rig ZF/KLP-260. Characteristic values for character-
ization and quantification of the running-in behavior 
have been elaborated by regression analysis. 
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ABSTRACT – Molecular dynamics simulation are used 
to analyze the dynamics of anti-copper-corrosion 
additives and the mechanism of adsorption onto the 
surface of copper and prevent corrosion. We use 
molecular dynamics simulation which involves chemical 
reaction to analyze the dynamics of adsorption and the 
properties of the surface structure of the ensemble of 
additive molecules on the copper. Orientation of the 
additives on the surface is discussed.  
 
1. INTRODUCTION 

Newly formed metal surface is usually unstable and 
becomes stable when it is terminated with another 
molecule, but the original physical properties may be 
diminished when it is covered with oxygen or gasses in 
atmosphere. Anti-copper-corrosion additives adsorb onto 
the surface of cupper and it is used in order to prevent this 
phenomenon and maintain copper`s properties.  There are 
few molecular findings about anti-copper-corrosion 
additive, however, and the mechanism of adsorption onto 
the surface of cupper and how they prevent corrosion. 
Recently, real-time instrumentation technique using 
Otto-SPR was proposed, and it is getting possible to 
observe how additives adsorb onto the surface in 
molecular level. In this paper, we use molecular 
dynamics (MD) simulation which involves chemical 
reaction to study the mechanism of the adsorption. 
Benzotriazole C6H5N3 (BTA) is one of the famous anti-
copper-corrosion additive, and BTA are used to prevent 
corrosion and discoloration of copper and copper alloy 
for a long time. The mechanism is considered as 
following. The hydrogen atom in imino radical (>C=NH) 
of BTA reacts with surface of copper and makes 
monolayer, then this formation of monolayer is assumed 
to be crucial to prevent corrosion and discoloration. Since 
the chemical interaction is dominant, quantum 
calculation is used to analyze the adsorbed additives [1, 
2]. In this study we used MD so that ensemble of 
adsorbed molecules can be discussed. 

 
2. METHODOLOGY 

In this study, we simulate and visualize the 
adsorption process of BTA onto the surface of copper 
oxide (CuO) using MD and analyze the properties of 
adsorbed layer. Under a given condition, the atoms move 
toward the distribution in thermal equilibrium from 

solving equation of motion about a lot of atom system. 
As potential function of interacting force, we use Reax 
Force Field (ReaxFF) potential. ReaxFF potential is able 
to represent formation and cleavage of bonds, because 
the parameter comes from quantum chemical calculation. 
In addition, ReaxFF potential is compatible with a lot of 
elements. To calculate the system of copper and anti-
copper-corrosion additive, we use molecular dynamics 
calculations software LAMMPS (Large-scale 
Atomic/Molecular Massively Parallel Simulator). 
LAMMS is an open source that is good at efficient 
execution of time integral execution and highly diverse 
in parallel computer.  

To represent anti-copper-corrosion additive`s 
adsorb onto the surface of cupper, we modeled anti-
copper-corrosion additive and copper at first. Then 
stabilize each molecule with ReaxFF potential. Next, we 
preform MD calculation with anti-copper-corrosion 
additive and copper in same space. For anti-copper-
corrosion additive, we dispose 20 BTA molecules in a 
random order. The initial state of the model is shown in 
Fig. 1. In order to analyze properties of formulation of 
monolayer made from anti-copper-corrosion additive`s 
adsorb, we focused on orientation of BTA molecules and 
calculate order parameter function f defined by the 
equation (1). 

f =  3<cos2 θ> −1
2

 (1) 

Where θis an angle between focused axis and vertical 
vector from BTA molecule`s surface and <> denote the 
statistical average. When BTA molecule is non-oriented, 
coefficient of orientation < cos2 θ >  will be 1/3 as a 
statistical average. If copper`s surface and BTA 
molecule`s surface is verticality (a), θ will be 0°or 180°, 
thus < cos2 θ > will be 1. And if copper`s surface and 
BTA molecule`s surface is parallel (b), θ will be 90°or 
270°, thus < cos2 θ > will be 0. Therefore, if copper`s 
surface and BTA molecule`s surface is verticality 
oriented, coefficient of orientation f will be 1, if BTA 
molecule is non-oriented, it will be 0, and if copper`s 
surface and BTA molecule`s surface is parallel, it will be 
0, respectively. Thereby the smaller the value is, the more 
copper`s surface and BTA molecule`s surface become 
verticality. 
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3. RESULT OF SIMULATION 
From initial state shown by Figure 1, we simulate 

the diffusion of BTA molecules onto the surface of copper. 
 

 
Figure 1 Initial placement of BTA molecules for the MD 

simulation. 
 

The setup condition of temperature is set to 300 K, 
time step size is 0.1fs, and number of steps is 2,000,000 
respectively. Figure 2 shows the way of BTA molecule`s 
adsorb onto the surface of cupper. Properties of BTA 
molecule`s adsorb takes 3 main patterns. First pattern, 
BTA molecule adsorbs onto the surface of cupper by 
alone. Second pattern, at first form a group of BTA 
molecule then adsorbs onto the surface of cupper. Third 
pattern, at first each BTA molecule adsorb onto the 
surface then form a group. In addition to these properties, 
after adsorb onto the surface of copper BTA molecules do 
not stay on the place, they adsorb but move on the surface 
and many of it gets together.  Details of the simulation 
are informed in the presentation. 

 

 
Figure 2 Snapshots obtained from the MD simulation. 

 
4. ANALYSIS OF ADSORBED MOLECULES 

Properties of anti-copper-corrosion additive BTA 
molecule`s adsorption from the trajectories come out of 
the simulation. Focus on the last step of BTA molecules, 
BTA molecules that adhere to copper`s surface make 
layer in parallel. In order to analyze this property, we 
compare molecules that adsorb onto copper`s surface by 
alone and molecules that form a group. To compare these 
things, we calculate average of the coefficient of 
orientation. The number of samples are 3 molecules 

which are in the pattern adsorb by alone (Figure 3), and 
11 molecules in the pattern form a group (Figure 4). 
Average of coefficient of orientation before BTA 
molecules adsorb are near 0 in both case, so orientation 
of molecules is in random structure. In pattern BTA 
molecules that adsorb by alone (Figure 3), increase of the 
number of molecules that`s orientation is parallel as 
molecules adsorb. Therefore, coefficient of orientation f 
becomes negative value and this result is different from 
the result calculated by density functional theory [1,2]. 
Whereas in pattern BTA molecules that adsorb by group 
(Figure 4), coefficient of orientation f does not become 
negative value. For this result, it is thought of as only few 
molecules adsorb onto copper`s surface directly. 

 

 
Figure 3 Time development of orientation function 

calculated from simple adsorbed molecules. 
 

 
Figure 4 Time development of orientation function 

calculated from molecules adsorbed by lumps. 
 

5. CONCLUSION 
We analyzed the properties of BTA molecule one of 

the anti-copper-corrosion additive adsorb onto copper`s 
surface by molecular dynamics using reaxFF. In this 
research we simulated the oxidized copper (CuO) and 
BTA molecules one of the anti-copper-corrosion additive. 
BTA molecules have a property that adsorb onto copper`s 
surface and make layer in parallel. BTA molecules which 
adsorbs by alone, it makes surface diffusion on oxide 
copper and some of it gets together.  
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ABSTRACT – The impact fretting wear of austenitic 
stainless steel was investigated with alumina balls as the 
counter materials on an impact fretting test rig in which 
the surface potential is controlled. The wear depth at 
OCP (Open Circuit Potential) was severer than that at 
cathode potentials (-1000 and -1200 mV vs. SCE), it 
often increased with non-contact time. This suggested 
that the fresh surface generated by contact significantly 
affected wear.  
 
1. INTRODUCTION 

The 304 austenitic stainless steel is widely used in 
nuclear reactors, hydraulic reciprocating pumps and 
many mechanical elements for its high corrosion 
resistance [1-2]. However, the severe wear at contact 
point occurs from time to time, leading to the reduced 
life-time. 

In this research, to investigate the wear properties 
of the nuclear reactor, we used an impact fretting test rig 
to mimic the real contact in nuclear reactors. A 
potentiometer is equipped to monitor the electro-
chemical potential on the specimen surfaces in corrosive 
solutions. This paper describes the impact fretting 
corrosive wear experiment of 304 austenitic stainless 
steel against alumina. 
 
2. EXPERIMENTAL 

The schematic diagram of the impact fretting test 
rig developed in this study is shown in Figure 1. The 
upper ball specimen was fixed at the end of the vertical 
shaft with resin cap oscillating in the Z direction. The 
Al2O3 ball (φ6.4mm, Ra:0.1 m, HV:1800) was used to 
avoid an electrical contact. The lower specimen of 304 
stainless steel pin (φ:10mm, Ra:0.02-0.05 m, HV:220) 
was fixed on the horizontal stage oscillating in the X 
direction. Both X and Z motions were controlled by 
piezo actuators, respectively. The X direction motion 
was measured by an eddy current transducer. The 
impact force and tangential force were measured with 
load cell. 

Experimental conditions are listed in Table 1. In 
this paper, to clarify the effect of corrosion in impact 
fretting wear, the interval time for each collision was 
controlled (Figure 2), the non-contact time per an 
impact change accordingly. In the impact fretting test, 
the exposed fresh surface surely comes into contact with 
the solution. Therefore, it is considered that the wear 
characteristics are significantly affected by the duration 
time of the non-contact state. 
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Figure 1 Schematic diagram of the impact fretting test 

rig. 
 

Table 1 Experimental conditions for impact fretting test. 
Impact load, N  3 
Amplitude in X dir., Pm  50 
Interval time, ms 
Frequency in X dir., Hz 

0, 20, 50, 100, 200, 1000 
10, 25, 50 

Temperature, °C 30 
Solution 
Potential (vs. SCE), mV 

Na2SO4 aq. 0.1mol/L 
-1200, -1000, OCP 

Number of cycles 50000 
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Figure 2 Measurement of displacement in X dir. and 

contact force in Z dir. (Impact load: 3N, Amp. in X dir.: 
50Pm, Frequency in X dir.: 10Hz, Interval time: 200ms). 
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3. RESULTS AND DISCUSSION 
The typical results of impact-fretting wear are 

shown in Fig. 3. At 10 Hz and at 25 Hz in X direction 
oscillation frequencies, the wear increases with the 
oxidation time at OCP (Open circuit potential). The high 
wear of OCP is due to the mechanical wear which 
exposes the fresh surface to the solution leading to the 
continuous corrosion reaction and anodic dissolution. 
Also, the wear depends on non-contact time, so the wear 
progressed by repeating the cycle of passivation and de-
passivation. On the other hand, the wear in cathodic 
potentials such as -1200mV or -1000mV (vs. SCE) is 
negligible small (less than 0.5Pm), and also is 
independent of the oxidation time. The corrosion 
reaction on the wear surface was inhibited at the 
cathode potential. Therefore, these results indicate that 
the corrosion effect of fresh surface is dominant in 
impact-fretting wear at OCP in this study. However, at a 
frequency of 50Hz and a non-contact time over 50ms, 
the wear was lower than the ones of other frequencies, 
also the effect of non-contact time was very slight. 

Figure 4 shows the surface potential of stainless 
steel in the impact fretting test. After cathodic treatment 
at -1500 mV, it is switched to the OCP, the passivation 
progresses and the surface potential increases. When the 
wear test started, the potential dropped rapidly, this drop 
suggests that the polarization was caused by the 
exposure of the fresh surface. After then, the potential 
recovered immediately at the end of test. Hence, this 
curve can qualitatively represent the electro-chemical 
state of the specimen surface. Figure 5 summarizes the 
average value of the surface potential during the wear 
test. These potentials at 25 and 50 Hz tends to increase 
with non-contact time. It means that the polarization 
level on wear decreases with increasing non-contact 
time, this decreasing was caused by a reduction of the 
removal rate of corrosion products by a single impact. 
Generally, the film thickness of the corrosion product 
increases with time. Therefore, this thickness increased 
with the duration time of non-contact, the removal 
efficiency of the corrosion products could be decreased. 
On the other hand, at a frequency of 10 Hz, these 
potentials are relatively lower than the ones of 25 and 
50 Hz, and the high wear was shown at over 100 ms 
(Fig. 3). These results could be suggested the effect of 
the squeezing film due to oscillation in the Z direction. 
The real contact area of the wear surface decreased with 
the increase in the frequency in the Z direction. 

 
4. CONCLUSIONS 

The impact fretting wear tests were performed to 
examine the chemical effect on wear of 304 austenitic 
stainless steel in Na2SO4 solution.  

(a) The wear in cathodic potentials such as -
1200mV or -1000mV (vs. SCE) is negligible 
small (less than 0.5Pm) due to inhibit the 
corrosion reaction. 

(b) At frequencies of 10 and 25 Hz in X direction 
the wear depths increased with the non-contact 
time. 
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Figure 3 Relationships between the maximum wear 

depth and the non-contact time of 304 stainless steels 
against Al2O3 ball in Na2SO4 solution (Temp. at 30˚C, 

Impact load at 3N, Amp. at 50Pm). 
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Figure 4 Surface potential of 304 stainless steel in 

impact fretting wear test (Temp. at 30˚C, Impact load at 
3N, Amp. at 50Pm). 
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ABSTRACT – Companies create maintenance 
schedules, but unpredictable maintenance does occur. 
Therefore, this research was conducted to predict the 
maintenance of a nut manufacturing machine’s punches 
by capturing vibration data through an accelerometer 
and analyzing it. Results of the average sample 
multiscale entropy (MSE) showed indications of 
impending failure for the 4P and 9P punches. For the 4P 
punch, entropy decreased before maintenance. For the 
9P punch, it increased. From the moving average of the 
MSE values, the healthy signal range for both punches 
was 0.05 to 0.063. The results will be valuable to the 
company to alert them of impending failure. 
 
1. INTRODUCTION 

In this fast production age, it is crucial that 
machines are functioning properly. When unexpected 
machine maintenance occurs, deadlines may not be met 
which means loss of money as stated by Orhan et. al [1]. 
So, Y. Wang mentioned to remedy this, machine health 
diagnostics need to be performed [2]. 

As emphasized in predictive maintenance papers, 
the continuous monitoring of the health of machine 
components allows users to see deterioration at early 
and advance stages of damage. Few papers discussed 
predicting maintenance of machines with several 
components, so this research did just that. 

The research aimed to predict maintenance for the 
components in this machine. Due to the large impact on 
the raw material, the punches would break. Maintenance 
would be lengthy as shards would lodge into crevices. 
So, the machine was monitored to see if there was any 
information that could be extracted to alert the company 
as to when to change the punches in the machine. 
 
2. METHODOLOGY 

To capture the vibration, an accelerometer was 
selected as it has been commonly used to predict and 
prevent failures in machine tools as mentioned by 
Senthilkumar et. al [3]. It was fixed as close as possible 
to the five puches and molds of the nut manufacturing 
machine. An imc data acquisition system (DAQ) was 
connected to the accelerometer and captured data at 
50,000 Hz. It was then connected to the computer which 
processed and recorded the signal with FAMOS. 

Afterwards, various signal transformations were 
performed on the data using a signal processing 
software to determine the most efficient method. Some 
transforms used were Fast Fourier Transform (FFT) and 
Multiscale Entropy (MSE). 

2.1  MSE analysis 
The MSE analysis assessed the complexity of the 

time-series data signals. This analysis was used to see if 
there would be a change –either rise or fall- in the MSE 
closer to maintenance. To see the changes, a plot was 
made from the average MSE analysis from the previous 
maintenance to the following maintenance period. 
 
2.2  Five and two-point moving average 

The Five and Two-Point Moving Average was 
performed on the MSE analysis. This was done to find a 
healthy region that the machine’s components operated 
at. If exceeded, it would indicate arising complications. 
 
3. RESULTS AND DISCUSSION 
3.1  MSE Analysis 

For the Sample MSE, the parameters used were 
scale = 100, m= 2, r= 0.15. The MSE was analyzed 
every couple of minutes right after maintenance to the 
following maintenance to see if there was any instability 
closer to maintenance. The average of the MSE was 
taken and plotted. A trend was observed where a drastic 
change in the average sample MSE levels occurred 
before maintenance. As seen in Figure 1 and Figure 2(a), 
the average sample MSE either decreases (4P) or 
increases (9P) drastically. After maintenance in Figure 
2(b), it can be seen that the average sample MSE is 
stable. This was proven to be true for every case. 

 

 
Figure 1 Average sample MSE plot before 9P 

maintenance day 6. 
 

The red block areas are drastic entropy changes 
where when calculated the average time to predict 
failure was 1 hour and 14 minutes. The entropy changed 
at 19:54 for Figure 1 and 15:30 for Figure 2(a) etc. It is 
possible that when the average sample MSE 
significantly changed, there was major damage to the 4P 
or 9P punch. The smaller the entropy change, the minor 
the failure is. For Figure 3, the average sample MSE 
decreased drastically at a specific time. The machine ran 
a little longer before complete 4P failure occurred as 
seen. This confirmed that noticeable average sample 
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MSE changes are indicators for impending failure. 
In the study of Hong et. al [4], abnormalities in a 

battery pack were detected by a significant entropy 
change. Although many entropy changes were seen, not 
all reflected complete cell failure. However, the changes 
led to the failure of the pack. Therefore, although there 
were many changes in the average sample MSE, it did 
not mean that the punches failed entirely. Maybe a crack 
formed or some deformation occurred. The MSE 
changes are still signs of impending maintenance. So, 
they could be an alarm to let the operator know to stop 
the machine and check the health of the components.  

 

 
(a) Before 

 

 
(b) After 

Figure 2 Average sample MSE plot (a) before and (b) 
after 4P maintenance day 10. 

 
One last note is that although the average sample 

MSE decreases and increases with failure, it is 
important to remember that the MSE is taken of the 
entire machine. So, even though one component failed, 
it does not mean that the other components are healthy. 

 
4.5  Five and two-point moving average 

An average five and two-point moving average 
was performed on the average sample MSE. With this 
method, the healthy signal range for the machine’s 4P 
and 9P punches was discovered to be 0.05 to 0.063 
(Figure 4). The range was found by selecting the highest 
and lowest value in the ‘stable’ moving average area 
assigned Upper (UT) and Lower (LT) Threshold, 
respectively. If the moving average exceeds the range, 
the operator would be notified to stop the machine and 
check the health of the components. 

The Five-Point Moving Average was conducted on 
dense average sample MSE plots. The Two-Point 
Moving Average was conducted with 10 points or less. 

 

 
Figure 3 Broken 4P punch before maintenance indicated 

by drop in average sample MSE. 

 
(a) Five-point moving average before maintenance. 

 

 
(b) Two-point moving average after maintenance. 

Figure 4 Five and two-point moving average on average 
sample MSE day 11. 

 
3. CONCLUSIONS 

In this study, the vibration of a five-punch nut 
manufacturing machine was analyzed. The MSE 
technique was most feasible to predict maintenance. The 
graphs showed noticeable changes in the average 
sample MSE indicating that a punch was shifting or 
started to fail. The entropy decreased before 4P 
maintenance and increased for 9P. From the changes, 
the operator may stop the machine and check the status 
of the punches. 

With the Five and Two-point moving average of 
the average sample MSE values, the healthy signal 
range was found to be 0.05 to 0.063. The range is valid 
for both 4P and 9P punches. When the MSE is outside 
of the range, the operator may also stop the machine and 
check the health of the punches. In addition, 
maintenance was able to be predicted approximately 1 
hour and 14 minutes before punch failures. 

This research will ultimately help companies who 
have a machine very similar to this five-punch nut 
manufacturing machine. By executing this method of 
analysis, the results will aid in quicker detection of 
failure and prevent company losses. 
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ABSTRACT – A transition condition from a conformal 
contact to a non-conformal contact is studied. A cylinder-
hole and the Hertz contacts are considered as a conformal 
and a non-conformal contact, respectively. First, the 
theory of the contact between a cylinder and a hole is 
revisited. Its peak traction is compared with the Hertzian 
peak. In the case of contact with elastically similar 
materials, the non-conformal contact can be assumed 
until the angle of contact reaches almost 38% of the 
maximum possible angle of contact if the difference in 
the traction peak is set as 5%. 
 
1. INTRODUCTION 

According to the definition, a conformal contact 
means the size of the contact patch is comparable with 
that of the characteristic dimensions of the contacting 
bodies, whereas, a non-conformal contact is the term 
used when the contact size is assumed to be infinitesimal 
compared with the contacting body sizes [1]. The Hertz 
contact is a typical example of non-conformal contact, 
whereas a cylinder-to-hole contact shows a typical 
conformal contact configuration. 

However, a generic question occurs; when is non-
conformal contact changed to conformal contact? This is 
because a point contact initially takes place when a 
cylinder begins to make contact with a hole. As the force 
increases, the contact size (angle) is enlarged and 
eventually become a certain dimension, which 
constitutes a conformal contact. If the contact is non-
conformal, it is relatively easy to analyse the contact and 
internal stresses because the fundamental assumption of 
the elasticity theory can be well applied (i.e., a far field 
stress is not affected by the stresses of the region of 
interest) [2]. Thus, it is useful to know the transition 
condition between the conformal and non-conformal 
contacts. 

An actual example can be found in the nuclear fuels 
of a sodium cooled fast reactor (SFR). One end of the fuel 
rod is assembled to a support (mounting rail) by a 
cylinder-hole joint as illustrated in figure 1. During 
reactor operation, a sodium coolant flows upwards so a 
fuel rod tends to be lifted together with a buoyancy force 
against the dead weight of the rod. The rods vibrate 
owing to the flow. Reciprocal slipping occurs between 
the fuel rod end cap and mounting rail, which can cause 
wear at the contact surfaces. If the wear becomes severe, 
the rod may escape from the mounting rail which should 
be strictly prohibited for nuclear safety. 

To analyse this kind of wear failure, the first step is 
to know the contact stresses. This work focuses on this 
problem and tries to develop a condition when a 

conformal contact can be assumed as a non-conformal 
contact. For this purpose, a cylinder-to-hole contact is 
used for a conformal configuration, whereas the Hertz 
contact is used for a non-conformal one. Figure 2 
illustrates the geometry of the present conformal contact 
between a cylinder and a hole. 

 

 
Figure 1 Conformal contact configuration of the SFR 

fuel rods. 
 

 
Figure 2 Geometrical model of a cylinder-hole contact. 

 
2. CONFORMAL CONTACT THEORY 

Contact tractions in the case of a cylinder-hole 
contact can be obtained from the following singular 
integro-differential equation [3]. 
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In equations (3) and (4), subscripts 1, 2 designate 
the materials of the cylinder and hole, respectively. The 
superscript, *, distinguishes the plane stress and plane 
strain conditions such that E* = E, ν* = ν in the plane 
stress, and E* = E/(1-ν2), ν* = ν/(1-ν) in the plane strain 
condition (subscripts 1, 2 are omitted here). 

If we assume the materials of the cylinder and hole 
are the same, the normalized contact normal traction can 
be derived as follows. 

 

� � � � � �

� � .
1

1
log

12

1

11

2

222

222

22

2

22

2

»
»

¼

º

«
«

¬

ª

���

���

�

�
�

�

�
   

ybb

ybb

bb

y

yb

bP
pR

P
ypRyf

S

S

I

 (5) 

 
The half contact angle, ϕc, is obtained from b (see 

equation (3)), which is evaluated from the following 
equation. 
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On the other hand, the contact normal traction can 

be derived as follows if the contact traction is the 
Hertzian. 
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3. CONDITION FROM THE CONFORMAL TO 

NON-CONFORMAL CONTACTS 
f(y) in equation (5) has a semi-elliptical shape just 

like the Hertzian profile of equation (8). Therefore, the 
peak values of f(y) in equations (5) and (8) are to be 
compared to find a condition in which the conformal 
contact traction can be assumed as the non-conformal 
contact (i.e., the Hertzian) traction. The result is given in 
figure 3. In this work, it is accepted that the conformal 
contact can be regarded as the non-conformal one when 
the difference in their peak stresses is less than 5%. As a 
result, this condition takes place when ϕc ≤ 35.57°, which 
is also depicted with a vertical line in figure 3. 

On the other hand, it is easy to know that ϕc depends 
on the elastic modulus (E), the difference in the radii of 
the cylinder and hole (ΔR) and contact force (P). Thus, it 
is meaningful from an engineering viewpoint to have a 
relationship between those parameters within the range 
of 0° ≤ ϕc ≤ 35° where the non-conformal contact can be 
assumed. 

This result is provided in figure 4. It is found that 
the contact angle decreases when E and/or ΔR increase 
and/or P decrease, which is logical. When ϕc = 1° and 35°, 
E*ΔR/P = 8358.22 and 5.49. E*ΔR/P dramatically 
decreases until ϕc increases up to 10°. Beyond that, the 

influence of E*ΔR/P on ϕc is considerable. As an example, 
if the material of the cylinder and hole is type 304 
stainless steel (E = 193 GPa, ν = 0.29) and ΔR = 1 mm, 
the transition from the non-conformal to conformal 
condition takes place when P > 38.38 kN (plane strain 
case). Similar calculations can be done for engineering 
purposes. 

 

 
Figure 3 Ratio of the difference in the contact traction 

peak. 
 

 
Figure 4 Relationship between E*ΔR/P and ϕc. 

 
4. SUMMARY 

The condition of assuming a conformal contact to 
be non-conformal is investigated using a cylinder-hole 
contact geometry and the peak of the normal traction. The 
non-conformal contact can be assumed when the contact 
angle between the cylinder and hole of elastically similar 
materials is less than around 70°. This is unexpectedly 
large because it is almost 40% of 180°, which is the 
maximum angle of contact for this contact configuration. 
The influence of the elastic modulus, radii difference and 
contact force (i.e., E*ΔR/P) on the contact angle is 
considerable especially when the contact angle is within 
the range of 20°-70°. 
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ABSTRACT – The aim of the paper is to approach the 
study of wear on a metallic surface in the case of dry 
linear contact, plastic reinforced with SGF on surfaces of 
alloyed steel, C120 and Rp3, through the method of 
artificial neural networks. This is because wear processes 
involve very complex and powerfully nonlinear 
phenomena, and analytic models are difficult or 
impossible to obtain. This is also necessary due to the 
multiple inputs (normal load, contact pressure, sliding 
speed, measured contact temperature, materials 
properties) and outputs (width and depth of the wear scar, 
contact temperature) which influence each other 
continually. 
 
1. INTRODUCTION 

The paper presents the approach to modelling a 
dependency between the various variables of interest 
involved in the friction process, using advanced 
statistical and optimisation algorithms on a dataset 
obtained from hardware simulation. The subject draws a 
growing interest from the research community with the 
advent of highly advanced, intelligent classification, 
optimisation and regression algorithms. 

Abouelatta [1] refers in his paper to the prediction 
of processing and the surface roughness using artificial 
neural networks. The surface roughness is considered one 
of the specified customer requirements in processing. For 
the efficient use of machine-tools, it is necessary to select 
the manufacturing process and determine the optimum 
cutting parameters. The experimental data collected from 
tests were used as input parameters of a neural network, 
to identify the sensitivity during processing operations, 
cutting parameters and surface roughness. 
 
2. MATERIALS AND METHODS 

Wear performance of the two steel alloys, C120 and 
Rp3 has been previously studied in the case of linear dry 
contact with each polymer (polyamide and 
polycarbonate) reinforced with different percentages of 
short glass fibres (SGF). The functional diagram of the 
friction couple is presented in L. Căpitanu et al., [2], 
where it looks the linear contact. The friction couple 
comprises a cylindrical plastic liner and a flat polished 
steel hardened sample.  
  
2.1.  Analytical method 

The wear scar occurs by penetration of the 
cylindrical liner, under the influence of the normal load, 
in the flat sample material. In theory, the holding the liner 
is considered as rigid and relatively small in view of the 
backside imprint, so it can be considered as made up of a 

sum of cylinder areas of the length equal to p. The radius 
r can’t be found in the couples plastic / metal, with the 
radius of the cylindrical liner. This is due to elastic 
deformation of the liner under load, which aims at 
increasing its radius in the contact area. This is illustrated 
schematically in [1]. Noting the non-deformed sleeve 
radius r1 and the radius r2 - deformed under load, shown 
that r2  > r1. They were considered the following three 
polymers:  

A. Nylonplast AVE Polyamide + 30% glass fibres; 
E2A = 40.25 MPa.  

B. Noryl Polyamide + 20% glass fibres; E2B = 31.76 
MPa.  

C. Lexan Polycarbonate + 20% glass fibres; E2C = 
42.08 MPa. 

Numerical values were determined by the elasticity 
modules (E) listed above, and the deformed liner radii 
(r2), imposing pmax is provided as 𝑝𝑚𝑎𝑥 < 0.5 𝐻, where 
H is the Brinell hardness for the plastic liner is enough, 
so it will not be crushed. The approximate depth of the 
wear scar is calculated with the relation: 

h ≈ l2/ 8r2  (1) 
 
The imposed condition has allowed to establish the 

following values of the maximum contact pressure of the 
dry linear couplings contact, in the case of three plastic 
materials (A, B, C) reinforced with SGF, the 5 normal 
loads (contact pressures), indexes 1 to 5 of notations of 
the pressures that have been subjected to tests, for each 
of the 7 relative sliding speeds used (18.56; 27.85; 37.13; 
46.41; 55.70, 111.4 and 153.57 cm/s): 
pA1 = 16.3 MPa; pA2 = 23.5 MPa; pA3 = 28.2 MPa; pA4 = 

32.6 MPa; pA5 = 36.4 MPa; 
pB1 = 12.3 MPa; pB2 = 17.4 MPa; pB3 = 21.4 MPa; pB4 = 

24.6 MPa; pB5 = 27.6 MPa; 
pC1 = 16.9 MPa; pC2 = 23.9 MPa: pC3 = 29.3 MPa; pC4 = 

33.8 MPa; pC5 = 37.8 MPa. 
 

After inspecting and measuring the wear scars of 
metal surfaces, the widths (l) of each wear scar were 
measured, their volume was calculated (the amount of 
material lost through wear) and were traced their 
variation curves depending on applied load (contact 
pressure), the relative speed of sliding contact with the 
temperature specification of the optical image and 
presentation of the scar. This quantitative-qualitative 
assessment was presented in [2]. All tests took place for 
60 minutes, so that the calculated wear volumes are 
actually wear rates. 
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2.2.  ANN method 
The data was obtained through experiments run on 

friction couples with linear contact using three different 
types of polymers on two different types of steel variants. 
Aside from alternating the materials used, the speed and 
pressure applied to them were varied under the same 
operating conditions. This was done with regard to the 
particulars of each material combination and levels of 
speed and pressure. 

The code for the various optimisations was 
developed in Octave for plotting and most of the fitting 
problems, while Matlab was used for the graphical neural 
network tool. While the figures provide a good overview 
of the models’ behaviour, they fail to give an analytical 
measure of model performance. For this, two metrics are 
used, both of which give a numerical measure of the 
error: the mean square error (MSE) and the mean 
absolute error (MAE). Since these are metrics for the 
error of the model, lower values correlate to better 
performance. The mathematical expressions are shown 
below: 

𝑀𝑆𝐸 =
1
𝑛

∑ (𝑋𝑖 ∗ 𝜃 − 𝑌𝑖)2

𝑖=1..𝑛

 
 

(2) 

𝑀𝐴𝐸 =
1
𝑛

∑ |𝑋𝑖 ∗ 𝜃 − 𝑌𝑖|
𝑖=1..𝑛

 
(3) 

The approach is divided into two applications, 
whereby the first application takes the wear depth and 
wear volume as dependent on speed and pressure, 
without considering the material differences, and the 
second application investigates the wear depth, wear 
volume, friction coefficient and temperature as 
dependent variables upon speed, pressure. 

 
2.3 The multivariate learning application 

The first step is to plot the available data and pre-
process any necessary alterations. For the first dependent 
variable group, the data points resulting from running the 
experiment with a speed of above 60 cm/s were 
eliminated, since those were only relevant for a minority 
of the obtained samples. The outliers can also be 
identified plotting the data, as can be seen in Figures 1 
and 2, some data points, marked in red, are noticeably 
removed from the main cloud of points.  

 

 
Figure 1 Wear depth experimental data with highlighted 

outliers. 
 
For each dependent variable, the prediction is a dot-

product of the independent variable values and its 
respective theta vector. The linear regression coefficients 

show the relative influence a certain independent variable 
has on the prediction of a dependent variable. 

 

 
Figure 2 Wear volume experimental data with 

highlighted outliers. 
 
The intercept term is a baseline starting point for the 

prediction and models and aggregation of all other factors 
not considered and the inherent randomness of the model. 
For the second, more complex, optimisation problem, 
which models the wear depth, volume, friction 
coefficient and temperature dependent on speed, pressure 
and eight material characteristics, the metric results were 
calculated. 

 
3. DISCUSSION AND CONCLUSION 

As the experimental data shows, the single-output 
neural networks clearly and significantly outperform 
linear regression for all metrics in the second series. This 
is because of the far more non-linear behaviour of the 
data set, as opposed to the first series, which makes it 
more difficult for a linear model to obtain a good fit of 
the data. The multi-output neural network fares worse in 
every category, save for the dependent variable of 
temperature. This is because if strives to find the best 
possible solution for predicting all the dependent 
variables at once. Based on the very non-linear nature of 
the last dependent variable, the optimum found makes 
significant concessions in the performance for the other 
three variables.  

The superior performance of the individual neural 
networks is clear both in the metrics and even in the 
visual plots. It is these functions that will be further 
improved through the addition of more data, as it 
becomes available, and will be used to predict the future 
behaviour of the experiment. The paper presents the 
proposed methods, models and algorithms for obtaining 
a relation, be it explicit or implicit, between various 
variables of interest found in the tribological process. To 
that end, a number of options were explored for each tier 
of the overall modelling process.  
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ABSTRACT – This study statistically analyzes the 
tribological properties of AA6061-10 wt. % B4C mono 
composite and AA6061-10 wt. % B4C-7.5 wt. % MoS2 
hybrid composite. The ANOVA analysis of the wear rate 
revealed that the three factors A (MoS2 particles addition, 
wt. %), B (applied load, N), and D (sliding distance, m) 
presented the physical and statistical significance on the 
wear rate. The ANOVA analysis of the friction coefficient 
revealed that the factors B (applied load, N) and C 
(sliding speed, m/s) and interaction AB (interaction of 
MoS2 particles addition in wt. % and applied load in N) 
presented the physical and statistical significance on the 
friction coefficient. 
 
1. INTRODUCTION 

Aluminum MMCs (AMMCs) reinforced with 
ceramic particles exhibited higher wear resistance 
compared to the wear resistance of unreinforced 
aluminum alloys [1]. However, hybrid AMMCs 
reinforced with both solid lubricant and ceramic particles 
exhibited anti-seizure and wear resistance properties. 
Literature makes it clear that the solid lubricant addition 
and the variation in their concentration influence the 
tribological behavior of the composites [2,3]. Also, 
studies on hybrid composites reinforced with B4C 
particles (as ceramic phase) are limited. Furthermore, 
studies on statistical analysis of the tribological behavior 
of Al-B4C-MoS2 hybrid composites are lacking. Hence, 
in the present study, the tribological behavior of AA6061-
10 wt. % B4C and AA6061-10 wt. % B4C-7.5 wt. % MoS2 
composites are statistically analyzed to understand the 
statistical significance of different tribo-test parameters 
and MoS2 particles addition on the wear rate and friction 
coefficient.  

 
2. EXPERIMENTATION SCHEME 

The AA6061-10 wt. % B4C mono composite and 
AA6061-10 wt. % B4C-7.5 wt. % MoS2 hybrid composite 
were fabricated using stir casting technique. FFD (full 
factorial design) was used to carry out the tribological 
experiments. The MoS2 particles addition (factor A), 
applied load (factor B), sliding speed (factor C), and 
sliding distance (factor D) were varied for two levels of 
0 and 7.5 wt. %, 10 and 50 N, 0.5 and 2.5 m/s, and 200 
and 1000 m, respectively. The four factors (A, B, C, and 
D) were varied for two levels which constitute 24 FFD. 
The track radius was kept constant throughout the tests 
(150 mm). The composite pins were tested against the EN 
31 bearing steel disk using a pin-on-disc tribo-tester as 
per ASTM G99-05 standard. The wear rate, W (mg/m) 

was obtained using the formula W=δW/S where δW is 
the weight difference of the pin before and after the test 
in mg and S is the sliding distance in m. The coefficient 
of friction was computed as the ratio of tangential friction 
force to the applied normal force.  
 
3. RESULTS AND DISCUSSION 

The responses (wear rate and friction coefficient) 
obtained by performing the wear tests as per the 
experimental scheme are tabulated in Table 1. 

 
Table 1 Experimental scheme and responses. 

A B C D Wear rate 
(mg/m) 

Friction 
coefficient 

7.5 10 0.5 200 0.00317 0.409 
0.0 50 2.5 200 0.00567 0.412 
0.0 10 0.5 200 0.00433 0.401 
0.0 10 0.5 1000 0.00767 0.418 
0.0 10 2.5 200 0.00350 0.332 
7.5 50 0.5 1000 0.00900 0.449 
0.0 50 2.5 1000 0.01183 0.448 
7.5 10 2.5 1000 0.00500 0.416 
7.5 50 2.5 1000 0.01017 0.392 
0.0 10 2.5 1000 0.00883 0.404 
7.5 10 0.5 1000 0.00833 0.413 
7.5 50 2.5 200 0.00550 0.403 
7.5 10 2.5 200 0.00233 0.409 
7.5 50 0.5 200 0.00433 0.419 
0.0 50 0.5 1000 0.01283 0.487 
0.0 50 0.5 200 0.00600 0.507 

 
ANOVA is used to observe the effect of factors and 

the effect of interaction of factors on the responses. 
Tables 2 and 3 show the ANOVA of the wear rate and the 
friction coefficient, respectively. The level of 
significance (α) was selected as 0.05. Tables 2 and 3 show 
the standard error of the regression (S), R-Squared (R-
Sq), adjusted R-Squared (R-Sq (adj)), source, degree of 
freedom (DF), sequential sum of squares (Seq SS), 
adjusted mean squares (Adj MS), F-ratio (F), and 
percentage of contribution P (%). The percentage of 
contribution was calculated with the formula, P (%) = 
(Seq SSF/Seq SST) x 100 where Seq SSF is the sequential 
sum of squares of the factors or the interactions and Seq 
SST is the total sum of squares. The factors and 
interactions having higher P (%) values than the P (%) 
value of error is considered as statistically and physically 
significant [4].
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Table 2 ANOVA of wear rate. 
Source DF Seq SS Adj MS F P (%) 
A 1 0.1E-4 0.1E-4 7.11 6.75 
B 1 0.31E-4 0.31E-4 21.24 20.94 
C 1 0.1E-5 0.1E-5 0.35 0.67 
D 1 0.94E-4 0.94E-4 65.15 63.51 
AB 1 0 0 0.14 0 
AC 1 0 0 0.03 0 
AD 1 0.1E-5 0.1E-5 0.87 0.67 
BC 1 0.1E-5 0.1E-5 1.02 0.67 
BD 1 0.2E-5 0.2E-5 1.47 1.35 
CD 1 0 0 0.06 0 
Error 5 0.7E-5 0.1E-5  4.72 
Total 15 0.148E-3    
S = 0.0012, R-Sq = 95.12 %, & R-Sq (adj) = 85.36 % 

 
Table 3 ANOVA of friction coefficient. 

Source DF Seq SS Adj MS F P (%) 
A 1 0.000613 0.000613 1.47 2.60 
B 1 0.006202 0.006202 14.92 26.39 
C 1 0.005148 0.005148 12.38 21.91 
D 1 0.001139 0.001139 2.74 4.84 
AB 1 0.005006 0.005006 12.04 21.30 
AC 1 0.001351 0.001351 3.25 5.75 
AD 1 0.000352 0.000352 0.85 1.49 
BC 1 0.001008 0.001008 2.42 4.29 
BD 1 0.000264 0.000264 0.64 1.12 
CD 1 0.000333 0.000333 0.80 1.41 
Error 5 0.002079 0.000416  8.84 
Total 15 0.023493    
S = 0.0203, R-Sq = 91.15 %, & R-Sq (adj) = 73.45 % 
 

It is observed from Table 2 that the P (%) values of 
the factors A (6.75 %), B (20.94 %), and D (63.51 %) are 
higher than the P (%) value of the error (4.72 %). The P 
(%) value of factor C and the P (%) values of all 
interactions are lower than the P (%) value of the error. 
Hence, the factors A, B, and D are statistically and 
physically significant as their P (%) values are higher 
than the P (%) value of the error. These factors (A, B, and 
D) presented the statistical and physical significance on 
the wear rate. Factor C and all the interactions are not 
statistically and physically significant to influence the 
wear rate. Furthermore, the factor D that has the highest 
P (%) value of 63.51 % provided the strongest statistical 
and physical significance on the wear rate. In the case of 
friction coefficient, Table 3 shows that the P (%) values 
of factors B (26.39 %) and C (21.91 %) and interaction 
AB (21.30 %) are higher than the P (%) value of the error 
(8.84 %). Hence, the factors B and C and the interaction 
AB are taken as statistically and physically significant. 
Meanwhile, the P (%) value of factor D and the P (%) 
values of all the other interactions are less than that of the 
error. Hence, it is evident that the factors B and C and the 
interaction AB presented the statistical and physical 
significance on the friction coefficient. Furthermore, the 
factor B with its highest P (%) value of 26.39 % provided 
the strongest statistical and physical significance on the 
friction coefficient. It is understood from Tables 2 and 3 

that the R-Sq values are more than 90 %. Therefore, it is 
clear that the linear model explains more than 90 % of the 
variability in the responses. Also, the S values are low 
which indicate that the distance between the observed 
values and fitted values are small.  

The interaction plot shows the effect of interaction 
of factors on the response. The continuous and dotted 
lines in Figure 1 represent the mean of the friction 
coefficient of the mono and hybrid composites 
respectively. The friction coefficient increased with 
increase in applied load (factor B) for both the mono and 
hybrid composites. However, in the case of hybrid 
composites, the MoS2 particles (factor A) reduced the 
degree of increase of the friction coefficient. Hence, it is 
clear that factor A also influenced the response. This 
phenomenon (influence of the factors A and B on the 
friction coefficient) is suggestive of the interaction 
between the factors A and B.  
 

 
Figure 1 Interaction plot of friction coefficient. 
  

4. CONCLUSIONS 
ANOVA analysis of the wear rate revealed that the 

factors A (MoS2 particles addition, wt. %), B (applied 
load, N), and D (sliding distance, m) presented physical 
and statistical significance on the wear rate. In the case of 
friction coefficient, statistically and physically 
significant interaction existed among the factors A and B 
as revealed by the interaction plot.  
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ABSTRACT – In this study, the effect of material types 
of counter parts on friction properties of chlorine-doped 
amorphous carbon films were investigated. Chlorine-
doped amorphous carbon films were deposited using 
plasma-based ion implantation and deposition system 
with tetrachloroethylene as precursor. During sliding 
test with steel and ceramics counter parts, we confirmed 
that chlorine-doped amorphous carbon films indicated 
different friction behavior depending on material types 
of counter parts, and the tribofilms, which formed via a 
tribochemical reaction during sliding, were different. 
We report about the friction properties of chlorine-
doped amorphous carbon films sliding against high 
chromium bearing steel, SiC, and Al2O3. 
 
1. INTRODUCTION 

Amorphous carbon films are generally composed 
of sp2- and sp3- hybridized orbitals of carbon and 
hydrogen. In recent years, amorphous carbon films have 
attracted attention in research and industry due to their 
superior properties, such as optical properties, corrosion 
resistance, chemical inertness and biocompatibility. In 
particular, amorphous carbon films have extraordinary 
wear and friction properties, and they have contributed 
to drastic improvement of the tribological properties of 
gears, cutting tools, and machine parts and so on. In 
recent years, new methods for improving the frictional 
properties of amorphous carbon films have been 
demanded in various industrial fields. Many efforts to 
improve the frictional properties of amorphous carbon 
films, for example, doping with different elements have 
been reported. In our previous study, chlorine-doped 
amorphous carbon films and its tribological properties 
against aluminium alloy were discussed [1,2]. From the 
results of experiments, we confirmed that the chlorine-
doped amorphous carbon films show lower friction 
coefficient and higher wear resistance compared with 
hydrogenated amorphous carbon films. We concluded 
that the improvement of friction properties of these 
films was achieved by formation of tribofilm of 
aluminium chloride hydrate.   

The aim of this study is to survey the effect of 
counter parts on friction properties of chlorine-doped 
amorphous carbon films. We report about friction 
properties and its friction mechanism of chlorine-doped 
amorphous carbon films sliding against high chromium 
bearing steel, silicon carbide (SiC) and alumina (Al2O3). 

 

2. METHODOLOGY 
2.1 Amorphous carbon deposition 
 The hydrogenated amorphous carbon films and 
chlorine-doped amorphous carbon films were deposited 
on aluminium alloy (ISO-AlMg1SiCu) disk via plasma-
based ion implantation and deposition (PBII&D) 
method. In this method, the substrate itself is used as an 
RF antenna and a high-frequency power supply 
generates a plasma from the source gas around the 
substrate; then a negative charge is applied to the 
substrate. The films are deposited by chemical reaction 
and ion implantation to substrate surface. This method 
has various advantages; for example, it is possible to 
form a uniform film on a complex surface at deposition 
temperatures of less than 473 K. Prior to film 
deposition, all substrates were cleaned by Ar 
bombardment to remove contaminants and activate the 
surface. A hydrogenated amorphous carbon films were 
deposited using toluene (C6H5CH3) gas, while the 
chlorine-doped amorphous carbon films were deposited 
using two different gases, a mixture of toluene and 
tetrachloroethylene (C6H5CH3 + C2Cl4) or pure C2Cl4. In 
the deposition using mixture gas, we changed gas flow 
ratio of C6H5CH3 and C2Cl4 to control chlorine contents 
Cl/(C+Cl) inside of the films. (1) 

 
2.2   Sliding test 

Reciprocating-type ball-on-disk sliding tester was 
employed to perform friction tests. Various type balls 
such as Al2O3, SiC, and high chromium bearing steel 
(100Cr6), with a diameter of 6 mm was used as the 
counter parts. The applied load, sliding speed, sliding 
distance, and total number of sliding cycles were 5 N, 
20 mm/s, 10 mm, and 2000 cycles, respectively. The 
sliding tests were performed under non-lubricated 
conditions in air at a temperature of 20 ± 2 ºC and a 
relative humidity of 50 ± 5%.  

 
2.3   Surface analysis after sliding test 

Time-of-flight secondary ion mass spectroscopy 
(TOF-SIMS) was used to investigate the presence of 
compounds on the wear track of the chlorine-doped 
amorphous carbon films to determine the type of 
tribofilm at the sliding interface. In TOF-SIMS 
measurements, we analysed in mass resolution mode 
using Ga+ ions as the ion source. Spot size was 100 μm 
square. 
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3. RESULTS AND DISCUSSION 
Figure 1 show results of sliding tests using each 

counter parts. In case of Al2O3, friction coefficient of 
chlorine-doped amorphous carbon films indicated lower 
value compared with that of hydrogenated amorphous 
carbon films. However, further reduction of friction 
coefficient could not be detected in case of Cl/(C+Cl) 
ratio over 3.8%. On the other hands, reduction of 
friction coefficient could not be observed in case of SiC. 
There are no effects of chlorine doping on friction 
properties of amorphous carbon films sliding against 
SiC. In case of high chromium bearing steel, friction 
coefficient was decreased with increases in the 
Cl/(C+Cl) ratio.  

From these results, the friction behaviour of 
chlorine-doped amorphous carbon films indicated 
various value depending on counter parts. Figure 2 
shows results of TOF-SIM on wear track of chlorine-
doped amorphous carbon films sliding against (a) Al2O3, 
(b) SiC, and (c) high chromium bearing steel. In case of 
Al2O3, HOAlCl and H2OAlCl peaks which suggest the 
presence of chlorine-aluminium based hydrate were 
detected. From the result in case of sliding against SiC, 
SiO and SiO2 peaks could be detected. This result 
means that silicon dioxide was formed, however, there 
were no peaks dended on chlorinated tribofilms. From 
the results in case of high chromium bearing steel, FeO, 
Fe O2, FeCl, and HClFe peaks, that are iron chloride 
and iron oxide were observed. From these results, it was 
confirmed that various tribofilms were formed 
depending on the type of counter parts. We consider that 
the generation of such tribofilms dominantly influence 
to the friction properties of chlorine-doped amorphous 
carbon films. 
 
4. CONCLUSION 

In conclusion, the friction coefficient of chlorine-
doped amorphous carbon films indicated various value 
depending on the type of counter parts. From the results 
of TOF-SIMS analysis on the wear track of films, we 
consider that chlorine-aluminium hydrate was formed in 
case of Al2O3. SiC counter parts contribute to forming 
SiO2, and iron chloride and iron oxide were formed in 
case of high chromium bearing steel. 
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Figure 1 Results of sliding test in various counter parts. 

 

 
 

 
 

 
Figure 2 TOF-SIMS analysis on wear track of chlorine-

doped amorphous carbon films. 
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ABSTRACT – Due to the recent rising awareness of 
environmental conservation, low environmentality of 
sliding materials is required. As a material capable of 
coping with the requirement, “metal sulfide” which is 
abundant in resource amount, low in toxicity, high in 
environmental affinity has attracted attention. Therefore, 
in this study, the synthesis process of sulfide with low 
friction properties, basic properties such as friction 
coefficient and seizure resistance were evaluated. As a 
result, the sintered copper alloy containing the 
synthesized sulfide exhibited a low coefficient of 
friction and containing sulfide had improved seizure 
resistance. In this report, properties of synthesized 
sulfide powder and its friction performance are reported. 
 
1. INTRODUCTION 

In recent years, solid lubricants are required not 
only to have low friction properties, but also to replace 
environmentally harmful substances such as lead based 
on RoHS and ELV directives, and to reduce CO2 from 
the viewpoint of the global environment. In response to 
this demand, “metal sulfide” has attracted attention as 
previous study [1]. Most of the sulfides have a low 
coefficient of friction because they are easily formed 
into a shear fracture due to a layered structure. Sulfides 
also have properties such as thermoelectric properties 
that can convert heat into electricity. By applying this 
property, there is the possibility of effectively utilizing 
the heat generated in the sliding portion as previous 
study [2]. In other words, it can be said that the sulfide 
is a clean material which can substitute a material 
having a large environmental load and reduce the 
frictional heat. Based on this background, this study 
aims to synthesize sulfide having solid lubricity, and to 
evaluate its synthesis process and its functionality. 

 
2. METHODOLOGY 
2.1 Synthesis of sulfides 

At first weighed and mixed the metal powder and 
the sulfur powder according to the stoichiometric ratio. 
Then, the mixed powder was vacuum sealed in an 
ampoule tube and heated in an electric furnace for 12 
hours to synthesize a sulfide. The types and synthesized 
temperatures of the synthesized sulfides are shown in 
Table 1. 

 
 
 
 

Table 1 Synthesis temperature. 
Type Cu2S Cu5FeS4 SnS TiS2 
Temp. [K] 473 473 623 873 

 
2.2 Preparation of friction specimen 

From Figure 1, the synthesized sulfide was 
pulverized in a mortar and the size of sulfide powder 
was uniformed to 63 μm or less using a classifier. Two 
kinds of specimens were prepared: One is “sulfide only 
sintered body” and the other is “sulfide dispersed bronze 
sintered body”. The sintering conditions are shown in 
Table 2. 

 
Table 2 Sintering conditions. 

Environment Vacuum 
Molding pressure 250 MPa 
Sintering temperature 973 K 
Temperature rise time 20 min 
Sintering time 40 min 
Bronze powder S91-325# 
 

 
Figure 1 Sulfide dispersed in a specimen. 

 
2.3 Friction test 

For the friction test, a journal type high speed 
testing machine was used as shown in Figure 2. The 
friction coefficient is calculated from the amount of 
deformation of the strain gauge at positions from ① to 

⑧ of the octagonal ring shown in Figure 3. The test 
conditions are shown in Table 3. 

 

 
Figure 2 Friction tester.   
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Figure 3 Octagonal ring. 

 
Table 3 Friction test condition. 

Load 9 N 
(0.88 MPa) 

Specimen  
surface Mirror finish 

Speed 1.57 m/s Environment RT, Dry 

Time 
Until 
seizure 
(Max 300 s) 

Material of shaft S45C 

Shaft hardness 650 

 
3. RESULTS AND DISCUSSION 
3.1    Synthesis result 

The SEM image of the synthesized sulfide powder 
is shown in Figure 4. These sulfides were identified by 
X-ray diffraction and confirmed to be synthesized.  

 
 

 
 

 
Cu2S             Cu5FeS4             SnS                   TiS2 

Fig.4 SEM image of synthetic sulfide powder. 
 
Cu2S and TiS2 have a hexagonal crystal structure, 

and Cu5FeS4 and SnS have an orthorhombic crystal 
structure from previous study [3]. Among them, the 
highest thermal stability was exhibited by Cu5FeS4, and 
there was no reaction such as melting even in a vacuum 
high temperature region of 1073 K or more. 

 
3.2    Friction test result 
3.2.1 Sulfide only specimen result 

The friction test results of specimens sintered only 
sulfide are shown in Figure 5. From this result, Cu2S 
and TiS2 show relatively low friction coefficients. It 
might be due to the hexagonal structure of Cu2S and 
TiS2. In general, the hexagonal structure is susceptible 
to sliding deformation and is said to exhibit a low 
coefficient of friction. However, in this test, the melting 
point and hardness of each sulfide are not equal, so it is 
considered that the difference in the sintered state such 
as porosity also influenced the result. 

 

 
Figure 5 Coefficient of friction (only sulfide). 

3.2.2 Sulfide dispersed bronze specimen result 
The relationship between the amount of added 

sulfide and the friction coefficient of the sulfide 
dispersed bronze specimen is shown in Figure 6. From 
this result, it is understood that the friction coefficient 
was reduced as compared with the specimen containing 
no sulfide. In particular, when adding 2 mass% of 
sulfide, low friction coefficient was shown in all 
specimens. From this result, it could be said that the 
synthesized sulfide plays a role of reducing the friction 
between the shaft and the bronze. 

 

 
Figure 6 Coefficient of friction (Sulfide dispersed 

bronze). 
 

Table 4 shows the seizure time of specimens when 
2% sulfide is added. The seizure was judged from 
abnormal noise or occurrence of abnormal vibration. 
From this table, it could be seen that Cu2S and TiS2 have 
a long time to seizure and seizure resistance had 
improved. As shown in Figure 6 and Table 4, the 
specimen added with 2mass% of Cu2S shows a lower 
friction coefficient of about 0.1 and has high seizure 
resistance, so it could be used as a solid lubricating 
material. 

 
Table 4 Seizure time when adding 2mass% of sulphide. 
Sulfide Cu2S Cu5FeS4 SnS TiS2 MoS2 
Seizure time[s] 280 240 150 300 140 

 
Then, the XPS result of the shaft of "when 2 

masses % of Cu2S is added" which is a condition where 
the friction coefficient is lower, and the seizing 
resistance is improved is shown in Figure 7. From this 
result, it could be seen that copper (Cu) and Cu2S are 
transferred to the shaft surface. A thin solid lubricating 
film was formed as Cu2S was transferred to the shaft 
surface, thereby reducing the frictional resistance and 
contributing to the improvement of low friction 
coefficient and seizure resistance. 

 
4. CONCLUSIONS 

Sulfides having the possibility of solid lubricity 
were synthesized and specimens were produced using 
them. Then a friction test was carried out. Based on the 
results, the following conclusions were obtained. 

(a) A sulfide could be synthesized by a simple 
method of mixing a metal powder and a sulfur 
powder with heating in a vacuum state. 

(b) From the friction test results, the specimen 
containing the synthesized sulfide had reduced 
the coefficient of friction and indicates a 
particularly low value when added about 2 
mass%. 
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(c) From the results of XPS analysis of the shaft of 
Cu2S test, it was found that Cu2S was 
transferred to the shaft. From this result, it is 
considered that the improvement of the low 
friction coefficient and the seizure resistance 
by the addition of the sulfide is to form the thin 
sulfide film between the shaft and the bronze to 
suppress the adhesion caused by the metal 
contact. 

 

 
Figure 7 Chemical state analysis of shaft by XPS. 
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ABSTRACT – This paper presents the surface integrity 
of FC300 gray cast iron when machined with TiAlN Ball 
end mill. Machining trials were performed using CNC 
variaxis machine in dry condition at the cutting speeds of 
66-99 m/min, feed rate of 5000 mm/min and depth of cut 
of 0.1 mm. The results shows that the surface roughness 
decreased as the cutting speed increased from 66 m/min 
to 88 m/min. Smooth and shiny surface profile appeared 
at the lower cutting speed of 66 m/min due to effect of 
lubrication layer that form from the small fragmented 
graphite flakes. When the cutting speed increased to 99 
m/min, surface profile appeared with smeared and large 
graphite flaking probably due to higher rotational impact 
from the cutting tool.  
 
1. INTRODUCTION 

Metal stamping is a process where a sheet metal is 
stamped inside a closed die to form the required shape. 
Inside the die enclosure, the metal sheet was pressed, 
stretched or elongated according to the curvy design of 
the upper and lower dies. For accurate stamped product, 
the surface profile of the die must be as fine as possible 
to provide low friction of material sliding during 
stamping process [1].  

Many dies available in the application of metal 
stamping. Among them, FC300 gray cast iron considered 
among most frequently used. FC300 is a ferrous metal 
which is less ductile, less toughness and tensile strength 
as compared to the steel [2]. Therefore, the die made from 
FC300 normally applied to stamp thin and medium size 
of car components such as doors, bonnet, fenders and 
roof. FC300 normally supplied in cast condition before 
machined in various shapes and patterns. Typically, 
between 50 to 80% of the workpiece weight is machined 
into a component. The die is then further polished 
manually in order to get a final surface finish.  

Since the final die surface being prepared from the 
manual polishing technique, the evaluation of the surface 
quality examined by touch sensitivity by operators. If the 
cutting parameters applied correctly, the surface finish 
after machining should be ready in fine conditions. 
Hence, the operator may spend minimum polishing time 
to finish the die. In contrast, the operator may require 
longer polishing time if the surface finish not adequately 
prepared. Lack of documentation to observe the surface 

of die right after machining resulting the characteristics 
that occurred along machined surface still not well 
understood. 

This research presents surface integrity of FC300 
gray cast iron when machined with TiAlN coated carbide 
ball end mill. Series of machining trials were performed 
with the cutting conditions were selected based on the 
similar situation at industry. For each machining trial, 
surface roughness was evaluated to correlate with the 
effect on cutting parameters. Further observation through 
scanning electron microscope was employed to examine 
the damage that occurred along machined surface. 
 
2. METHODOLOGY 

FC300 gray cast iron was prepared within the size 
of 80mm x 50mm x 15mm (width x length x thickness) 
as shown in Figure 1(a). The cutting tool selected was 
SRFT 30 VP15TF TiAlN coated ball end mill as showen 
in Figure 1(b). The cutting speeds were set at 66 m/min 
to 99 m/min with constant 5000 mm/min feed rate and 
0.1 mm depth of cut. The machining trials was set by 
using DECKEL MAHO DMU 60 monoBLOCK, high-
speed CNC milling machine as shown in Figure 2. To 
monitor the morphology of surface profile, scanning 
electron microscope was employed to observe the area 
that demonstrate interested phenomena that related to the 
machining characteristics. 

 

       
Figure 1 (a) FC300 gray cast iron and (b) SRFT 30 

VP15TF TiAlN coated ball end mill. 
 

     
Figure 2 (a) DECKEL MAHO DMU 60 milling 

machine and (b) machining setup. 

(a) (b) 

(a) (b) 
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3. RESULTS AND DISCUSSION 
 Figure 3 shows the results of surface roughness 

with varying cutting speeds. The graph generally shows 
decline of surface roughness as cutting speed increased, 
especially from 66 m/min to 88 m/min. However, as the 
cutting speed increased to 99 m/min, the surface 
roughness started to deteriorate up to 0.69µm. The 
surface roughness generally increased as the cutting time 
increased due to tool wear. 

 

Figure 3 Surface roughness against cutting time at a 
feed rate 5000 mm/min. 

 
Figure 4 shows some of surface profile that 

occurred during machining FC300 at various cutting 
condition.  At a lower cutting speed of 66 m/min, the 
surface profile looks smoother and shiny with less 
surface damage. As the cutting speed increased to 88 
m/min, the high repetition movement between the nose 
radius and workpiece material, generated more sliding 
contact and frictions, apparently generated high cutting 
temperature. As the cutting temperature increased, 
phenomenon such as graphitization of FC300 occurred. 
Graphitization is formed when the composition of carbon 
and silicon are mixed and produced a structure hat called 
graphite flake [3]. During machining, graphite flake can 
be pulled out by the shearing force from cutting tool and 
formed small fragmented particle debris. This 
fragmented debris can trapped between cutting tool and 
workpiece and formed a film formation when reacted 
with high temperature. Such film layer can react as a 
lubricant to protect the machined surface from thermal 
effect and frictions. This resulting better surface finish 
under parameters investigated. 

As the cutting speed increased to 99 m/min, higher 
cutting speed that generated at the contact interfaces 
providing faster chip velocity which slides away the 
graphite debris. This restricting the access of fragmented 
debris to the contact interfaces, hence unable to provide 
protective layer to the machined surface. In addition, 
higher shearing force from rotational cutting tool may 
create a larger graphite pull out, leading to significant 
surface smearing along the machined surface [4]. Higher 
shearing force also facilitate more friction, resulting in 
early worn cutting tool. Machined surface tends to 
deteriorate due to inherent rubbing from worn cutting 
tool.  
 

   
 

  
Figure 4 (a) Surface profile at 66 m/min and (b) surface 

profile at 99 m/min. 
 
4. CONCLUSION 

From the surface integrity of FC300 assessments, 
the surface roughness decreased as the cutting speed 
increased from 66 m/min to 88 m/min. At the lower 
cutting speed, small pull out graphitization particles that 
trap between cutting tool and workpiece provided 
lubrication when react with heat. This consequently 
facilitate better surface finish with smooth and shiny 
appearance. The surface roughness however 
demonstrated higher value of when cutting speed 
increased to 99 m/min. Higher shearing force from 
rotational cutting tool may promote early tool wear and 
create a larger graphite pull out, leading to significant 
surface smearing along the machined surface.  
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ABSTRACT – The contacting surfaces of gas turbine 
combustor components experienced high severity of 
wear during operation. The purpose of this study is to 
investigate the tribological effect on volume loss and 
wear coefficient of gas turbine fuel nozzle-combustion 
liner contacting surface at different temperatures. The 
tribological test was carried out by using a pin-on-disc 
tribometer in sliding conditions by applying three 
different contact temperatures at a constant sliding 
speed and an applied load. The worn surfaces were 
investigated by using a Scanning Electron Microscope 
(SEM) to identify the pre-dominant wear mechanisms 
of the contacting surfaces. The results showed that the 
volume loss and wear coefficient increased with an 
increase of contact temperatures. Adhesive and abrasive 
wear types were seen on the worn surfaces.   
 
1. INTRODUCTION 

Wear is one of the main degradations found in the 
combustor components of gas turbines during 
inspection. In addition, wear occurs at each contacting 
surface of the components [1]. Koiprasert et al. [2] 
observed that two vital components, namely, the fuel 
nozzle and combustion liner, which are often severely 
affected by wear damage, were used in this study. The 
fuel nozzle, which is slotted inside a nozzle collar, 
experience high temperature (1100 ºC) from fuel 
combustion during operations. Vishwanathan [3] stated 
that the temperatures at the contacting surfaces are 
slightly lower than 300 °C. Moreover, Dorfman [4] 
stated that even slight wear damage can have a 
significant effect on the efficiency of the engine by 
reducing gas pressure in the combustion chamber. 
Hence, a study of tribological behaviour of the 
contacting surface at various temperatures is important 
to simulate metal-to-metal contact of the fuel nozzle and 
combustion liner in laboratory scale. Due to the 
unavailability of scrapped components, wear 
mechanisms of a gas turbine were examined through a 
surface diagnosed investigation. In the present test, the 
contacting materials of the fuel nozzle and combustion 
liner were subjected to a dry sliding wear test; in which 
the volume loss and the wear coefficient were calculated 
as functions of the temperature. The pre-dominant wear 
mechanisms of this tribo-pair metal were also 
characterised.  

2. METHODOLOGY 
2.1 Characterisation of starting materials 

A pair of fuel nozzle material and combustion liner      
material was used in this study. An X-Ray fluorescent 
(XRF) test was performed on the new components of 
the fuel nozzle and combustion liner to verify the grade 
of the materials. Table 1 shows the elemental 
composition of the fuel nozzle and combustion liner. 
Fuel nozzle is made of stainless steel grade 304 (SS 
304) while the combustion liner is made of Hastelloy X.  
 
Table 1 Elemental composition of gas turbine materials. 

Properties Fuel Nozzle              Combustion                                 
liner 

Chromium (Cr) 19.23                       22.00 
Nickel (Ni) 9.86                      47.00 
Cobalt (Co) 0.00                        1.50 
Ferum (Fe) 67.99                      18.00 
Molybdenum (W) 0.17                        0.60 
Manganese (Mn) 1.97                        1.00 
 
2.2 Wear test 

A dry sliding wear test by DUCOM TR-20LE with 
a pin-on-disc configuration is utilized in this study. A 2 
x 35-mm length pin was made to slide against a rotary 
disc that had a diameter of 165 mm. The schematic 
diagram is shown in Figure 1. The density of the 
specimens was tested using a densitometer. The test was 
carried out in accordance to ASTM G99-05 at room 
temperature (25 °C), 100 °C and 200 °C to investigate 
the effect of the contact temperature on the worn 
surface, volume loss of the tribo-pair samples. All tests 
were performed at a constant speed of 200 rpm, applied 
load of 2kg (19.61 N) and a sliding distance of 100 mm. 
The pins and discs were weighed before and after each 
test at a sliding time of 5 hours in order to determine the 
volume loss Equation 1. The worn track and its 
direction were observed under a scanning electron 
microscope to identify the pre-dominant wear 
mechanisms.    
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Figure 1 Schematic diagram of pin and disc. 

 

  (1) 
 
Where ΔV is the volume loss, Δm is the mass loss, ρ is 
the bulk density. 
 
3. RESULTS AND DISCUSSION  
3.1 Volume loss  

Figure 2 shows the overall graph of volume loss as 
a function of contact temperature.  The volume loss of 
the disc was found higher than the volume loss of the 
pin up to 71.289 mm3. The volume loss increased 
proportionally with an increase in the temperature due 
to an increase in the micro-cutting of the worn surface 
[5]. It was noted that the volume loss at 200 °C was 
greater due to a large displacement of materials on the 
worn surfaces, thus resulting in wider delamination 
areas [6]. It was in agreement with an observation by 
Chen et al. [7] which stated that during the wear 
process, the wear particles played a significant role and 
affected the wear behaviour. The wear particles changed 
the displacement zone of the materials and increased the 
volume loss. 

 

 
Figure 2 Volume losses against contact temperature of 

SS304-Hastelloy X tribo-pair. 
 

3.2 Surface morphology 
The morphologies of worn SS304-Hastelloy X 

tribo-pair sliding under three different temperatures are 
shown in Figure 4. Two different symptoms were 
detected, namely an adhesive behaviour, which occurred 
at temperatures of 25 °C and 100 °C; and an abrasive 
behaviour, which occurred at a temperature of 200 °C. 
The clear-cut adhesive behaviour was obvious from the 
marks of transferred materials on the pin side while the 
counterface (disc side) showed delamination of the 
materials. When the contact temperature was increased 
to 200 °C, sharp edge provided evidence that abrasive 
behaviour existed on the worn surfaces. Chen et al. [8] 
stated that with an increase in temperature, the wear 

particles became larger. This was in agreement with the 
finding on the contacting surfaces, where the volume 
loss at 200 °C was higher due to the larger displacement 
of materials on the worn surfaces. In addition, the 
counterface materials showed a sharp sliding direction 
in the shape of a cutting form. It was suggested that the 
SS304-Hastelloy X tribopairs experienced the same 
wear behaviour at low temperature, and gradually 
changed to an abrasive at higher temperatures. This is in 
agreement with findings by Mi et al. [9] which found 
that the wear particles influenced the friction and wear 
behaviour, where they played an important role in 
removing the materials in the displacement zone, 
thereby affecting the volume loss.  
 
   a)                                            b) 
 
 
 
 
 
 

c)                                           d) 
 
 
 
 
 
 
 

e)                                            f) 
 

 
 
 
 
 
 

Figure 4 Morphologies of worn surfaces for SS304-      
Hastelloy X tribo-pair at 25°C pin (a), 25 °C pin (b), 

100 °C pin (c), 100 °C disc (d), 200 °C pin (e) and 200 
°C disc (f).  

 
4. CONCLUSION 

A transition of wear mechanism was found with 
increasing temperatures. At low temperature, 25 ºC and 
100 ºC, adhesive was the main mechanism while when 
temperature heated up to 200 ºC, abrasive was the main 
mechanism. Adhesive wear and abrasive wear were the 
pre-dominant mechanisms at the contacting surfaces 
between the fuel nozzle and combustion liner (SS304-
Hastelloy X tribopair). 
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ABSTRACT – Blast furnace slag (BFSlag) is an 
industrial waste generated during iron making in steel 
industries. The present work attempts to utilize this solid 
waste BFSlag as the filler material in composite making 
with polymers like epoxy. The composites are 
characterized in regard to their physical and mechanical 
properties. In the present work, an attempt has been 
made to improve the wear resistance of short glass fiber 
(SGF) reinforced epoxy composites by incorporation of 
micro-sized blast furnace slag (BFS) particles. Taguchi’s 
experimental design approach integrated with neural 
computation has been followed for the parametric 
appraisal and prediction of the wear processes. 
 
1. INTRODUCTION 

Polymers and their composites form a very 
important class of tribo-engineering materials and are 
invariably used in machine and structural components, 
where wear performance in non-lubricated condition is 
a key parameter for the material selection. These 
polymer matrix composites (PMCs) are often preferred 
over other materials because of their easy processability, 
high strength-to-density ratio, and chemical resistance. 
Furthermore, PMCs generally have a low coefficient of 
friction even under dry-sliding conditions [1]. This 
property can be utilized in applications, where the 
addition of lubricants such as oil or grease cannot be 
tolerated [2]. It has been observed that by incorporating 
hard filler particles into polymer-based composites, 
synergistic effects may be achieved in the form of 
higher modulus and reduced material cost [3-4]. The 
inclusion of such particulate fillers into polymers for 
commercial applications is primarily aimed at the cost 
reduction and stiffness improvement. In the simulation 
of wear and friction tests, using artificial neural 
networks (ANN), known or estimated properties of the 
material are input to the model and the expected 
responses of the virtual tool to such variables as load 
cycles, deflections, temperature excursions, and so on 
are calculated. With reference to polymer composites, 
Velten et al. [5] were the pioneers in exploring the 
application of ANN to these materials and used an ANN 
model to predict the wear volume of short fiber/particle-
reinforced thermoplastics. The present work explores 
the possibility of fabricating a new class of thermoset 
composites using epoxy as the matrix base and BFSlag 
as the particulate filler. To enhance the strength 
properties, SGFs of predetermined proportion are also 
reinforced in the thermoset resin during composite 

preparation. This work further investigates and analyses 
the dry sliding wear response of these Epoxy-based 
composites filled with microsized BFSlag using 
Taguchi’s design-of-experiments approach. It 
implements the ANN too for the prediction and 
simulation purpose. 

 
2. METHODOLOGY 

Epoxy LY 556, chemically belonging to the 
‘epoxide’ family is used as the matrix material for 
fabrication of composites under this study. This low 
temperature curing epoxy resin (LY 556) and 
corresponding hardener (HY951) are mixed in a ratio of 
10:1 by weight as recommended. The epoxy resin and 
the hardener are supplied by Ciba Geigy India Ltd. BFS 
collected from Rourkela Steel Plant (India) is sieved to 
obtain particle size in the range 100–110 micron. The 
short glass fibers used in this work are about 10 mm 
long and the fiber dia is 0.02 mm with an aspect ratio of 
500. Two sets of composite samples with and without 
20 wt% of short glass fiber reinforcement in epoxy resin 
are prepared with different weight proportions (0, 10, 20 
and 30 wt %) of BFS by simple hand lay-up technique. 
In this method, the dough (epoxy filled with BFS and 
SGF) is slowly decanted into the glass molds, coated 
beforehand with wax and a uniform thin film of 
silicone-releasing agent. The composites are cast in 
these molds so as to get cylindrical specimens (dia 9 
mm, length 50 mm). The castings are left to cure at 
room temperature for about 24 h after which the glass 
molds are broken and samples are released. 

 
2.1 Sliding wear test 

All the cured samples are subjected to a series of 
dry sliding wear tests using a pin-on-disc type friction 
and wear monitoring test rig as per ASTM G 99. The 
counter body is a disc made of hardened ground steel 
(EN-32, hardness 72 HRC, surface roughness 0.6μm 
Ra). The specimen is held stationary and the disc is 
rotated while a normal force is applied through a lever 
mechanism. A series of tests are conducted with four 
sliding velocities of 105, 209, 314 and 420 cm.s-1 under 
four different normal loads of 5, 15, 25 and 35 N. The 
material loss from the composite surface is measured 
using a precision electronic balance with accuracy ±0.1 
mg and the specific wear rate (mm3/N-m) is then 
expressed on ‘volume loss’ basis as: 
Ws = m / (ρ. t. Vs. Fn), where m is the mass loss of the 
composite in the test duration (g), ρ is the density of the 
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composite (g/mm3), t is the test duration (s), Vs is the 
sliding velocity (m.s-1) and Fn is the average normal 
load (N). The specific wear rate is defined as the volume 
loss of the specimen per unit sliding distance per unit 
applied normal load. 
 
3. RESULTS AND DISCUSSION 

The experiments have been carried out using 
Taguchi experimental design (L16 orthogonal array). The 
micro-structural features of the composite samples worn 
under different operating conditions are described based 
on SEM micrographs. Subsequent analysis of the wear 
test results is made using the popular software 
specifically used for design-of-experiment applications 
known as MINITAB 14. Two sets of composites are 
taken in this part – (i) Epoxy filled with BFS in different 
proportion without any fiber reinforcement (ii) BFS 
filled epoxy reinforced with 20 wt% of short glass fiber 
(SGF). The overall mean for the S/N ratio of the specific 
wear rate for the epoxy-BFS and epoxy-BFS composites 
with SGF are found to be -1.447 dB and – 6.393 dB. 
Further, the S/N ratio responses of these two sets of 
composites are analyzed that for BFS filled epoxy 
without any fiber reinforcement, among all the factors, 
sliding velocity is the most significant factor followed 
by BFS content. In contrast, for the other type of BFS 
filled epoxy composites with glass fiber reinforcement, 
BFSlag content among all the factors, emerged as the 
most significant factor followed by sliding velocity.  
The other factors like normal load and sliding distance 
have relatively much less significance on the specific 
wear rate of the composites which is clearly visible 
from delta values of response tables. The ANN 
predictive results of specific wear rate for all the 16 test 
conditions for each of the composite sets are recorded 
and compared with the experimental values along with 
the associated percentage errors. It is observed that the 
errors lie in the range of 0 - 10% which establishes the 
validity of the neural computation. The errors, however, 
can still be reduced and the quality of predictions can be 
further improved by enlarging the datasets and by 
optimizing the construction of the neural network. A 
well-trained ANN is expected to be very helpful for the 
analysis of specific wear rate characteristics of any 
given composite and permits to study quantitatively the 
effect of each of the considered input parameters on the 
wear rate. The range of any chosen parameter can be 
beyond the actual experimental limits, thus offering the 
possibility to use the generalization property of ANN in 
a large parameter space. In the present investigation, 
this possibility has been explored by selecting the 
significant factors i.e. the BFS content and sliding 
velocity in a range wider than that of the experimental 
domain.  

From Figure 1, there is a plastic flow of the matrix 
material in the sliding direction which is indicated by 
the arrow. It is understandable that with increased 
sliding velocity and applied load, the polymeric resin 
softens due to frictional heat generation. As a result, the 
BFSlag particles having sharp edges easily tear the 
matrix and gradually get aligned along the sliding 
direction. These particles by virtue of their size, shape 
and moderate hardness modify the wear behaviour of 

the composites. 
 

 
Figure 1 Morphology of worn surfaces of BFS filled 

epoxy composites with 20% SGF. 
 

4. CONCLUSION  
Blast furnace slag, in spite of being an industrial 

waste, possesses ample reinforcing potential to be used 
as a filler material in thermoset polymer matrices. 
Successful fabrication of epoxy matrix composites 
reinforced with raw BFS particles is possible by simple 
hand-lay-up technique. With additional reinforcement of 
E-glass fibers, multi-component hybrid glass-
epoxy/BFS composites can also be successfully 
fabricated. Further study reveals that BFS possesses 
good filler characteristics as it improves the sliding wear 
resistance of the polymeric resin. Dry sliding wear 
characteristics of these composites can be gainfully 
analyzed using a design-of-experiment approach based 
on Taguchi method. The analysis of experimental results 
shows that the sliding velocity is the most significant 
factor followed by BFS content and sliding distance as 
the least significant control parameter in determining 
the specific wear rates of the composites irrespective of 
fiber content.  
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ABSTRACT – Zinc stearate is widely used for the 
lubrication of aluminum cold extrusion processes to 
prevent adhesion and to reduce tool wear. It is a powder 
that has to be applied on the slugs by a tumbling process 
and leads to strong dust formation. Furthermore, it can 
cause respiratory irritation. This paper presents the 
development of a new lubricant for the cold extrusion of 
aluminum parts based on renewable raw materials. The 
new lubricant is free of zinc or other metals. Because it 
is a water-based suspension, it can be applied easily and 
without any dust formation. 

 
1. INTRODUCTION 

One of the fastest growing segments of the 
metalworking industry is the machining of aluminum 
alloys. Because of the very favorable ratio of strength to 
density it is widely-used in aerospace applications. The 
superior strength and light weight makes it also an ideal 
material for camping and outdoor equipment. The 
growing need for fuel economy and reduced 
greenhouse-gas emissions in automotive engineering 
furthermore leads to a strongly increasing demand for 
parts made of aluminum alloys.  

Aluminum and its wrought alloys can be formed 
very economically in cold forming processes [1]. Cold 
extrusion is a forming operation where the work-piece, 
also called billet or slug, is pressed with high force and 
without preheating into the deforming die. The term 
“cold impact extrusion” is used specifically for the 
extrusion of non-ferrous components under mass 
production conditions in high speed mechanical presses. 

For most of the aluminum cold extrusion processes 
zinc stearate is used as lubricant. Zinc stearate is a white 
powder with a very low density of approximately 1.1 
g/cm³. It is widely used because it works very well as a 
solid lubricant and mold release agent. It is applied on 
the slugs before extrusion by a tumbling process. 
Because of the low density of the powder there is a 
strong dust formation when using zinc stearate although 
there are usually exhaust systems installed. The dust 
however can cause irritation of the skin, eyes and the 
respiratory tract. There is also the risk of a dust 
explosion caused by electrostatic ignition. At thermal 
decomposition toxic and irritating vapors are formed.  

To prevent the negative effects of zinc stearate a 
research project was started to develop a new lubricant 
with comparable lubricating properties but lower 
toxicity and possibly without the problem of dust 
formation.  

 

2. METHODOLOGY  
Several tests in the laboratory were carried out 

with liquid lubricants, based on vegetable oils and 
containing different kind of extreme pressure or 
antiwear additives (Figure 1). For the first tests a 
backward cup extrusion process was used on a Müller-
Weingarten hydraulic press with a maximum pressing 
force of 2000 kN. A punch with a hemispherical shaped 
end was used to form the cup from the slug, increasing 
the overall surface area by the factor 7.9. 

 

 
Figure 1 Test results of liquid lubricants 

 
All these tests failed because of insufficient 

material flow and material adhesion on the cold impact 
extrusion tool. The test results lead to the assumption 
that liquid lubricants are not suitable for the process 
because the lubricant film will be squeezed out under 
high pressure. Thus, the further tests were done using a 
new kind of lubricant formulation. This new lubricant is 
a suspension of solid lubricant particles in water and can 
be applied in the same manner than when using zinc 
stearate. The solid lubricant particles are based on raw 
materials from renewable resources.  

For the evaluation of the new lubricant in the 
laboratory, the spike test has been used because of its 
high validity as a simulation test for cold extrusion 
processes and its good repeatability. This test combines 
an upsetting process with a forward extrusion process. A 
cylinder-shaped slug with a conical extension on one 
side was pressed into a die, forming a spike (Figure 2). 
The polished tool surface causes very low friction and 
reduces adhesion of the workpiece material. 

Additionally, to the spike test, to evaluate the 
properties of the lubricant under real production 
conditions, a field test was done in an aluminum 
processing company which is focused on the production 
of cold impact extrusion parts. The part that was used 
for the field test is manufactured from a slug in one step 
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in a combination of a forward solid and forward cup 
extrusion process and a backward cup extrusion process 
with variation of pressing speed and pressing force 
(Figure 3). 
 

 
Figure 2 Design of the spike test tool. 

 
 

 
Figure 3 Drawing of the field test part. 

 
3. RESULTS AND DISCUSSION 

By using the spike test, the material flow 
properties of the new lubricant were found to be similar 
to zinc stearate (Figure 4). There was no significant 
difference measured in the height of the produced spikes 
or the temperature of the parts measured directly after 
the extrusion process.  
 

 
Figure 4 Results of the spike test. 

 
In the field test, the new lubricant was applied to 

the slugs by tumbling which is the same process that is 
used for applying zinc stearate. Contrary to zinc stearate 
there was no formation of dust observed during the 
tumbling process and when the tumbler was discharged. 
This is a significant improvement of the occupational 

safety of aluminum cold extrusion processes.  
During the field test, the shell temperature of the 

pistons was measured directly after the extrusion 
process. The temperature of the extruded parts which 
were manufactured with the new lubricant was slightly 
lower than for those which were produced with zinc 
stearate (Figure 5). The pressing force with the new 
lubricant was only approx. 1.6% higher than with zinc 
stearate. Material flow and surface quality were very 
good. These results clearly indicate that there is no 
change of the process or tool design necessary when the 
new lubricant is used. 
 

 
Figure 5 Temperatures and pressing forces at the field 

test. 
 

Also, there was no adhesion of aluminum at the 
tool. In comparison to zinc stearate there was less 
lubricant residue at the punch and the die which was 
easily removable by wiping.  The remaining lubricant 
film on the manufactured parts could be removed by 
washing with water-based cleaners which can reduce 
the ecological impact of the washing process.  
 
4. CONCLUSION 

The test results show that it is possible to substitute 
zinc stearate as lubricant in aluminum cold impact 
extrusion processes by a suspension of a solid lubricant 
in water. This new lubricant formulation has the 
following advantages: 
(a) Based on organic solid lubricants from renewable 

raw materials, 
(b) Metal free, 
(c) No dust formation improved occupational safety, 
(d) Forms a very thin homogeneous lubricant film, 
(e) Material flow is similar to zinc stearate, no 

changes in the process necessary, 
(f) Suitable to form complex shapes, e.g. pin bloc 

coolers or aerosol spray cans, 
(g) Less residue on die and punch, 
(h) Easy handling, precise dosage, 
(i) Easily removable by washing processes or heat 

treatment. 
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ABSTRACT – Chlorinated extremely-pressure (EP) 
additives have been used in ironing of stainless steels. 
However, chlorine-free oils are required because of 
environmental issues. Although the major replacements 
would be sulfurized compounds combined with 
overbased sulfonates, their ironing performance would 
be insufficient. This study showed the oils containing  
zinc dialkyldithiophosphate (ZDDP) as a supplement 
were superior in the ironing performance to the 
combination of merely sulfurized olefin and overbased 
calcium sulfonate. The study further investigated the 
influence of alkyl structures of ZDDP on the ironing 
performance and demonstrated lubricating films derived 
from ZDDP contributed to prevent galling.  
 
1. INTRODUCTION 

Oils with chlorinated extremely-pressure (EP) 
additives have widely been used in severe metal 
forming like ironing of stainless steels, because these 
additives are effective in the anti-galling performance. 
Environmental and safety issues demand to replace 
these oils and high performance chlorine-free oils are 
strongly required [1]. In practical chlorine-free oils, 
various alternative additives are used and, in particular, 
it has been well-known that sulfurized EP additives in 
combination with overbased sulfonates produces better 
results in cold forming than those provided by 
sulfurized EP additive alone [2].  

In this study, we propose using zinc 
dialkyldithiophosphate (ZDDP) as a supplement to the 
combination of sulfurized olefin and overbased calcium 
sulfonate within lubricating oils in order to improve the 
ironing performance. We prepare some ZDDPs with 
different molecular structures and evaluate the 
performance of those ZDDPs combined with sulfurized 
olefin and overbased sulfonate in cold ironing. We 
further used the X-ray photoelectron spectroscopy 
(XPS) technique to study the tribofilms that formed on 
metal contact surfaces during the ironing process and 
considered the composition of these lubricating films. 
 
2. METHODOLOGY 
2.1 Additives and test oils used 

The sulfurized olefin and calcium sulfonate used in 
this study are shown in Figures 1 and 2. These additives 
were commercial products. We prepared three kinds of 
primary ZDDPs and one secondary ZDDP. The 
chemical structures of ZDDPs are shown in Figure 3. 
Pri.C4 and Pri.C8 were synthesized products using 

dithiophosphoric acid. Pri.2EH and Sec.C6 were 
commercial products.  

A binary system oil (hereafter “binary oil”) was 
prepared by adding sulfurized olefin and overbased 
calcium sulfonate into a mineral base oil. The amounts 
were adjusted such that the sulfur content from the 
sulfurized olefin was 5mass%, and the total calcium 
content was 2.5mass%. A ternary system oil (hereafter 
“ternary oil”) was also prepared by blending each ZDDP 
into the binary system formulation so as to make the 
phosphorus amount 0.5mass%. The kinematic viscosity 
of all test oils was adjusted to 100mm2/s at 40oC. 

 

 
n = 3 - 8 

Figure 1 Structure of iC8 sulfurized olefin. 
 

 
Figure 2 Structure of overbased calcium sulfonate. 

 

 
Figure 3 Structures of ZDDPs. 

 
2.2 Burring test 

The ironing performance was evaluated using a 
burring test [3]. Figure 4 is the schematic illustration of 
this test. 0.5g of the test oil was applied with a dropper 
to the central hole of the workpiece. The ball was placed 
on this central hole. The blank-holding force was given 
to the workpiece while the punch pushed the ball down. 
The ironing performance was evaluated based on 
Penetration Energy abbreviated as “P.E.” and defined as 
the energy required to push the ball which penetrated 
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through the workpiece. The P.E. was calculated by 
integrating the record of the relationship between the 
punch stroke and the penetration load. The lower the 
value of P.E., the higher the performance of the test oil. 

 

 
Figure 4 Schematic illustration of burring test. 

 
2.3 XPS analysis 

Using XPS, we analyzed the surfaces of the 
workpieces after the burring test with the individual test 
oils. The analyses were carried out by AlKα X-ray 
source (1486.6eV). The scanning was operated using a 
spot size of 100μm. 

 
3. RESULTS AND DISCUSSION 
3.1 Burring test 

Figure 5 shows the results of the burring test. The 
ternary oils containing ZDDP presented the higher 
performance than that of the binary oil. Looking at the 
results of the ternary oils, we found that the ternary oil 
containing Sec.C6 provided the highest performance. 
The reason why secondary ZDDP was superior to 
primary ZDDP would be related to thermal 
decomposition characteristics. Generally, secondary 
ZDDP, which pyrolytically decomposes more easily 
than primary ZDDPs, forms lubricating film more 
effectively on the sliding surfaces. The same behavior of 
ZDDP was observed in the case of the ternary oils in 
this study. Looking closer at the results of the oils 
containing primary ZDDP, we saw that the performance 
was superior in the ranking of pri.C8, pri.2EH, pri.C4. 
Yaghisita et al. evaluated ZDDP alone and ZDDP 
combined with calcium compound [4]. They reported 
that the alkyl chains of straight type, rather than 
branched types, adsorbed more densely to metal 
surfaces, thus giving the adsorbed film with a greater 
load carrying capacity. Such phenomena may cause the 
difference of the performance between Pri.C8 and 
Pri.2EH ZDDPs in this study. Among straight chain 
types, Pri.C8 ZDDP was superior to Pri.C4 ZDDP 
because, as well known, the longer alkyl chain exhibits 
the better adsorption capacity.  

 

 
Figure 5 Results of the burring test. 

3.2 XPS analysis 
Figure 6 shows the ratios of sulfur, calcium and 

phosphorus to iron (S/Fe, Ca/Fe and P/Fe) on the 
workpiece surfaces analysed by XPS after the burring 
test in comparison between the binary oil and the 
Sec.C6 ternary oil. Although the S/Fe ratios were the 
same for both oils, the Ca/Fe ratio of the Sec.C6 ternary 
oil was higher than that of the binary oil. In addition, the 
P/Fe ratio was detected for the Sec.C6 ternary oil. These 
experimental facts suggest that, when ZDDP is 
combined with sulfurized olefin and overbased calsium 
sufonate, the lubricating film derived from calcium can 
be formed more and the additional formation of the 
lubricating film derived from phosphorus may occur. 
The ironing performance is therefore considered to be 
improved by these lubricating films. 

 

 
Figure 6 Ratios of sulfur, calcium and phosphorus  

to iron. 
 

4. CONCLUSION 
The ironing performance of the ternary oils 

containing ZDDP, sulfurized olefin and overbased 
calcium sulfonate was evaluated and those oils showed 
the higher performance than the binary oil composed by 
sulfurized olefin and overbased sulfonate. Further, the 
alkyl structures of ZDDP were related to the ironing 
performance and the performance was improved by the 
lubricating film derived from ZDDP. 
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ABSTRACT – Molecular simulation approach for 
boundary lubrication is presented. We report two 
phenomena. The first topic is Friction Fade Out 
phenomena. Reax Force Field is used to treat the 
chemical reaction and friction dynamics between ZrO2 
and diamond like carbon. We found the first step reaction 
of the formation process of the growth of transfer layer. 
The second topic is the first step of the formation of 
organic monolayer. We found that the effect of base oil is 
important in this process, which is different from “chain 
matching” idea. Other simulation technique is also 
discussed briefly.  
 
1. INTRODUCTION 

Molecular Dynamics (MD) has its origin in 1950s, 
and application to the tribology started in 1990s. At the 
beginning of the history, since supercomputers and hand-
maid code to run the simulations are needed, MD 
simulation was for the experts in Universities or in large 
institutes. Recently, due to the low price of computers and 
growing of open-source simulation software, molecular 
simulation approach for tribology is open not only for the 
experts but for all tribologists including experimental 
researchers. In this talk we show our recent MD results 
to study boundary lubrications, show a limitation of MDs, 
and our recent approach for novel simulation methods. 
 
2. MOLECULAR DYNAMICS SIMULATION 

FOR LUBRICATION 
MD are mainly used for biological system and 

material system. For the material system, Lammps [1] 
("Large-scale Atomic/Molecular Massively Parallel 
Simulator"), the open-source software distributed by 
Sandia National Laboratories, and highly parallelized, is 
widely used. Since Lammps do not have graphical user 
interface, commercial application programs are available 
to draw lubricant molecules in order to make input files. 
Lammps run on both PC and supercomputers such as K 
computer. 

The authors used this simulator for several systems. 
For solid lubricants, all-atom simulations for 
investigating ultra-low friction mechanism of graphene 
transfer films [2], reveals that “thermal escape motion” 
[3] of lamellar materials found by coarse-grain 
simulation is reproduced by all-atom MD. The “thermal 
escape motion” is the strongest candidate to explain the 
very low friction between graphene transfer film and the 
substrate. Since the transfer film have degree of freedom 
during the physical or chemical adsorption on the 
counter-surface, two faced surface are stabilized in 

commensurate state. Then the occurrence of very low 
friction between commensurate surfaces should be 
explained. The well-known mechanism of “super-
lubricity” which occur between incommensurate surfaces, 
cannot explain the phenomena. 
 
3. RECENT RESULTS FOR BOUNDARY 

LUBRICATION 
3.1 Friction of ethanol confined between DLC and 

YSZ 
For surface coating, the sliding friction between 

ZrO2 and diamond like carbon (DLC) film including 
small amount of water and ethanol molecules between 
them, are studied. Chemical reaction is treated in 
classical MD by using Reax Force Field (ReaxFF) [4]. 
Hydrogen terminated DLC and non-terminated DLC are 
used. ZrO2 surface is taken from a literature. During the 
sliding, transfer of ethanol molecules to ZrO2 is found in 
both type of DLC, which is thought to be very beginning 
of the transfer film formation in the Friction Fade Out 
phenomena [5]. Fully hydrogenated DLC shows very low 
friction which drops to 10-4 when ZrO2 slide on the 
surface. In the experiments, ZrO2 are stabilized by Y 
atoms (YSZ). When sliding between YSZ and DLC 
including ethanol system (Figure 1), dissociation of 
ethanol molecules and chemical bonding to the solid 
surface are found. This means that YSZ is more reactive 
than ZrO2. 
Figure 2 shows the film thickness (number of ethanol 
molecules) dependence on ratio of chemical reaction. 
Chemical reaction shows peek in single layer system 
whereas chemical reaction decreases as the film 
thickness increases. This is because, since the chemical 
reaction is due to the friction energy, single layer shows 
solid like friction so that to react enough, on the other 
hand, multi-layered system shows low friction due to 
liquid lubrication like dynamics. In many tribological 
system, less lubricants sometime show effective for 
boundary film formation or polishing. We think our result 
show symbolic case of these phenomena. 
 
3.2 Formation process of oiliness agents on metal 

surface 
For boundary lubrication, formation process of 

organic acid molecules (palmitic acid) as additives in 
hydrocarbon base oil on the charged metal surface are 
studied using all-atom molecular dynamics [6]. After the 
relaxation process, the base oil molecules made highly 
oriented (laid) adsorbed layer on the surface at first. Then 
the additive molecules is prevented to physically adsorb 



Washizu et al., 2018 

51 
 

on the surface (Figure 1). The adsorbing time is due to 
the structure of base oil. When the base oil is linear (n-
hexadecane), the adsorbing time is long, since the base 
oil form highly ordered layer. When the base oil is 
branched, the adsorbing time is shorter then linear oil. 
This is because the adsorbed layer structure of the base 
oil is random than a linear oil. This finding is novel 
solvent effect other than “chain matching” (Figure 2) [7]. 
“Chain matching” is the effect that when the chain length 
of the linear base oil and the additives are same, the 
boundary film become strong so that inhibit from pull off 
during the sliding. Therefore, this effect is, saying, effect 
for the breakage for the boundary film. Our finding of the 
adsorbing process is effect for the formation of the 
boundary film. This may be complement idea with chain 
matching for boundary lubrication of organic additives.  

 

 
Figure 1 Molecular dynamics simulation of the friction 
of confined system between YSZ and DLC, and ethanol 
molecules. Chemical reaction is treated by Reax Force 

Field. 
 

 
 
Figure 2 Ratio of chemical reaction of ethanol confined 

between YSZ and DLC.   
 

3.3 Other system 
We also analyzed the properties of Benzotriazole 

molecule, which is one of the anti-copper-corrosion 
additive, absorb onto copper surface by reaxFF molecular 

dynamics. This is reported in another presentation. 
The limitation, however, are found easily if we 

consider about large system effect such as long-range 
Coulomb interactions [8], surface roughness, heat 
generation and transportation on the sliding surfaces. Our 
recent approaches using smoothed particle 
hydrodynamics (SPH) are also presented in this 
conference. 

 
4. SUMMARY 

The all-atom MD simulation is useful not only for 
simulating the molecular ensemble, but including 
chemical reactions. In the system of ethanol confined 
between DLC and YSZ system, ratio of the chemical 
reaction decreases with the increase of the film thickness, 
which is first report of this kind of “Tribo Chemical 
Reaction”. For the oiliness agen t system, we found 
layered structure of the base oil is bottle neck of adsorbed 
layer formation, which is different than the concept of 
“chain matching”.  
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ABSTRACT – The paper simulates lubricant Stribeck 
curve for SAE grade engine lubricants by coupling 
Reynolds solution with Greenwood and Tripp’s rough 
surface contact model. The predicted lubricant Stribeck 
curves for SAE5W40 and SAE15W40 engine lubricants 
are validated with measured data from a pin-on-disc 
tribometer. The proposed mathematical solution is shown 
to be capable of predicting lubricant Stribeck curves that 
correlate well with experimental data for both engine 
lubricants, capturing frictional behavior for the whole 
range of lubrication regimes. Such predictive tool could 
prove to be beneficial to automotive manufacturers in 
selecting suitable engine lubricants for their vehicles. 
 
1. INTRODUCTION 

Lubrication is essential in minimizing frictional 
losses between two interacting surfaces in relative 
motion. The effectiveness of a lubrication system 
depends on the operating conditions of the mechanical 
components, such as applied normal load and relative 
sliding speed between rubbing surfaces, giving rise to a 
significant variation of friction [1].  

In general, frictional behavior of any lubrication 
system can be assessed using lubricant Stribeck curve 
[2]. Lubricant Stribeck curve can be used to distinguish 
between various lubrication regimes, namely 
hydrodynamic lubrication (HL), elastohydrodynamic 
lubrication (EHL), mixed lubrication (ML) and boundary 
lubrication (BL) regimes. Most of the lubricant Stribeck 
curves are measured using tribometers, which could 
prove to be costly, with limited work conducted on 
mathematically predicting these curves [3]. Therefore, 
the study attempts to simulate the lubricant Stribeck 
curves for a fully synthetic engine lubricant (SAE5W40) 
and mineral based engine lubricant (SAE15W40) by 
solving for Reynolds equation and Greenwood and 
Tripp’s rough surface contact model.  
 
2. METHODOLOGY 
Friction measurement 

Friction tests were first carried out for the selected 
SAE grade lubricants to characterize their frictional 
properties under pure sliding motion with respect to 
lubrication regimes of BL, ML and EHL. A pin-on-disc 
tribometer is used to perform the friction test. In this 
study, a wear disc, fabricated from JIS SKD-11 tool steel 
(75 mm diameter and 4 mm thickness), is rotated against 
a stationary cast iron pin (10 mm diameter and 32 mm 

length). The cast iron pin has a spherical end cap with 
curvature radius of 5 mm. The composite RMS surface 
roughness for wear disc and pin (V) are 0.13Pm. 
Ultrasonic bath is used to clean the pin and wear disc 
before the friction test is conducted in order to remove 
the leftover machining fluids before being left to dry in a 
desiccator.  
 
Reynolds equation 

In this study, Reynolds equation is used to predict 
the fluid film formation of the selected lubricants. 
Contact pressure distribution is governed by the partial 
differential equation along the lubricated conjunction. 
The equation is given as follow [4];  
 

𝜕
𝜕𝑥

(
ℎ3

𝜂
𝜕𝑃
𝜕𝑥

) +
𝜕

𝜕𝑦
(

ℎ3

𝜂
𝜕𝑃
𝜕𝑦

)

= 12 {
𝜕

𝜕𝑥
[(𝑢𝑎𝑣𝑒)𝜌ℎ]

+
𝜕

𝜕𝑦
[(𝑣𝑎𝑣𝑒)𝜌ℎ] +

𝜕(𝜌ℎ)
𝜕𝑡

}   

(1) 

 
Where 𝑢𝑎𝑣𝑒 presents the entrainment motion along the 
sliding direction and 𝑣𝑎𝑣𝑒 is the speed of lubricant side 
leakage respectively. Reynolds equation can then be 
solved numerically based on the method described in [5]. 
 
Friction force  

Reynolds equation provides the information on 
contact pressure distribution and the lubricant film 
thickness. These are then used as the input to predict the 
friction force along the tribological conjunction. The total 
friction is assumed consists of boundary friction (𝐹𝑏) and 
viscous friction (𝐹𝑣) components. Viscous friction 
component comes from the lubricant shearing while 
boundary friction comes from direct surface asperity 
contact interaction [6]. Hence, the total friction can be 
expressed as follow: 

 
𝐹𝑓 = 𝐹𝑏 + 𝐹𝑣 (2) 

 
The viscous friction force can be computed as: 

𝐹𝑉 = ∫ 𝜏𝑣 𝑑𝐴 =  ∑ 𝜏𝑣(𝐴 − 𝐴𝑎) (3) 

where 𝜏𝑣 is the viscous shear stress (𝜏𝑣 = 𝜂𝑜𝑈
ℎ(𝑥)

). The 
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boundary friction force occurs there is only minimal 
lubricant film coverage in the boundary lubrication 
regime. The boundary shear can be predicted using the 
Eyring model [6] and can be described as:  

 

𝐹𝑏 =  ∑ 𝐴𝑎(𝜏𝑏)     ;      𝜏𝑏 = 𝜏𝑜 + 𝑚 (
𝑊𝑎

𝐴𝑎
) (4) 

 
Where 𝜏𝑜 is the Eyring shear stress of the lubricant and 
𝑚 is the pressure coefficient of the boundary shear 
strength. The term 𝑊𝑎 is the load carried by the asperities, 
𝐴 is the Hertzian contact area and Aa is the actual contact 
area. These parameters are determined using Greenwood 
and Tripp’s rough surface contact model [7].  
 
3. RESULTS AND DISCUSSION 

The simulation input parameters for the current 
study are presented in Table 1. The coefficient of friction 
(CoF) values measured using the pin-on-disc tribometer 
at different sliding velocities for fully synthetic engine 
lubricant (SAE5W40) and mineral based engine lubricant 
(SAE15W40) are given in Figure 1 and Figure 2. 
Numerically solving for the mathematical equations 
described above, it is shown that the simulated lubricant 
Stribeck curves correlate well with the measured 
experimental data. It can be seen that as the sliding 
velocity increases, both plots show the transition of 
lubrication regimes from BL to EHL regime. Critical 
velocity [8] is introduced as the initial point where the  
lubricants begin to shift from EHL to ML. It is observed 
that SAE15W40 engine lubricant has a lower critical 
velocity as compared to SAE5W40, indicating that 
SAE15W40 is capable of providing a higher ability to 
sustain fluid film formation for a wider range of sliding 
velocity.  

 
Table 1 Input parameters. 

Type Density Viscosity m 
 (kg/m3) (mm2/s) (10-8/Pa) 
SAE5W40 840.3 79.10 2.003 
SAE15W40 881.0 101.0 1.637 

 

 
Figure 1 Stribeck curve of fully synthetic oil 

(SAE5W40). 
 

4. SUMMARY 
The study simulated lubricant Stribeck curves for 

SAE5W40 and SAE15W40 engine lubricants using 

Reynolds equation and Greenwood and Tripp’s rough 
surface contact model. The mathematical model is shown 
to be capable of predicting Stribeck curves that correlate 
well with measured data for both selected engine 
lubricants. The analysis also demonstrates the capability 
of the mathematical model in capturing the lubrication 
regime transitions along the Stribeck curve. 

 

 
Figure 2 Stribeck curve of mineral based oil 

(SAE15W40). 
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ABSTRACT – The study determines the load carrying 
properties for confined nano-meter thick lubrication film 
using Molecular Dynamics (MD) approach. An MD 
model is simulated for n-hexadecane, using an all-atom 
approach, confined by solid walls made of gold (Au) 
atoms. The normal force-displacement curve for the 
simulated contact is oscillatory in nature, exhibiting 
molecular layering properties known as solvation. This 
oscillatory force also appears to correlate with 
experimentally derived solvation force law for simple 
fluids, validating the capability of the proposed MD 
approach in predicting load carrying properties for such 
nano-confined thin films. The proposed MD approach, 
when utilized as a fundamental molecular level platform, 
has important implications in terms of improving the 
understanding of nano-confined film formation along 
boundary lubrication. 
 
1. INTRODUCTION 

Along boundary lubrication regime, formation of 
low shear strength surface-adhered thin films mitigates 
excessive friction, preventing direct surface-to-surface 
interaction. Unlike hydrodynamic lubrication film, which 
is well understood, tribological knowledge with regards 
to the underlying mechanisms for the formation of such 
confined nano-meter thick films is still emerging. The 
formation of these films is believed to be due to the 
intermolecular interactions of fluid species, as well as 
between the molecules with the atoms of the bounding 
solid surfaces.  

Studies have also shown that an ideal lubricant 
should have the lowest possible friction force values with 
the highest possible load carrying capacity [1,2]. At 
diminutive separation gaps, interactions between 
lubricant molecules and confining surfaces are 
dominated by surface forces. It is, therefore, necessary to 
understand the plethora of kinetic laws that belie these 
interactions. To understand the tribological properties of 
nano-meter thick lubrication film under confinement, the 
current study applies a Molecular Dynamics (MD) 
approach to determine the load carrying properties of 
nano-meter thick films when being confined by solid 
walls. This is the prelude to modelling of tribo-films 
along boundary lubrication regime. 

 
2. METHODOLOGY 

The study aims to setup a MD model for n-

hexadecane molecules being confined by solid walls 
made of gold (Au) atoms. The first step involves setting 
up of an all-atom MD model for n-hexadecane molecules. 
This is intended to ascertain the rheological properties of 
n-hexadecane molecules and to ensure that the all-atom 
model is representative of the actual liquid itself. The 
atom-atom interactions and atomic charges for n-
hexadecane are determined using the Condensed-phase 
Optimized Molecular Potentials for Atomistic Studies 
(COMPASS) force fields [3]. The all-atom model is 
solved using Large-scale Atomic/Molecular Massively 
Parallel Simulator (LAMMPS). The all-atom MD model 
is equilibrated by adopting the equilibration strategy 
similar to the one proposed by Bharadwaj et al. [4]. 
Through production run of 10 ns using canonical (NVT) 
ensemble with T = 333 K, the Mean Squared 
Displacement (MSD) can be computed using: 

𝑀𝑆𝐷 = 〈|𝑟(𝑡) − 𝑟(0)|2〉 (1) 

Where 𝑟(𝑡) refers to the position vector of a particle at 
time 𝑡 and 𝑟(0) refers to the initial position vector of this 
particle. Then, the self-diffusion coefficient can be 
determined based on Einstein’s relation as follow:  

𝐷 = lim
𝑡→∞

1
6𝑡

〈|𝑟(𝑡) − 𝑟(0)|2〉  

(2) 

For the second step, the all-atom model for n-
hexadecane is introduced to an inhomogeneous MD 
model, consisting of confining walls made of gold (Au) 
atoms. Each of the walls have a dimension of 5.1 nm x 
4.3 nm x 1.4 nm, having a total of 2288 Au atoms. The 
MD model is illustrated in Figure 1. The model is setup 
using NPT ensemble with an in-plane pressure of 0.1 
MPa and T = 333 K, based on the approach proposed by 
Gao et al. [5]. The load carrying properties of the 
confined liquid film is determined from the total forces 
acting on the solid wall. A time step of 0.5 fs is used 
throughout the whole simulation. 

 

 
Figure 1 MD simulation of n-hexadecane molecules 

confined by solid walls. 

Solid wall 

Solid wall 

n-hexadecane molecules 
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3. RESULTS AND DISCUSSION 
The study aims to determine the load carrying 

properties of nano-meter thick liquid film using MD 
simulation. As an initial approximation to the analysis, 
the study simulates n-hexadecane molecules being 
confined by solid walls made from Au atoms. Table 1 
illustrates the simulated density and self-diffusion 
coefficient of n-hexadecane molecules obtained using the 
all-atom model. It can be observed that the simulated 
parameters correlate reasonably well with the reported 
values from literature.  

Based on the all-atom model, the n-hexadecane 
molecules are then introduced to the MD model 
consisting of two solid walls. The separation gap between 
the two solid walls are varied during the MD simulation. 
This is to determine the load carrying properties of n-
hexadecane molecules when under confinement. Figure 
2 shows the change in normal force, from the confined 
molecules acting on the solid walls, with different wall 
separation gap values. The normal force can be observed 
to oscillate, believed to be as a result of the tendency of 
n-hexadecane molecules organizing themselves into 
layered structures. Such property is similar to the 
solvation effect, commonly observed for simple fluids 
like n-hexadecane when under confinement. 

 
Table 1 Rheological properties of simulated n-

hexadecane. 
Properties MD Literature [6] 
Density (g/cm3) 0.7347 0.7460 

Self-diffusion coefficient 
(u10-10m2/s) 

 
6.7617 

 
7.577 

  

 
Figure 2 Normal force generated by n-hexadecane 

molecules against solid wall separation gap  
 

The simulated solvation properties of n-hexadecane 
molecules being confined by solid walls made from Au 
atoms is then curve fitted with the solvation force 
equation given below [7]:  

𝐹(𝐷) = −𝐵𝑒−𝐷/𝜉𝑐𝑜𝑠 (2𝜋𝐷/𝜉) × 𝐴 (3) 

Where A is the contact area patch. Through this, for a 
curve-fitted R-squared value of 0.9753, the term B is 
given to be 27 GPa. In the current study, the term 𝜉  is 
taken to be equivalent to the radius of gyration of the 
simulated n-hexadecane molecules as given below: 

𝑅𝑔
2 =

1
𝑀

∑ 𝑚𝑖(𝑟𝑖 − 𝑟𝑐𝑚)2

𝑖

 
 

(4) 

Where 𝑀 refers to the total mass of the group, 𝑟𝑐𝑚 refers 
to the center-of-mass position of the group. 

4. SUMMARY 
The study aims to ascertain the load carrying 

properties of nano-meter thick films being confined by 
solid walls using MD simulation. As an initial attempt to 
determine such properties for nano-meter thick films 
using MD simulation, the study simulates n-hexadecane 
molecules, modelled using an all-atom approach, being 
confined by solid walls made of Au atoms. It is shown 
that the current MD simulation setup is capable of 
determining the load carrying capacity of n-hexadecane 
molecules, which exhibits molecular layering effect or 
better known as solvation effect as a function of 
separation gaps. The simulated normal forces are also 
shown to correlate well with the theoretical equation 
derived for solvation forces given by Chan and Horn [7]. 
Hence, the current MD model has been shown to have the 
capacity to be used as a fundamental platform to better 
understand the load carrying properties of nano-meter 
thick films when being confined.   
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ABSTRACT – Piston top ring-liner situation was 
simulated using a passenger car engine top ring sliding 
on a cast iron disk, on a pin-on-disk tribo-tester. Friction 
and wear control performance of neat PFAD, its ZDDP 
and dithiocarbamates formulates were evaluated under a 
severe load (200N) serving condition possible with 
today/future cars’ internal combustion engines. 0.5%(wt) 
MoDTC, followed by 0.1%(wt) ZDDP separately doped 
PFAD produced the lowest friction and wear, comparable 
to a commercial premium engine oil. PFAD can be a 
“cost-competitive green base oil” in Malaysia, and can be 
a contributor to the growing global bio-lubricants market. 
 
1. INTRODUCTION 

Environment sustainability and energy 
independence, are factors in adopting vegetable oils 
(VOs) as basestocks for engine oils.  VOs possess 
extremely low toxicity, high biodegradability, attractive 
tribological characteristics and solubilising power, 
superior to petroleum-derived and synthetic oils [1]. The 
last two characteristics grant that with the aids of 
additives, VOs can meet the tribological demands in 
modern days and future generation vehicle engines.  

In the automotive engine, a major representative 
motion mechanism whose tribological characteristics 
largely impact the engine’s fuel and oil consumptions, 
power loss and emission of harmful exhaust is the piston 
rings - cylinder bore mechanism [2]. Apart from severe 
wear, the energy lose to friction through the said 
mechanism is estimated to be 50% [3]. 

Recent global rise in demands of passenger cars in 
emerging economies have stimulated growth of 
lubricants market, especially bio-based (for 
environmental reasons). PFAD can be a “cost-
competitive green base oil” in Malaysia, as it is produced 
in large quantity in the country (average of 0.678 million 
MT) in 2015 [4]. Its use in formulating bio-based engine 
oil will reduce environmental impact from engine 
lubricating oils, improve vehicle engines efficiencies, 
and extend the market for the product. So far, no study on 
the tribological properties of PFAD has adequately mimic 
the real severe conditions which lubricants face at the 
interface of the piston ring-cylinder bore of car engines.  

The objectives of this study is to evaluate the 
performance of PFAD and its formulates as lubricant for 
the serving conditions possible with today and future cars 
internal combustion engines. 

 
2. METHODOLOGY 

Acceptable friction and wear evaluation should 

simulate nearly exact and actual operating conditions of 
the mechanism. In the current work, the test methodology 
is employed under laboratory conditions to simulate the 
engine (cylinder bore-piston ring) operating environment 
including the use of sliding-contact materials, a cast iron 
disk having very near composition and surface profile to 
cylinder bore, and a compression piston ring piece of a 
passenger car engine. The ring was cut to 30mm chord 
length (to fit properly into the pin holder unit for 
clamping (Figure 1) and used as the pin. This 
arrangement was run on a pin-on-disk Tribo-tester under 
applied normal load of 200N (selected based on 
established concept from the work of Obert et al. [5]) for 
a sliding distance of 1500m at 27°C.  

 

 
Figure 1 Piston ring piece clamped on pin holder 

 
We first examined the friction and wear behaviour 

of the arrangement under the lubrication of 3ml of neat 
PFAD and later under PFAD separately additivated with 
ZDDP, molybdenum dialkyldithiocarbamates (MoDTC), 
mythelene bis(dibutyldithiocarbamate) (MyDTC), & 
ZDDP+MoDTC. A premium commercial engine oil (EO) 
was also used as a lubricant under the same test 
conditions for comparison. In each test, 3ml of the oil 
sample was supplied at the rubbing interface, to simulate 
the oil starvation lubrication characteristics of the 
compression ring-cylinder liner arrangement. Each test 
was run in duplicate to ensure repeatability. 

 
3. RESULTS AND DISCUSSION 

Figure 2 which presents the average coefficient of 
friction (CoF) of the tested sample, shows that boundary 
lubrication conditions exist in the piston ring-disk 
contact, owing to high values of CoF. These imply direct 
surface contact, such that asperities separation to reduce 
friction is by formation of reaction products or chemical 
films from oil chemistry at the contact zone of the 
substrates. There is high value of CoF under neat PFAD 
test, suggesting the need for additives.  

While blend of PFAD with each of the additives 
presented significant reduction in CoF, MoDTC led 
ZDDP and MyDTC especially at 0.1(%wt) and 0.5(%wt) 
concentrations. MoDTC controls friction by forming 



Bongfa et al., 2018 

57 
 

MoS2 at the tribo-contact zone of the substrates. 
Decomposed product of MoDTC acting as a soft base 
reacts with iron (from substrates) as soft acid to form iron 
sulphide (FeSx) which in collaboration with nitrogen-
based compounds (from the decomposed MoDTC) and 
polar heads from high free fatty acids of PFAD, become 
the tribo-film composition. The physisorption and 
chemisorption of these compounds result in reduced 
friction and wear. At low concentration (0.25 %wt), 
ZDDP offered the best CoF as in previous study [6]. 
ZDDP might have achieved this by formation of tribofilm 
composing of Zn, S, and P species, being its active 
chemistry in wear and friction control. MyDTC nearly 
equated ZDDP in friction control at other %wts, except 
at 0.25 (%wt) which it seems to have produced 
insufficient surface active matrix.  

 

 
Figure 2 CoF versus additives concentration. 

 

 
Figure 3 Average wear versus additive concentration. 

 
From Figure 3, 0.1%(wt) of either ZDDP or 

MoDTC in PFAD contributed significantly to the 
lowering of wear of the piston ring. While 
increased %(wt) of ZDDP increased wear, increased of 
MoDTC to 0.5%(wt) reduced the wear rate to the lowest 
value implying that MoDTC has significant anti-wear 
properties as observed in previous studies [6, 7]. 
Lower %(wt)s of MyDTC in PFAD showed no influence 
on the wear control, likely due to poor degradation during 
sliding contact, such that substrates had insignificant ion 
exchange reaction with the additive until its composition 
reached 0.5%(wt). ZDDP and MoDTC, degraded in 
PFAD, as sliding contact took place, forming tribo-layer 
containing the wear preventive chemistry of ZDDP and 
of MoDTC in the respective formulations and tests.  

0.1%(wt) ZDDP favours wear control compared to 

0.25%(wt), hence was combined with 0.5%(wt) MoDTC 
in PFAD and tested. However, instead of the expected 
synergistic ligand exchange reaction between the 
additives [7], there was higher wear (466 micron) and 
insignificant impact on CoF as reported elsewhere [6]. 
This may be due to non-conformity to equi-molar 
concentration stated in previous study [7] and/or by 
different decomposition mechanisms and/or tribo-film 
species interactions in PFAD. From Figures 2 and 3, 
0.5%(wt) MoDTC, followed by 0.1%(wt) ZDDP 
separately doped PFAD produced the lowest friction and 
wear, comparable to a commercial engine oil (EO). The 
wear images (Figure 4) are elliptical approving true 
contact mechanism of the simulate engine parts [2]. 

 

    

    
Figure 4 Microscopic images of the worn tested rings 
surfaces (500X). (a) EO, (b) PFAD, (c) 0.5%MoDTC 

+PFAD, (d) 0.1%ZDDP+0.5%MoDTC+PFAD  
 

4. CONCLUSION 
Piston top ring-liner situation was simulated using a 

passenger engine top ring, sliding on a cast iron disk on 
a pin-on-disk tribo-tester. The influence of neat PFAD 
and its ZDDP, MoDTC and MyDTC formulates, as 
lubricants, on the wear and friction control at the rubbing 
zone of the arrangement were studied under the same 
load of 200N, for a distance of 1500m at room 
temperature (27°C). 0.5%(wt) MoDTC, followed by 
0.1%(wt) ZDDP separately doped PFAD resulted in the 
lowest friction and wear, comparable to the EO. 
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ABSTRACT – Molybdenum disulphide powder with 
different particle sizes and percentage volume by 
proportion are mixed with lithium grease and influence 
of molybdenum disulfide as an anti-wear additive on the 
performance of lithium grease was identified as per 
ASTM D2266 tests on four ball tribotester. 
Molybdenum disulphide particle sizes and percentage 
volumes by proportion were considered as performance 
variables and wear scar diameter as response. Signal to 
noise ratio analysis was done to identify the levels for 
optimum wear scar diameter. Analysis of variance was 
done to identify significant factor which affects wear 
scar diameter.  
 
1. INTRODUCTION 

Greases are semi-solid substances composed of 
lubricating oils and soaps or thickeners. The work 
reported by Bartz [1] was on optimal concentration exist 
for molybdenum di sulphide and graphite in liquid or 
paste lubricants. Less than this concentration of solid 
lubricant is insufficient to maintain protection against 
wear. Antony et al. [2] reported work on anti-
wear/extreme pressure performance of graphite and 
molybdenum di sulphide combinations in lubricating 
greases. 

The aim of this work was to identify effect of 
concentration and effect of particle size of molybdenum 
disulphide as an anti- wear additive in lithium grease for 
the optimum wear scar diameter. 

 
2. METHODOLOGY 

Design of experiments was done on the basis of 
Taguchi technique. The particle sizes of 0.5 micron, 1 
micron and 1.5 micron of molybdenum di sulphide was 
mixed in lithium soap grease in different volume 
proportions of 5%, 10% and 15%. For three levels of 
two factors, L9 orthogonal array consisting of nine 
experiments was selected. 
 
2.1 Four ball tribotester 

The four ball tester machine TR-30L-IAS 
DUCOM make as shown in Figure 1 was used for tests. 
ASTM D 2266 standard procedure was followed to find 
wear scar diameter. 
 
2.2 Testing as per ASTM D2266 

Carbon chrome balls of 12.7 mm diameter each 
were used in tests. The temperature of 75 ± 2 ºC and 
speed of 1200 ± 60 rpm were maintained as per 
standards. The load 392 N was applied by load lever.  

The top ball was rotated by the spindle in contact with 
three balls in ball pot. The motor was run for 60 minutes 
duration as per standards.   

 

 
Figure 1 Four ball tribotester. 

 
After the test, wear scar diameters for three balls 

were measured using image acquisition system in 
microns. Average wear scar diameters are listed in Table 
1. 
 

Table 1 L9 orthogonal array and Result table. 
Test 
No. 

Particle 
size 
(micron) 

Proportion 
by volume 
(%) 

Avg. 
wear 
scar 
diameter 
(microns) 

S/N 
ratios 

- Plain Lithium Grease 753.00     --- 
1 0.5 5 602.33 -55.5967 
2 0.5 10 722.33 -57.1747 
3 0.5 15 870.00 -58.7904 
4 1 5 570.33 -55.1225 
5 1 10 709.00 -57.0129 
6 1 15 744.46 -57.4368 
7 1.5 5 536.33 -54.5886 
8 1.5 10 630.33 -55.9914 
9 1.5 15 738.33 -57.3650 
 
3. RESULTS AND DISCUSSION 
3.1 Signal to Noise (S/N) ratio analysis 

Smaller the wear scar diameter better is wear 
preventive characteristics of grease, therefore ‘the 
smaller-the-better’ criterion was considered. Figure 2 
shows that level 3 of particle size (1.5 micron) and level 
1 of percentage proportion (5 %) of molybdenum 
disulphide as an additive in lithium grease will give 
optimum wear scar diameter.   

Average S/N ratios are listed in Table 2 to find out 
influence of each level of particle size and percentage 
proportion on average wear scar diameters. Factor with 
large difference (∆) of average S/N ratio means high 
influence to wear scar diameter.  
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Table 2 Analysis of average S/N ratios. 

Levels Particle size 
(micron) 

Proportion by 
volume (%) 

1 -57.19 -55.10 
2 -56.52 -56.73 
3 -55.98 -57.86 
∆ = Max - Min 1.21 2.76 
Rank 2 1 

 
3.2  Analysis of Variance (ANOVA) 

The analysis of variance was used as statistical tool 
for testing the significant factor which affects wear scar 
diameter [4]. Table 3 shows, percentage proportion gave 
more significant contribution of 81.10 % than particle 
size of molybdenum disulphide 16.55 % on wear scar 
diameter. 

 
Table 3 ANOVA for wear scar diameters. 

Factors D
O
F 

MS F-
Value 

P-
Value 

P % 

Particle size 2 7068 7.01 0.049 16.55 

% 
Proportion 

2 34645 34.37 0.003 81.10 

Residual 
Error 

4 1008   2.35 

Total 8 42721   100 
S = 31.7481   R-Sq = 95.39%   R-Sq(adj) = 90.78% 

 
 

3.3  Comparison of wear scar diameter and 
frictional behaviours of plain lithium grease 
and lithium grease with optimal levels of 
molybdenum disulphide 
The average wear scar diameter for plain lithium 

grease is as shown in Table 1. The average wear scar 
diameter at optimal levels of factors (1.5 micron and 
5 % of molybdenum disulphide) is 536.33 microns. 
There is about 28.77 % of decrease in average wear scar 
diameter as compared to plain lithium grease. 

The Figure 3 shows that the frictional torque for 
Lithium grease is higher as compared to lithium grease 
with 1.5 micron and 5 % molybdenum disulphide. The 
coefficient of friction for plain lithium grease (0.08832) 
is higher as compared to lithium grease with 1.5 micron 
and 5 % molybdenum disulphide (0.08146). Figure 4 (a) 
shows average wear scar diameter of plan lithium grease 
and Figure 4 (b) of lithium grease with 1.5 micron and 
5 % of molybdenum disulphide 

 
Figure 3 Comparison of frictional torque. 

 

 
                         (a)                                  (b) 

Figure 4 Wear scar diameters. 
 

4. CONCLUSION 
S/N ratio analysis revealed that test 7 (1.5 micron 

and 5 % proportion by volume of molybdenum 
disulphide in lithium grease) is an optimum 
combination. Average S/N ratio analysis suggested that 
level 3 of factor particle size (1.5 micron) and level 1 of 
factor percentage proportion (5 %) respectively will 
give optimum wear scar diameter. ANOVA results 
revealed percentage volume proportion gave more 
significant contribution of 81.10 % than particle size of 
16.55 % on wear scar diameter. The frictional torque for 
lithium grease is higher as compared to lithium grease 
with 1.5 micron and 5 % molybdenum disulphide. The 
coefficient of friction for plain lithium grease is higher 
as compared to lithium grease with 1.5 micron and 5 % 
molybdenum disulphide. 
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ABSTRACT – Biopolymer nanocomposite films were 
prepared via the solvent evaporation method using 
hydroxypropyl methylcellulose as the substrate, with the 
addition of molybdenum disulfide and different 
nanoparticles. The effects of nanoparticles on the 
tribological performance of the composite film were 
measured using a ball-on-disc tribometer. The surface 
morphology and the wear surface of nanocomposite 
films, and the dispersibility of nanoparticles were 
observed using a scanning electron microscope and a 
3D profiler. Experimental results show that the addition 
of Cu and CuO in an appropriate ratio to the 
MoS2/HPMC bio-polymer film effectively reduces the 
wear rate of the film by 80% and provides excellent 
tribological performance. Enhancement mechanism by 
the addition of nanoparticles was also discussed. 
 
1. INTRODUCTION 

Hydroxypropyl methylcellulose (HPMC) is a 
biopolymer material with good biocompatibility and 
mechanical application characteristics. It can be easily 
detected and observed. Therefore, it has a high 
application value in the future, especially in the field of 
sustainable manufacturing. Previous studies have used 
oxides, sulfides, diamonds and other materials as 
additives to enhance the wearing resistance behavior of 
tribological materials. These particulate additives often 
result in issues such as aggregation and uneven 
distribution in practical application. The use of 
biocompatible HPMC can effectively solve the above 
issues. Furthermore, with the addition of MoS2, HPMC 
can lead to more stable and better tribological 
performance [1-2]. As nanoparticles have high surface 
area to volume ratios, they can effectively enhance the 
bonding ability between additives and the substrate. 
Hence the addition of nanometal into polymers can 
achieve excellent anti-wearing effects [3]. 

 
2. METHODOLOGY 

The nanocomposite film was prepared by heating a 
solution of 1.8 g deionized water and 7.2 g alcohol to 
60 °C using an electromagnetic stirrer and subsequently 
adding 1 g HPMC powder. The solution was stirred 
until it was completely homogeneous. 0.5 g 
molybdenum disulfide powder was then added and the 
solution was shaken using an ultrasonic homogenizer 
for 20 minutes. When the preparation of MoS2/HPMC 
solution was completed, Cu or CuO nanoparticles 
dissolved in alcohol in an appropriate proportion were 
added into the composite material solution and stirred to 

form a completely homogeneous mixture. Micropipette 
was used to drop the solution on a glass substrate. It was 
then placed in a constant temperature and humidity 
machine (30°C, 40 RH%) for 6 h to prepare a 
nanocomposite composite film. The surface 
morphology, wearing trace and particle dispersibility of 
the nanocomposite film material will be detected by 
scanning electron microscopy (SEM). The wear test was 
carried out at room temperature and atmospheric 
conditions using a ball-on-disk tribometer, with a sliding 
speed of 0.03 m/s, a rotation radius of 6 mm, a load of 2 
N and a stroke of 200 m. Chrome steel balls (AISI 
521000) were used. The nanocomposite film on the 
glass substrate was placed on the disc at the bottom of 
the tribometer. The coefficient of friction was measured 
and recorded using a load element connected to the disc. 
The wearing loss was measured using a 3D scanner 
(Keyence VK9710, Osaka, Japan). The depth and width 
of the wearing traces were measured by laser scanning.  

 
3. RESULTS AND DISCUSSION 

Figure 1 (a) and (b) show the surface morphology 
of MoS2/HPMC composite films. It can be clearly 
observed that the layered MoS2 is homogenously 
distributed in the HPMC polymer film. Figure 1 (c) and 
(d) are Cu/MoS2/HPMC composite films. The 
dispersibility of copper nanoparticles can be observed, 
and there is no obvious aggregation effect observed. 
Figure 1 (e) and (f) are CuO/MoS2/HPMC composite 
films, showing good particle dispersibility and 
homogeneity. 

The effects of the addition of different 
nanoparticles on the coefficient of friction and wearing 
loss of the three HPMC composite films are compared 
in Figures 3 and 4. With the addition of MoS2, the 
molecules are only bonded via the van der Waals forces 
due to the low shear stress of MoS2. The bonds can be 
easily broken, so the coefficient of friction is reduced. 
However, the wearing loss becomes relatively large as 
the substrate can be easily stripped off. After adding Cu 
or CuO nanoparticles, the compressive strength of 
materials is enhanced. In addition, as the nanoparticles 
have relatively high surface energy and activity, they 
easily adhere to the abrasion balls, forming a barrier. 
The wearing of substrates due to abrasion balls can be 
avoided, substantially reducing the wearing loss and 
friction coefficient and achieving excellent anti-wearing 
effects. Among those films, CuO/MoS2/HPMC has the 
most optimized anti-wearing effect, with an average 
friction coefficient of 0.102. 
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Figure 1 Surface morphology of different 

nanocomposite films: (a) and (b) are MoS2/HPMC 
composite films, (c) and (d) are Cu/MoS2/HPMC 

composite films, (e) and (f) are CuO/MoS2/HPMC 
composite films. 
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Figure 2 Coefficient of friction (COF) of different 

nanocomposite films. 
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Figure 3 Wear losses of different nanocomposite film 

materials. 
 

Results for the abrasion test of the composite films 
were obtained by observing the wearing surfaces by 
SEM. As shown in fig. 4 (a) and (b), the MoS2/HPMC 
film shows obvious ploughing and stripping effects after 
the abrasion test. Obvious debris can be observed at the 

edge of wear trace. Fig. 4 (c) and (d) show that adhering 
wearing and slight scratches are found on the 
Cu/MoS2/HPMC composite film. However, grinded 
traces were observed on only some substrates of the 
CuO/MoS2/HPMC film, with no wearing debris found 
in the traces, as shown in Fig. 4 (d) and (e).  

When Cu and CuO nanoparticles were added, the 
ploughing and stripping phenomena were not observed, 
mainly due to changes in the wearing mechanisms. With 
the addition of Cu nanoparticles, the compression 
strength of composite films is enhanced, with a wearing 
mechanism dominated by plastic deformation of Cu 
nanoparticles. The plastically deformed Cu 
nanoparticles can effectively protect the composite film 
substrates from direct wearing by counter balls. CuO 
particles are relatively hard and they are not easily 
flattened with loading. The enhanced anti-loading 
capability leads to better anti-wearing properties of the 
films. Hence, CuO/MoS2/HPMC composite film 
materials can achieve the lowest wearing loss and 
coefficient of friction. 

 

 
Figure 4 Analysis of wear traces: (a) and (b) for 

MoS2/HPMC; (c) and (d) for Cu/MoS2/HPMC; (e) and 
(f) for CuO/MoS2/HPMC. 

 
4. SUMMARY 

Nanoparticle additives/MoS2/HPMC composite 
film materials with good dispersibility were successfully 
produced by the solvent evaporation method. 

The addition of nanoparticles can effectively 
reduce the wear rate of MoS2/HPMC films by 80%. 

After adding nanoparticles, composite materials 
show no ploughing effects but effective anti-wear 
effects. 

The addition of metal and metal oxides shows 
different wearing mechanisms. Cu nanoparticles protect 
the substrates to achieve anti-wearing effects through 
plastic deformation, whereas CuO nanoparticles provide 
excellent load capacity for soft films due to their higher 
hardness. 
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ABSTRACT – This paper presents comparative study on 
dry and MQL effect in coated/ uncoated milling process 
based on kurtosis and skewness quantification. By 
combining vibration signals, it is possible to identify with 
more reliability. The use of different statistical 
measurement such as RMS, kurtosis and skewness, 
together with surface roughness measurement allows 
identifying the tool and workpiece condition under dry/ 
MQL application. It was found that kurtosis detect 
different MQL affect the average surface roughness for 
both coated and uncoated end mill. 
  
1. INTRODUCTION 

Manufacturing and other industries today are 
competing to achieve high volume production. Cutting 
fluids are typically used to ensure they produce good 
quality finish. It is critical to reduce the usage and reduce 
cost of using cutting fluid.  Moreover, the stability of the 
cutting tool and workpiece set-up is required in order to 
have a good surface quality. Thomas and Beauchamp [1] 
describes the machined surfaces consist of two 
superimposed profile: the theoretical profile due to 
operation kinematics and dynamic profile due to cutting-
edge vibrations. Therefore, signal processing is important 
to reach a better understanding of the MQL, coated and 
uncoated effect on the milling process. 
 
2. METHODOLOGY 

Experimental setup is illustrated in Figure 1. The 
experimental work was performed on conventional 
Makino KE55 milling machine. The workpiece material 
used was cast iron FCD450 in the dimension of 150 mm 
x 150 mm x 50 mm block, while cutting tools are both 
coated (TiAlN) and uncoated end mill cutting tool (20 
mm diameter, 8-flutes). Axial and radial depth of cut in 
all test was fixed to 1.25 and 20mm respectively in order 
to limit the amount of testing time. During experiment, 
two accelerometers were used to assure the reliability of 
the signals, whereby accelerometer 1 and accelerometer 
2 were located at the workpiece and spindle respectively.  
Vibration signal were captured and recorded by NI data 
acquisition (DAQ) under sampling rate of 2000Hz.  

The milling process were carried out under dry 
and MQL (9, 18, 27, 36, 45 ml/h). Also, the location for 
nozzle spray was positioned at 135°.  The cutting 
condition for both cutting tool was carried out as in Table 
1. Surface roughness of the workpiece was measured 
using Mitutoyo portable surface roughness tester 
subsequently.  

 
 

 
Figure 1 Experimental Setup. 

 
Table 1 Machining conditions. 

Machining parameters Values 
Spindle speed (rev/min) 3026 
Feed rate (mm/min) 165 
Axial depth of cut (mm) 1.25 
Radial depth of cut (mm) 20 
MQL nozzle spraying angle 135° 
MQL volume flow rate (ml/h) 9,18,27,36,45 

 
3. RESULTS AND DISCUSSION 

A spectral comparison of acceleration versus time 
was performed as illustrated in Figure 2. Each 
acceleration reading were ten seconds of machining. 
Comparing the result, Figure 3 shows a higher amplitude 
of acceleration. When machining ductile material as cast 
iron, this may due to the friction characteristic of the 
secondary deformation zone between cutting tool and 
chip and the third deformation zone between cutting tool 
and workpiece. Both amplitude for accelerometer 1 and 
2 did not shows a significant variation when dry milling 
and using MQL. Thus, the difference was identified in 
terms of acceleration amplitude by kurtosis, k (Equation 
1) and skewness, s (Equation 2) quantification. These are 
calculated by the ratio between the centering moment, 
third and fourth order respectively of a number of 
elements n in the vector and standard deviation σ [2]. 

 

 
(a)                                       (b) 

Figure 2 Time domain of accelerometer 1 using (a) 
uncoated and (b) coated tool. 
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(a)                                         (b) 

Figure 3 Time domain of accelerometer 2 using 
(a)uncoated and (b) coated tool. 

 

𝒌 =
𝟏
𝒏∑ (𝒙−�̅�)𝟒𝒏

𝒊=𝟏

𝒏𝝈𝟒
                                                             (1) 

𝒔 =
𝟏
𝒏∑ (𝒙𝒊−�̅�)𝒏

𝒊=𝟏
𝟑

𝒏𝝈𝟑
                                                                    (2) 

 
The acceleration amplitude and kurtosis calculation 

together with average surface roughness for 
accelerometer 1 and 2 were plotted in Figure 4. 
Considering the volume flow rate used were similar, it 
demonstrates that the k value using uncoated tool were 
higher than coated tool. The difference can be seen except 
during dry cutting and applying 18 ml/h of MQL for 
accelerometer 1 and 2 respectively. Besides, Figure 5 (a) 
demonstrate the opposite where by the coated tool 
obtained higher s value than uncoated tool during dry 
condition. Meanwhile, the s value from Figure 5 (b) 
shows the difference cannot be clearly determine at 9, 18, 
27 ml/h of MQL flow rate. Based on these, adding surface 
roughness testing is important to verify the data obtained 
[3]. The k and s values are often high when using 
uncoated tool. During machining cast iron, friction and 
heat is generated due to the rubbing between surfaces. 
This inducing temperature to increase which 
substantially influence the cutting force. By applying 
layer of coating, the chemical compatibility reduces 
oxidation wear and intense reaction between the coating 
surface and the cast iron during machining [4]. 
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(b) 

Figure 4 Kurtosis analysis of (a) accelerometer 1 and (b) 
accelerometer 2. 
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                                              (b) 
Figure 5 Skewness analysis of (a) accelerometer 1 and 

(b) accelerometer 2. 
 

4. CONCLUSIONS 
The following conclusions were obtained: 
(a) Kurtosis and skewness quantification seems to 

be a good indicator of the cutting process and 
can be applied in a monitoring process of MQL 
and coating. 

(b) Surface roughness verify kurtosis and 
skewness as suitable statistical tool of 
monitoring cutting condition. 
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ABSTRACT - Dispersion stability of nanoparticle (NP)-
shielded oil droplets in soybean oil-in-water emulsions is 
investigated. TiO2/SiO2 NP-shielded oil droplets remain 
dispersed in emulsions for 28 days (test period). Required 
amount of NPs appears to be related to droplets surface 
area which is governed by oil concentration and droplets 
sizes. Dispersion stability of the droplets is attributed to 
full/partial coverage of the droplets with anti-coalescing 
NP-shields whereas excess NPs form NP-agglomerates 
in the aqueous phase of emulsions.  

 
1. INTRODUCTION 

Bio-based vegetable oil-in-water (VO/W) emulsions 
are promising metal working lubricants. Their excellent 
lubricity is owed to strong adsorption of fatty acid films 
on metal surfaces [1,2]. To perform the lubrication role, 
oil droplets in emulsions must be in stable dispersed state. 
To achieve stable dispersions, surfactants, surface-active 
polymers, and nanoparticles (NPs) are used [3]. NPs are 
particularly more attractive additives as they possess both 
dispersant and lubrication properties [2,4]. Ability of NPs 
to stabilise the droplets akin to mechanical NP-shielding 
of droplets is crucial to overall stability of droplets [3,5]. 
Formation and stability of NP-shields on droplets depend 
on shape, size, and mass fraction (% wt.) of NPs, as well 
as inter-NPs and NP/oil interactions (which are attributed 
to NPs wettability and oil phase polarity) [6,7]. 

To enhance the stability of the droplets dispersion, 
adequate quantity of NPs is required to cover a large area 
of droplets surface [7,8]. However, full coverage of the 
droplets may not happen with inhomogeneous NPs or in 
shortage of NPs supply. In such cases, partial coverage of 
droplets surface with particular NPs comprising ionisable 
surface groups (such as silica) can provide stability [3].   

Dispersion stability and lubricity of soybean VO/W 
emulsions improve with TiO2/SiO2 composite NPs [2]. 
However, NPs role and the mechanisms with which the 
droplets dispersion stability is achieved have not been 
explored in detail. This work aims to understand the 
shielding mechanism of TiO2/SiO2 NPs on the oil/water 
interface of soybean oil droplets in VO/W emulsions.  
 
2. METHODOLOGY 

Materials and preparation: amorphous TiO2/SiO2 
NPs (size 35nm) and soybean oil with 15% saturated, 
24% monounsaturated, and 61% polyunsaturated fatty 
acids are used. VO/W emulsions of 0, 0.1, 0.25, 0.5, 0.75 
and 1% wt. NPs and 1% vol. soybean oil are prepared 
using ultrasonic homogeniser with 0.16kJ/ml energy [2].  

Characterisations: droplets size distributions and 
NPs agglomerates are characterised using zetasizer nano 

S and Jeol JSM6000. Dispersion stability is determined 
with Shimadzu UV-1800 spectrophotometer. NPs and oil 
droplets interactions are imaged over time with confocal 
laser scanning microscopy (CLSM) on Leica TCS SP8.   

 
3. RESULTS AND DISCUSSION 

Changes of dispersed droplets sizes indicate how 
stable the dispersions are. Figure 1 shows the distinctions 
of droplets sizes changes with time in emulsions without 
and with 0.25% wt. NPs. Without NPs (Figure 1a), sizes 
evolve from two overlapping distributions with average 
sizes of 170nm and 550nm on day 0 (after preparation) 
to two distinct distributions with average sizes of 201nm 
and 2790nm after 14 days. Further aggregation of the 
droplets is observed after 28 days with an average size of 
2500nm. This is attributed to the strong attraction forces 
between hydrophobic soybean oil droplets that drives the 
over-time coalescence of fine droplets. On the contrary, 
dispersed droplets with average size of 220nm remain 
stable for 28 days with NPs (Figure 1b). With adsorption 
of NPs on the droplets surface, the droplets size first 
decreases by increasing the NPs mass fraction from 0.1 
to 0.25% wt. owing to NPs accumulation on the droplets 
surface (Figure 1c). Droplets average size then increases 
slightly due to formation of NP-shields on the droplets. 
When droplets surface saturates with NPs at around 0.5% 
wt., droplets size remains constant and excess NPs form 
~5.5µm agglomerates only, detected by EDS mapping of 
Ti and Si elements (Figure 1d). ~5.5µm NP-agglomerates 
are also detected with 0.25% wt. NPs (see Figure 1b). 
This indicates an equilibrium between adsorbed NPs on 
the droplets and free NPs in the bulk emulsions [9].  

Dispersion stability of droplets with/without NPs is 
also inferred from UV-vis spectrophotometry (Figure 2a). 
Higher peak wavelength is obtained with 0.25% wt. NPs 
compared to the NP-free emulsion. This is attributed to a 
local density increase within the emulsion, by the virtue 
of adsorption of NPs on the droplets surface [10]. Peak 
wavelength increases slightly with 0.5% wt. NPs due to 
accumulation of more NPs on droplets. Large presence of 
NP-agglomerates is expected with 1% wt. NPs. This is 
also inferred by significant increase in peak wavelength 
by increasing the NPs mass fraction to 1% wt. [11,12].  

Relative concentration (RC) is used to assess the 
droplets dispersion stability. RC is defined as the ratio of 
absorbance intensity to the corresponding initial value on 
day 0. Figure 2b shows high stability (RC > 95 %) for the 
emulsions with 0.25 and 0.5% wt. NPs for up to 96 hours. 
On the contrary, 10% RC reduction in NP-free emulsion 
after 48 hours shows low stability in absence of the NPs. 
Interestingly with excess NPs (1% wt.), RC decreases to 
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87% and 84% after 72 and 96 hours. This is thought to be 
related to formation of NP-agglomerates in emulsion that 
consequently lowers the dispersion stability.  

 

 

 
 

 

    
Figure 1 (a-c) droplets sizes with/without NPs, and (d) 
SEM/EDS images of NP-agglomerates (scale 5µm). 

 
To explain the above observations, we hypothesize 

NPs forming anti-coalescing NP-shields on the droplets 
surface [3,5]. CLSM is used to examine this in emulsions 
with 0 and 0.25% wt. NPs (Figure 3, Rhodamine B dye is 
used to mark NPs). Without NPs, over-time coalescence 
of droplets increases the average droplets size over time 
(see Figures 3a-b). On the contrary with 0.25% wt. NPs 
droplets with varying sizes are covered with NP-shields 
which prevent the droplets from interacting with other 
droplets (Figure 3c). However, 0.25% wt. NPs is below 
the required amount for full coverage of droplets surface. 
This results in partial NP-shielding of some droplets. 
Hence, two stabilisation pathways with 0.25% wt. NPs 
are proposed. With initially fully-covered droplets, high 
dispersion stability is obtained owed to the effectiveness 
of NP-shields on the droplets surface. On the contrary, 
initially partially-covered droplets are hypothesised to 
undergo limited coalescence where the droplets coalesce 
initially until an equilibrium is reached [13]. At this state, 
as the large droplets approach other droplets short-ranged 
anti-coalescing repulsion forces between the NP-shields 
outruns attractive forces between the droplets, increasing 
the stability at close proximity. Hence mechanism with 
which the stability of droplets is provided is related to the 
surface area of droplets (which depends on droplets size 
and preparation energy [1]) and availability of adequate 
quantity of NPs in the aqueous phase.  

 
 

 

 
Figure 2 (a) absorbance (peaks are shown by dash line), 

and (b) relative concentration (RC) with/without NPs. 

  
 

  
Figure 3 CLSM images of emulsions (a-b) without NPs 
(scale 5µm), and (c) with 0.25% wt. NPs (scale 3µm).  

 
4. CONCLUSION 

The dispersion stability of NP-shielded droplets in 
VO/W emulsions is investigated. Small amount of NPs 
proportional to the droplets sizes and oil concentration is 
required for stability by full/partial coverage of droplets 
surface with NP-shields. Fully-covered droplets promote 
better stability than partially-covered droplets. Partially-
covered droplets undergo a limited coalescence initially, 
but retain their stability. Excess NPs at above saturation 
mass fraction (0.5% wt.) degrade the stability.  
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ABSTRACT – Conventional liquid lubricants are 
constituted of a base oil and (nano)additives presenting 
specific properties, such as friction reduction and 
antiwear performances. Commercial lubricants generally 
use mineral oils due to their well-known lubricating 
properties, their stability and especially competitive 
prices. However, vegetable oils present significant 
environmental benefits. In boundary lubrication, we 
showed in previous studies that pristine and fluorinated 
carbon nanofibers are promising candidates that can be 
used as nano-additives for lubricants. In this study, the 
lubricating performances of carbon nanofibers/vegetable 
oil/dodecane blends are evaluated. The structure of the 
corresponding tribofilms are investigated by Raman 
spectroscopy.  
 
1. INTRODUCTION 

Conventional liquid lubricants are constituted of a 
base oil and (nano)additives presenting specific 
properties, such as friction reduction and antiwear 
performances. Petroleum-based oils are usually used. 
However, such lubricants induce health and 
environmental hazards due to their life cycle (low 
biodegradability, toxicity towards environments). Many 
studies are now focussed on vegetable oils to be used as 
additives in petroleum-based ones because of their 
inherent qualities like renewability, bio-degradability and 
non-toxicity [1,2]. The role of friction reducers is to 
ensure the lubricating performances in boundary 
lubrication regime. We showed in previous studies that 
fluorinated nanocarbons exhibit very good tribological 
properties and appear as promising friction reducers [3]. 
Friction coefficients weaker than those of most solid 
lubricants (graphite) were obtained, ranging from 0.065 
to 0.085. The improvement of the friction performances 
observed for fluorinated carbon nanofibres is associated 
to the lowering of CNFs surface free energy (resulting 
from the fluorination of the first external graphene layers) 
leading to a lowering of interfibres interactions. The 
fluorination process progresses towards the inner layers 
of the nanostructures when the fluorination temperature 
increases. Carbon nanofibres presenting fluorination rate 
of 0.8 (corresponding to atomic F/C ratio) were used in 
this study. The corresponding intrinsic friction coefficient 
in air is 𝜇 = 0.08 ± 0.01 compared to 𝜇 = 0.14 ± 0.02 

[4] in the case of pristine carbon nanofibres. 
In order to develop green lubricants, the tribological 

behavior of pristine or fluorinated carbon 
nanofibres/vegetable oil/dodecane mixtures are 
investigated.  

 
2. METHODOLOGY 

The carbon nanofibres materials were synthesized 
from high purity (>90%) carbon nanofibres (CNFs), of 
2–20 microns length, supplied by MER. Direct 
fluorination was carried out with pure fluorine gas flow 
in a Monel reactor. The fluorine rate of F/C=0.8 were 
obtained according to the fluorination temperature TF 
=480°C with constant duration of 3 h and F2 gas flux of 
10 mL min-1. Fluorinated carbon nanofibres are labelled 
CFx. Dodecane was used as synthetic reference oil and 
vegetable oils were extracted from local precursors by 
Phytobokaz Laboratory. Mixtures of 0.5 w% of CNFs or 
CFx  in  vegetable oil (VO)/dodecane (1:99 and 2:98 w/w) 
blends were prepared. In order to homogenize and avoid 
the aggregation of solid particles, mixtures were 
dispersed during 5 min in ultrasonic bath just before the 
friction experiment.  

The tribological properties were evaluated using an 
alternative ball-on-plane tribometer consisting of an AISI 
52100 steel ball rubbing against an AISI 52100 steel 
plane on which the tested material was deposited. A 
normal load FN of 10 N was applied leading to a contact 
diameter of 140 μm (according to Hertz’s theory) and a 
maximum contact pressure of 1 GPa. The sliding speed 
was 4 mm.s-1. A drop of the solution was deposed of plane 
surface just before the friction test.  
Steel balls were used with initial roughness (50 µm) 
whereas planes were polished with abrasive discs 
(roughness close to 350 µm) in order to generate 
multidirectional scratches favouring the presence of solid 
particles in the sliding contact. Balls and planes were 
cleaned in acetone and ethanol ultrasonic baths, allowing 
the elimination of pollutants and remaining abrasive 
particles. The tangential force FT was measured with a 
computer-based data acquisition system. The friction 
coefficient is defined as 𝜇 = 𝐹𝑇

𝐹𝑁⁄ . 
Raman spectroscopy studies of the initial compounds and 
of the tribofilms were performed with a HR 800 Horiba 
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multi-channel spectrometer using a Peltier-cooled CCD 
detector for signal recording. The exciting line was 
532 nm wavelength line (Nd YAG laser).  

 
3. RESULTS AND DISCUSSION  

Figure 1 presents the evolution of the friction 
coefficient of the CNFs/2%VO/dodecane and 
CF0.8/2%VO/dodecane mixtures as a function of cycles 
number, in comparaison with pure CNFs and CFx. The 
friction coefficient in the presence of liquid is improved 
for both pristine and fluorinated nanofibres. We showed 
in previous studies that 𝜇𝑑𝑜𝑑𝑒𝑐𝑎𝑛𝑒+𝐶𝑁𝐹𝑠 =
𝜇𝑑𝑜𝑑𝑒𝑐𝑎𝑛𝑒+𝐶𝐹𝑥 = 0.06 ± 0.01. Figure 1 clearly shows 
that the presence of vegetable oil as additive modifies the 
friction properties of CNFs and CFx/dodecane mixtures. 
CF0.8/2%VO/dodecane mixture exhibits a very low 
friction coefficient (close to 0.04).  

 

 
Figure 1: Evolution of friction coefficient of 

CNFs/2%VO/dodecane and CF0.8/2%VO/dodecane 
mixtures as a function of cycles number, in comparaison 

with pure CNFs and CFx. 
 
Figure 2 shows Raman spectra recorded on CFx 

powder and the tribofilm obtained for 
CF0.8/2%VO/dodecane mixture after 1000 cycles of 
friction. In both cases, the vibration band at 1580 cm-1 is 
visible, corresponding to the well-known G band 
associated to graphitic structure. Two bands are observed 
at 1345 cm-1 and 1620 cm-1 and are assigned to the D and 
D’ modes. Such Raman modes appear when disorder is 
present in the graphitic lattice, characterizing the 
impurities and/or defects. Figure 2 does not evidence 
significant modification of the Raman spectra before and 
after the friction experiment, suggesting that the structure 
of the solid particles does not evolve during the friction 
process.   

 
Figure 2 Raman spectra recorded on CFx powder and 
on the tribofilm obtained for CF0.8/2%VO/dodecane 

mixture after 1000 cycles of friction. 
 

4. CONCLUSION 
This work shows that the addition of vegetable oil 

in fluorinated carbon nanofibres/synthetic oil blends 
improves the lubricating performances. Very low friction 
coefficients can be obtained allowing vegetable to be 
used as friction reduction additive in environmentally 
friendly liquid lubricants.  
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ABSTRACT – The paper evaluates the hydrostatic 
bearing circular recess design selection criteria for an 
experiment analysis for dynamic response characteristic 
of rotor-bearing system, incorporated with single pocket 
recess hydrostatic bearing and orifice compensation. 
Evaluation of the circular recess hydrostatic bearing 
design parameter was conducted with comparing 
experimental values, pressure variation externally 
pressurized fluid in recess for 0.7 bar and 1 bar, 
magnification factor, frequency ratio, damping ratio and 
damped vibration criteria. Numerical values of the 
bearing design parameter for damping coefficient (Cb) 
were compared with the experiment damping coefficient 
(Cc). The hydrostatic bearing of circular recess damping 
coefficient prediction gives expectable argument less 
than 5 % variation accuracy with experiment damping 
coefficient (Cc).  
 
1. INTRODUCTION 

In current industries, effectiveness control of noise 
and vibration requires quieter environment. Factor such 
as misalignment, unbalance, mechanical looseness are 
the cause for vibration in rotating machinery. A self-
designed flexible coupling used to predict the vibration 
spectrum for shaft misalignment [1]. In recent years 
there are many investigations available for rotor 
instability and damped critical speeds of flexible rotor 
by fluid-film bearing [2]. In general cases, a structure 
which exposed to time varying response force, tends to 
vibrate at or near its natural frequency, clustered by 
attached components frequencies is subjected to excite 
and radiate as noise on the housing. A damping 
treatment known as squeeze effect [3], between parallel 
surfaces applied to increase its ability to dissipate 
mechanical energy. Experimentally observed by using 
hydrostatic single pad externally pressurized been 
utilized as low filtering on gear mesh-frequency noise 
mitigation [4]. In this study, selection criteria and design 
evaluation for hydrostatic bearing circular pad 
described, [5] been extended for damping coefficient 
characteristics of the bearing for damping reduction 
effect performed in experimental studies to investigate 
the rotor dynamic response damping compared 
numerically  
 
2. THEORETICAL PREDICTION OF 

DAMPING COEFFICIENT 
To analyze the damping coefficient of circular 

bearing pad of hydrostatic bearing, a simple modal 
spring and dashpot is considered. The dynamic changes 

of flow into the recess and out from the recess due to 
change in the recess pressure, is directly proportional to 
the bearing thrust. Pressure (P) is dynamically varying 
perturbation of recess pressure. By evaluating equation 
(1) for the damping coefficient Cb as a constant in terms 
of hydrostatic bearing design for circular pad 
parameters for steady-state frequency response. 

( ) )1(12  −=
q
P

AC s
eb

 
 
3. PREDICTION OF DAMPING COEFFICIENT 

FOR BEARING DESIGN 
The hydrostatic bearing circular pad and recess 

dimension depicts in Fig.1, where R2 = 3 cm and R1 = 
1.5 cm. The value for area shape factor A referred from 

Fig. 2, [6] with referring 2
5.1

3

1

2 ==
cm
cm

R
R . Plot selection 

gives 58.0=A . Calculating for effective area, 

)2(.AAAe =  
Substituting the values into equation (1) gives Cb as 
depicted in Table 1. 
 
4. EXPERIMENTAL CALCULATION RESULTS 

The process of measure was conducted with 
attachment of accelerometer in y-axis on two locations, 
the first on the rolling bearing near the driving source 
rolling bearing, second on non-driving end rolling 
bearing, in between installed hydrostatic circular pad 
bearing as depicts in Figure 3. Figure 4 depicts 
acceleration in time domain for the three setups with no 
effect of the fluid pressure through hydrostatic circular 
pad, secondly with recess pressure of 0.7 bar and finally 
with 1 bar recess pressure. Measurement comparison 
between zero pressure and increase in the fluid pressure 
from hydrostatic bearing gives significant acceleration 
reduction between 0.7 bar and 1 bar. 
 
5. COMPARISON DAMPING COEFFICIENT 

BETWEEN DESIGN AND EXPERIMENTAL 
Critical damping coefficient of the rotor calculated 

by adapting formula (3) and (4) depicts in Table 2. 
Comparing both experimentally produced critical 
damping coefficient and with bearing design parameter 
values by the relative error formula (5) yields difference 
within 4.7 %.  
Structure stiffness, ( )22nfmk =                             (3) 
Critical damping coefficient,  
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Table 1 Hydrostatic bearing design parameters. 

Parameters Value 
Supply Pressure, Ps 1.4bar 
Flow rate, q 811 m3/s 
Pressure ratio, = Pr/Ps  0.7/1.4=0.5 
Outer radius, R2 3 cm 
Inner, R1 1.5 cm 
Pad area, A 0.00212 m2 

Area shape factor A  0.58 
Effective area pad, Ae 0.00123 m2 

Damping coefficient, Cb 66.11  Ns/m 
 

Table 2 Experimental parameter during 0.7 bar. 
Parameters Value 
Mass (m) at center of the shaft. 1.6 kg 
Natural freq, fn 100 Hz 
Pressure (P) 0.7 bar 
Stiffness, (k) 631.65 kNs/m 
Critical damping coefficient, 
(Cc,Exp) 

63 Ns/m 

Damping coefficient (Cb,Theory) 66.1Ns/m 
 

 
Figure 1 Circular recess shape bearing. 

 

 
Figure 2 Table for bearing coefficients. 

 
6. CONCLUSION 

The damping coefficient design characteristics of 
hydrostatic circular pad bearing is calculated and 
validated with the experimental data. The experimental 

and numerically calculated on the damping coefficient 
are obtained and found to be similar with less than 5 % 
variances. The design of hydrostatic circular pad 
prediction is in agreeable with experimental result. Both 
the experimental and design for the purpose achieving 
to reduce vibration by bringing in contact with rotor 
dynamic it is possible to control the resonances. 

 

 
Figure 3 Experiment set-up. 

 

 
Figure 4 Time domain on three different condition of 

pressure. 
 
REFERENCES 
[1] Hariharan, V., & Srinivasan, P. S. S. (2011). 

Vibration analysis of parallel misaligned shaft with 
ball bearing system. Sonklanakarin Journal of 
Science and Technology, 33(1), 61-68.  

[2] Lund, J. W. (1974). Stability and damped critical 
speeds of a flexible rotor in fluid-film 
bearings. Journal of Engineering for 
Industry, 96(2), 509-517.  

[3] Hori, Y. (2006). Hydrodynamic Lubrication. 
Springer Science & Business Media.  

[4] Zulkefli, Z., & Adams, M. (2014). Experimental 
Investigation of the Low Pass Filtering Effect of a 
Hydrostatic Bearing (No. 2014-01-1758). SAE 
Technical Paper.  

[5] Seperamaniam, T., Jalil, N. A. A., & Zulkefli, Z. A. 
(2017). Hydrostatic bearing design selection for 
automotive application using pugh controlled 
convergence method. Procedia Engineering, 170, 
422-429.  

[6] Rowe, W. B. (2013). Hydrostatic and Hybrid 
Bearing Design. Elsevier. 



Proceedings of Asia International Conference on Tribology 2018, pp. 73-74, September 2018 

__________ 
© Malaysian Tribology Society 

 

Poroelasticity effects on the squeeze film of parallel plates using the 
homogenization method 

B. Bou-Saïd1,*, O.S.T. Gbehe2, M. El Khlifi2, M. Nabhani2 

 
1) University of Lyon, CNRS INSA-Lyon, LaMCoS, UMR5259, 18–20 Avenue Albert Einstein, 

69621 Villeurbanne Cedex, France. 
2) University Hassan II of Casablanca, Faculty of Sciences and Techniques, Laboratory of Mathematics,  

Cryptography and Mechanics, PO Box146, 20650 Mohammedia, Morocco. 
 

*Corresponding e-mail: Benyebka.bou-said@insa-lyon.fr 
 

Keywords: Squeeze film; poroelasticity; homogenization method; Beavers-Joseph slip velocity 
 
 

ABSTRACT – This paper deals with the combined 
effects of elastic deformation and permeability on the 
hydrodynamic performance of a squeeze film between 
parallel plates. The upper plate consists of an elastic 
porous matrix saturated by a Newtonian fluid. The 
poroelastic effects of this plate are taken into account by 
means of the homogenization method for periodic 
structures. The squeeze film analysis uses the Beavers-
Joseph slip velocity at the film/porous-plate interface. 
The fluid film and poroelastic plate equations are 
discretized by the finite difference method and are solved 
iteratively using the Gauss-Seidel method. The coupling 
of the fluid film and the poroelastic plate is accomplished 
by iterative fixed point. The numerical results show that 
the poroelasticity effects are significant. 
 
1. INTRODUCTION 

The squeeze film phenomenon plays an important 
role in engineering practice and has many applications in 
industry and also in biomechanics. The squeeze film 
phenomenon occurs when two surfaces are separated by 
a lubricant, and approach each other with a normal 
motion. This phenomenon has been extensively studied. 
Commonly, the lubricant is considered to be a viscous 
fluid, thus the squeeze film process takes a certain time 
before contact when the surfaces are impermeable. 
However, the squeeze film process between impermeable 
surfaces generates high friction and this can rapidly 
damage the surfaces. Many investigators [1-3] have 
shown that the use of porous materials has beneficial 
effects on the lubricated contact life, as the viscous 
lubricant can flow through it. All these studies used the 
conventional no-slip velocity at the interface of the film 
and the poroelastic plate.  To better approach physical 
reality, the porous material deformation must be taken 
into account. Indeed, the high pressure generated in the 
fluid film during the squeeze film process leads to elastic 
deformation of the film/porous-plate interface. Many 
models have been developed which take into account 
such interface deformation. The most widely used are the 
Biot model [4,5], and the elastic thin layer model [6, 7]. 
The present paper deals with a numerical investigation of 
the coupled effects of elastic deformation and 
permeability on the hydrodynamic performance of a 
squeeze film between two infinitely long parallel plates. 
The upper plate is poroelastic and saturated by a 
Newtonian fluid. The poroelasticity is taken into account 
by the means of the homogenization method [7]. 

2. GOVERNING EQUATIONS 
 The squeeze film geometry is shown in Fig. 1. 

Consider two parallel flat plates of length L, of infinite 
dimension into the plane of the figure, immersed in a 
lubricant. The lower plate of thickness H, in reference 
frame (Ox1, Ox2) with origin point O located in the 
middle, is fixed and poroelastic. The deflection of the 
film/plate interface is defined by δ. The upper plate with 
position located by g(t) and supporting a constant load 
W0, is rigid and undergoes a squeezing movement with 
instantaneous velocity dg/dt along the Ox2 axis. 

 

 
Figure 1 Squeeze film geometric configuration. 

 
The lubricant in the film fluid is considered 

Newtonian, incompressible, and the flow is laminar and 
axisymmetric. Using the no-slip condition at the upper 
plate, the velocity component v1 can be obtained as:      
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Where Ub is the slip velocity at the film – poroelastic 
plate interface and h is the total fluid film thickness.  
Introducing Eq. (1) into the continuity equation and 
integrating across the film, using the conditions on v2 of 
no-slip at the upper plate and flow continuity at the 
interface of the film and the poroelastic plate interface, a 
modified Reynolds equation can be derived as:      
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Where  ( )−,12 xv is the fluid velocity in x2 direction at 
the lower film/plate interface. 

To study the squeezing process, it is necessary to 
know the instantaneous upper plate position. The 
equation of motion of the upper plate is written as 
follows: 
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In this work, the homogenization method [7] for 
periodic structures is used.  The method is based on the 
assumption of separation of scales. Thus, the poroelastic 
plate is considered homogenous, isotropic and composed 
of periodically reproduced elementary cells as portrayed 
in Fig. 2. 

 

 
Figure 2 Porous medium: (a) macroscopic view,  

(b) elementary cell Ω. 
 

The elementary cell Ω, of length l and width e, is 
composed of a solid matrix domain Ωs and pore domain 
Ωf saturated by a Newtonian viscous fluid. The solid 
matrix is elastic, and its deformation is considered small. 
The fluid saturating the pore domain has the same 
dynamic viscosity as that of the fluid film and its 
movement is slow.  

 
3. RESULTS AND DISCUSSION 

The variation of squeeze velocity as a function of 
time is depicted in Fig. 3 for three different values of 
Young’s modulus. The squeeze velocity decreases 
sharply at the beginning of the squeezing process and 
then decreases more gradually. The approach velocity is 
much higher at the initial stage of the squeeze when the 
film/porous-plate interface is deformable. The interface 
deformation leads to an increase of the upper plate 
squeeze velocity. 

The effects of permeability of the poroelastic plate 
on squeeze velocity are observed in Fig. 4. The upper 
plate descends more rapidly when the permeability of the 
porous plate is high. This is due to fluid motion which 
more rapidly flows into the porous plate and thus allows 
increased upper plate motion. 

 

 
Figure 3 Variation of squeeze velocity Vsqueeze as 
function of time t for different values of Young’s 

modulus E. 

 
Figure 4 Variation of squeeze velocity Vsqueeze as 

function of time t for different permeability values k. 
 

4. CONCLUSIONS 
The numerical results show that the elastic 

deformation and the permeability of the poroelastic plate 
have noticeable effects, especially on the load capacity 
and the friction coefficient. 

Compared to a rigid porous plate, the deformation 
of the film/plate interface in the poroelastic case reduces 
the load capacity and increases the friction coefficient. 
However, for high value of permeability of the 
poroelastic plate, the load capacity is enhanced, and the 
friction coefficient is reduced. These are highly desirable 
characteristics and are consistent with increased contact 
life.     
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ABSTRACT – Bearing failure is often accompanied by 
unique white microstructures in the raceway subsurface. 
The main reason is thought to be the result of hydrogen 
embrittlement caused by hydrogen diffusion in steel. We 
carried out friction tests of thrust bearings lubricated by 
polypropylene glycol and deuterium oxide. We found 
that deuterium diffused into the bearing steel up to 200 
μm using TOF-SIMS. The deuterium abundance 
decreased with depth. Moreover, we found that the 
deuterium diffusion was effectively prevented when the 
bearing washers were coated by DLC. It was possibly 
caused by the less decomposition of lubricant on DLC 
and the hydrogen-trapping capacity of DLC. 
 
1. INTRODUCTION 

Bearing failure is often accompanied by unique 
white microstructures in the raceway subsurface. The 
main reason is thought to be the result of hydrogen 
embrittlement caused by hydrogen diffusion in steel. 
Hydrogen has been proved to be generated by the 
tribochemical decomposition of lubricant oils during 
friction [1]. 

Two methods can be considered to control the 
hydrogen diffusion. One is to decrease the hydrogen 
amount by preventing the tribochemical decomposition 
of lubricants. S- or P-containing additives were reported 
to decrease the tribochemical decomposition of the 
lubricants by deactivating the nascent steel surfaces [2]. 
Lubricants with thermal and chemical stabilities also 
decreased hydrogen formation [3]. On the other hand, 
surface coating should be effective if it could prevent the 
hydrogen diffusion. Although DLC is a good gas barrier 
coating, it was reported that DLC reacted with hydrogen 
in friction contact [4]. It is a question whether DLC could 
prevent the hydrogen diffusion during friction. Therefore, 
in this study, we studied the effect of DLC coating on 
preventing hydrogen diffusion in bearing steel. 
 
2. EXPERIMENTAL DETAILS 

We carried out the friction tests using the self-
developed tribometer as illustrated in Figure 1. The test 
conditions were listed in Table 1. The tested bearings 
were thrust ball bearings and they were lubricated by 
polypropylene glycol (PPG) containing deuterium oxide 
(D2O). Once the lubricant decomposed, the diffused 
deuterium in thrust bearing steel, as an isotopic tracer, 
should be monitored easily by a time-of-flight secondary 
ion mass spectrometer (TOF-SIMS). We analyzed 
deuterium distribution on the cross section of the raceway 
as shown in Figure 2. The raster size was 50 ×50 μm2, 
and the analyzed depth was up to 300 μm. To eliminate 

the effect of dose amount difference in TOF-SIMS, we 
used the relative intensity of deuterium to hydrogen, 
I(D-)/I(H-), to represent the diffused deuterium amount.  

 

 
Figure 1 Tribometer for thrust bearing tests. 

 
Table 1 Test Conditions. 

Load, N 170 
Surface pressure, GPa 2.43 
Speed, rpm 2000 
Test duration, h 30 
Temperature, °C 23±2°C 

Bearing washer 
SUJ2, SUJ2+DLC (DLC                               
coating method: PCVD, 
film thickness: 1μm) 

 

 
Figure 2 Analysis area of TOF-SIMS. 

  
3. RESULTS AND DISCUSSION 

Figure 3 shows the deuterium abundance as a 
function of depth from the friction track surface of 
bearing steel washer. The natural abundance of 
I(D-)/I(H-) measured on a fresh thrust bearing was used 
as the reference. Deuterium decreased with depth. 
Abundant deuterium more than nature abundance was 
observed near the raceway surface, suggesting that 
lubricant decomposed during friction and the generated 
deuterium diffused into the bearing steel washer. 
Moreover, it decreased to the natural abundance once the 
depth exceeded 200 μm. We concluded that the 
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Spindle axis
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deuterium diffusion depth was up to 200 μm in this study.  
When we used the thrust ball bearings with DLC 

coating on washers, no obvious deuterium accumulation 
was detected as shown in Figure 4. Please note that the 
time from the friction test to TOF-SIMS analysis of SUJ2 
(Fig.3) and SUJ2+DLC (Fig.4) was same. Such results 
indicate that DLC coating is useful to prevent hydrogen 
diffusion and therefore could reduce hydrogen 
embrittlement in bearings. 
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Figure 3 Deuterium abundance as a function of depth in 

SUJ2 bearing washer. 
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Figure 4 Deuterium abundance as a function of depth in 

DLC coated bearing washer. 
 
So why could DLC prevent the hydrogen diffusion? 

One possible reason was caused by low friction and less 
wear. The friction coefficient decreased about 50% as 
shown in Figure 5, leading to less friction heat. Moreover, 
no obvious wear was found on DLC coated thrust bearing 
raceway, indicating the lubricant decomposition caused 
by a nascent surface should be neglect. In other words, 
less heat-induced decomposition and less chemical 
decomposition led to less hydrogen formation. On the 
other hand, although no obvious deuterium diffused into 
the DLC coated bearing washer, abundant deuterium was 
found on the raceway as shown in Figure 6. It suggests 
that the formed deuterium was trapped by DLC.  

 
 
 

4. SUMMARY 
We carried out friction tests of thrust bearings 

lubricated by polypropylene glycol and deuterium oxide. 
We found that deuterium diffused into the bearing steel 
up to 200 μm using TOF-SIMS. The deuterium 
abundance decreased with increasing in depth. Moreover, 
we found that the deuterium diffusion was prevented 
when the thrust bearing washers were coated by DLC. It 
was possibly caused by the less decomposition of 
lubricant on DLC and the hydrogen-trapping capacity of 
DLC. 
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Figure 5 Dependence of friction coefficient on DLC 
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Figure 6 Elemental map of deuterium on DLC coated 

bearing raceway. 
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ABSTRACT – The use of new polymeric composites 
leads to new challenges in mixed lubrication simulations 
like high temperature dependence of mechanical 
properties as well as heterogeneity on the microscale. 
This work focuses on the mixed lubrication simulation of 
journal bearings with polyetheretherketone (PEEK) with 
30 % short carbon fibers (SCF). The presented approach 
considers semi deterministic heterogeneity on the 
microscale. A finite element (FEA) microscale model 
based on the real measured roughnesses combined with 
the fiber distribution obtained from light microscopy is 
developed. The macroscale simulation is extended by 
temperature dependent stiffness matrices and by a post-
processing wear simulation based on Archard’s law. The 
proposed simulation approach can predict friction and 
wear of a lubricated short fiber reinforced polymers 
(SFRP) in tribological systems under steady state 
conditions.  
 
1. INTRODUCTION 

Till today, the tribological behavior of PEEK with 
SCF must be determined experimentally [1] for the lack 
of sufficient simulation methods. To achieve a deeper 
understanding of the tribological mechanisms on the 
microscale, appropriate simulation models are inevitable, 
since it is not possible to observe the micro contact 
experimentally to the fullest. In the last decade, several 
simulation approaches arised to receive a better 
understanding of the microscale contact. GRÜN ET AL. [2] 
performed thermomechanical simulations on the 
microscale with heterogeneous materials and artificial 
orientation of reinforcements and ideally smooth surfaces 
to understand the thermal behavior. ALBERS AND 
REICHERT [3] developed a micromechanical model of 
two contacting rough surfaces including friction and 
wear based on material and damage parameters to predict 
friction and wear based only on roughnesses and material 
parameters. Currently this approach is constrained to 
homogeneous materials. The mixed lubrication 
simulation approach shown in [4] based on PATIR AND 
CHENG [5] predicts the ratio of fluid and solid pressure in 
lubricated contacts on the macroscale while considering 
the roughness on the microscale. All known mixed 
lubrication models assume homogeneous material 
behavior on the microscale [6, 7]. This work shows 
enhancements in the mixed lubrication simulation 
approach. Especially heterogeneity on the microscale and 
temperature dependencies as well as wear behavior on 

the macroscale are investigated for SFRP based on an 
example of a journal bearing.  

 
2. SIMULATION APPROACH 

The shown simulation is based on the separation of 
scales: Microscale and macroscale. Two main software 
tools are used. Abaqus FEA is used to model the rough 
contact on the microscale and to get the stiffness matrix 
of the components (shaft, bushing) on the macroscale. An 
inhouse tool called TriboSim is used for solving the 
average Reynolds equation [4] on the micro and 
macroscale including the energy equation for non-
isothermal (= variothermal) simulations.  

 
2.1 Microscale 

Figure 1 illustrates the framework on how to 
digitalize rough surfaces with short fiber reinforcements 
and calculate the contact pressure curve and the flow 
factors. The detailed workflow is shown in [8]. The 
microscale simulation takes the real measured surface 
roughness from the experiment after running-in into 
account (deterministic approach). The roughness of the 
investigated SFRP is stationary after running-in which 
was found in experimental results [9]. Therefore this 
deterministic approach is feasible. Based on these 
surfaces, previous work investigated the effect of SFRP 
on the contact pressure [8] as well as the influence on the 
flow factors [10]. It was shown that the contact pressure 
and the flow factor calculation are highly dependent on 
the temperature due to the temperature dependence of the 
polymeric matrix. The fluid pressure dependency can be 
neglected for the shown application due to the high 
mechanical strength of PEEK CF30. It is mandatory to 
understand, no wear simulation is performed on the 
microscale. The microscopic topology is taken from 
worn surfaces and already experienced wear. Therefore, 
the worn surfaces on the microscale are kept constant und 
wear is only calculated on the macroscale as a shape 
optimization. 

 
2.2 Macroscale 

Figure 2 shows the overall framework of the 
macroscale simulation. On the macroscale the average 
Reynolds equation including flow factors from the 
microscale analysis is solved iteratively with a multi grid 
approach. The structural deformation of the solids is 
calculated with the reduced stiffness matrices (static 
condensation) from the FEA model. The position of the 
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shaft is changed till a force equilibrium is reached. The 
energy equation is solved for three dimensions to obtain 
a 3D temperature field using FEA extracted temperature 
conductivity matrices for the bodies (similar to stiffness 
matrix reduction). The temperature field can be used to 
calculate a new reduced stiffness matrix for the shaft and 
the bushing till pressure and temperature convergence is 
reached. After the mixed lubrication simulation 
converged, a wear calculation only on the macroscale as 
post-processing is performed. Therefore, the nodal 
information as solid pressure, velocity and temperature 
are used in a local Archard’s wear law. Wear maps from 
tribological model tests can be used to get a proper local 
wear factor on every node. A new bushing geometry is 
calculated and used as an input for the next mixed 
lubrication simulation. A Journal bearing with a PEEK 
CF30 bushing and steel shaft is calculated (diameter = 21 
mm, clearance = 37 µm, width = 20 mm, Load = 2 kN, 
Fluid = 3.4 mPas at 23 °C). The viscosity of the fluid is 
pressure and temperature dependent. The microscale 
simulation is performed for three different temperatures 
(20°C, 100°C, 200°C). 

 
3. RESULTS AND DISCUSSION 

Figure 3 shows the average contact pressure over 
the average gap height for the contacting two rough 
surfaces. The heterogeneous microstructure (MS) is 
calculated according to Figure 1. The homogeneous MS 
is modelled with E = 28 000 N/mm², which equals the 
yield modulus from tensile stress tests for Victrex 
PEEK450CA30 at 23 °C. Evidently, the MS is more 
compliant if heterogeneity is taken into account. Local 
displacements on the microscale are highly affected by 
the surrounding polymeric matrix. These flow factors and 
contact pressures can be used temperature dependent on 
the macroscale. 

Figure 4 illustrates four different Stribeck curves 
with a solid-solid coefficient of friction (COF) of 0.9 and 
ideally cylindrical geometry (no wear). The 
heterogeneous microstructure leads to lower COF due to 
its more compliant nature. This effect is dominated by a 
lower viscosity at variothermal calculations which causes 
a massive decrease of hydrodynamic fluid pressure and 
therefore an increase in COF. 

Figure 5 shows the wear progress over time for a 
constant local wear factor on every node at a high 
viscosity (75 mPas) and 100 rpm. Although the wear 
factor is constant, a non-linear running-in is observed by 
geometrical changes of the bearing shape. 

The proposed simulation approach can lead to 
qualitatively different COF compared to the 
homogeneous simulation approach. The heterogeneous 
microscale analysis leads to less stiff contact pressure 
curves. These compliant contact pressure curves induce 
smaller gap heights with a higher amount of 
hydrodynamic fluid pressure. Additionally, it is observed 
that solid contacts lead to local heating which reduces the 
stiffness locally. For the shown working conditions, these 
two effects are entirely dominated by a lower viscosity 
due to temperature increase. For that reason, the COF 
increase for the shown variothermal calculations. 

If wear is taken into account, the worn geometry can 
hold optimum hydrodynamic properties as it is the nature 

of the running-in process. After running-in, a global 
steady state wear factor based on the local solid to solid 
wear factors can be calculated for the whole bearing. All 
in all, this approach is able to predict steady state friction 
and wear of SFRP in lubricated contacts. It may lead to a 
better understanding of tribological performance of 
SFRP at micro- and macroscale and help engineers for 
future design and material decisions.  

 

 
Figure 1 Simulation framework for calculating average 
contact pressure and flow factors of rough short fiber 

reinforced polymer surfaces [5]. 
 

REFERENCES 
[1] Lin, L., & Schlarb, A. K. (2016). Effect of the varied 

load conditions on the tribological performance and 
the thermal characteristics of PEEK-based hybrid 
composites. Tribology International, 101, 218-225. 

[2] Grün, F., Gódor, I., Sailer, W., & Gänser, H. P. 
(2012). Simulation of tribological functionality of 
heterogeneous tribomaterials. Tribology 
International, 46(1), 119-127.  

[3] Albers, A., & Reichert, S. (2017). On the influence 
of surface roughness on the wear behavior in the 



Nadermann et al., 2018 

79 
 

running-in phase in mixed-lubricated contacts with 
the finite element method. Wear, 376, 1185-1193.  

[4] Bartel, D. (2010). Simulation von Tribosystemen, 
Vieweg+ Teubner.  

[5] Patir, N., & Cheng, H. S. (1979). Application of 
average flow model to lubrication between rough 
sliding surfaces. Journal of Lubrication 
Technology, 101(2), 220-229.  

[6] Bonneau, D., Fatu, A., & Souchet, D. (2014). Mixed 
lubrication in hydrodynamic bearings. John Wiley 
& Sons.  

[7] Wang, Q. J., & Chung, Y. W. (2013). Encyclopedia 
of tribology. Springer.  

[8] Nadermann, D., Elter, A., & Schwarze, H. (2017). 
Contact simulation of real worn surfaces with 
polymeric composites on the microscale. 
Proceedings of 58th Tribology Conference, 2017. 

[9] Nadermann, D., Dietrich, P., Korn, G., & Schwarze, 
H. (2017). Tribological behavior of short carbon 
fibre reinforced PEEK under diesel lubrication. 
World Tribology Congress, Beijing.  

[10] Nadermann, D., Elter, A., & Schwarze, H. Effect of 
short fiber reinforced polymers on the flow factor 
calculation for mixed lubrication Simulations. 
Proceedings of 21st International Colloquium 
Tribology, 2018.  
 

 
Figure 2 Basic simulation framework of the macroscale 

mixed lubrication simulation with a wear calculation 
loop. 

 

 
Figure 2 Basic simulation framework of the macroscale 

mixed lubrication simulation with a wear calculation 
loop. 

 

 
Figure 4 Stribeck curves - Comparison of isothermal 
and variothermal calculation with homogeneous resp. 

heterogeneous microstructure (MS) for ideal cylindrical 
shapes. 

 

 
Figure5 Wear and friction progress of 45 mixed 

lubrication simulations. 
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ABSTRACT –To improve hydrophobicity and 
tribology performance of hydroxylpropyl 
methylcellulose (HPMC) films, coating is used to 
produce stearic acid//HPMC composite films in this 
research. Contact angle test was use to characterize the 
hydrophobicity of the surfaces; pin-on-disk 3D profiler 
and SEM images of worn surface of samples were used 
for tribological performance analysis. By this research, 
applications of HPMC films as packaging and coating 
materials have been strengthened, and the mechanisms 
of stearic acid improving hydrophobicity and 
tribological performance were decrypted as well, which 
provides a valuable reference for the design of similar 
cellulose derivatives/fatty acids composites. 
 
1. INTRODUCTION 

Hydroxypropyl methylcellulose (HPMC) is a 
cellulose derivative with non-toxicity and good film 
formability. Films formulated by HPMC aqueous 
solutions are characterized by their good gas barrier 
ability and mechanical property, which makes them 
become green alternatives of plastics for packaging and 
coating potentially. 

However, due to their hydrophilicity in nature, 
HPMC films are easily influenced by moisture in 
environment, result in deterioration of mechanical and 
tribological properties [1]. Thus, to prevent the 
deterioration and further improve their performance, 
stearic acid, which is characterized by its 
hydrophobicity and lubricity were used as additive to 
produce HPMC composites films for this research as 
previous study [2]. 

 
2. METHODOLOGY 

Pure HPMC solutions were prepared by dissolving 
3g HPMC powder into 100 ml deionized water, while 
2.1-42.2 mM pure stearic acid (SA) solutions were 
prepared by dissolving 0.075-1.2 g SA powder into 100 
ml ethanol. 

Coating films were formulated by smearing 100 µl 
pure SA solutions onto pure HPMC films and keeping 
them in same environment condition for 1 hour. All of 
the samples were preserved in a drybox for 2-3 days 
before the experiments. 

3D profiler, stylus profilemeter and SEM were 
used to characterize the surface geometry and 
morphology of samples; ATR-FTIR were used for 
materials analysis [3]. Resistance against water was 
tested by contact angle test [4], while the tribology 

performance was tested by pin-on-disk tribometer [5]. 
 

3. RESULTS AND DISCUSSION 
Figure 1 is the ATR-FTIR analysis result of 

SA/HPMC composites. As SA content increases, 
characteristic peaks of coating films get stronger. 

 

 
Figure 1 FTIR analysis results of pure HPMC, SA and 

HPMC/SA composite films. 
 

From the SEM images of the composite films 
shown in Figure 2, it interprets that the SA crystals 
formed petal-like structure on the top surface of coating 
films. 

 

 
Figure 2 SEM images of SA/HPMC coating films with 

5000x magnification (a) C-2.1 mM (b) C-5.3 mM  
(c) C-10.5 mM (d)C-21.1 mM (e)C-42.2 mM. 
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Figure 3 shows that surface roughness for coating 
films tends to be larger with more SA content. 

 

 
Figure 3 Surface roughness of SA/HPMC films. 
 
Figure 4 shows the water contact angle (WCA) test 

results/ WCA of coating films increases as SA content 
raises [3]. 

 

 
Figure 4 WCA of SA/HPMC composite films. 
 
Coefficient of friction (COF) comparison for 

coating films, wear scar depth at 1m, 11m and 30m and 
wear depth per distance of the coating films are shown 
in Figure 5, Figure 6(a) and Figure 6(b) respectively. 

 

 
Figure 5 COF of coating films at 30m under 2N. 

By the comparison of these results with Fig.7, 
wear scar morphology of C-21.1mM films, it can be 
inferred that SA third bodies with appropriate size and 
shape can retain in contact area and continuously 
provide lubrication and anti-wear ability, result in the 
reduction of friction and wear of the composite films. 

 

 
Figure 6 Comparison of (a) wear depth of coating films 
at 1m, 11m and 30m (b)wear depth/distance at 11m and 

30m of coating 5.3 mM, 10.5 mM, 21.1 mM and 
42.2mM films. 

 

 
Figure 7 Wear scar morphology of coating 21.1 mM 

films at (a) 1m 100x (b) 3000x (c) 11m 300x (d) 3000x 
(e) 30 300x (f) 3000x under 2N. 

 
4. CONCLUSIONS  

Stearic acid crystals present petal-like structure on 
the top of coating films, causing the surface roughness 
increases as the SA content raises. 

WCA of coating films increase as SA content 
raises due to the hydrophobicity and surface geometry 
effect of petal-like SA crystals. 

COF and wear duration of coating films reduce as 
SA content raises, interpret that SA as additives can 
improve the tribology performance of HPMC 
effectively. 

Third bodies with appropriate size and shape 
produced by SA crystals during wear processes can 
retain in contact area and provide more velocity 
accommodation modes, consequently improve the 
tribology performance and play a critical role in the 
dominant wear mechanism of SA/HPMC composites. 
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ABSTRACT – The nickel- fly ash (Ni-FA) composite 
coatings were deposited on zincated aluminium alloy 
7075 substrate by using electrodeposition technique. 
The electrodeposition process was carried out for 1 hour 
at 40ºC under the current density of 5 A/dm2 in a 
modified nickel Watt’s bath containing various FA 
particles which are 0, 10, 50, 90 g/L.  The produced 
composite coatings were characterized and tested using 
scanning electron microscopy and wear test. As fly ash 
particles content increase, the colonies like morphology 
of the Ni-FA composite coating shows agglomeration. 
The co-deposited of FA particles also lead to significant 
increase in wear resistance. 
 
1. INTRODUCTION 

Aluminium alloy 7075 (AA7075) which have high 
strength-to-density ratio are widely used in marine, 
automotive and aerospace industry. However, according 
to Bocking and Reynolds [1] and Visser [2], it has low 
hardness and wears resistance, as well as susceptible to 
surface degradation when exposed to elevated 
temperatures. Therefore, nickel composite coating is 
introduced to AA7075 to improve its properties. Based 
on Nguyen et al. [3] and Boonyongmaneerat et al. [4], 
the composite coatings produced from the 
electrodeposition process have excellent surface 
properties, such as high hardness, high abrasion, high 
corrosion resistance and low friction coefficient. 

In this study, the fly ash (FA) particles are added to 
the Ni watts bath solution. Fly ash is residue derived 
from combustion of coal which widely available in 
worldwide and lead to waste management proposal [5]. 
The FA can be employed as inexpensive strengthening 
particles which can increase wear resistance and 
enhanced micro-hardness and have low density [6].  

Thus, very few studies have examined the 
influence of various compositions of FA particles on 
electrodeposited nickel coating on AA7075 substrate. 
The present work is aimed to investigate the 
morphology and wear properties of the Ni-FA composite 
coating on AA7075 substrate. 
 
2. METHODOLOGY 

The aluminium alloy 7075 (AA7075) substrate 

with dimension 40 mm x 30 mm x 3 mm were grind 
using silicon carbide papers of 180, 600, 800 and 1200 
grit. The substrates were first cleaned with ethanol and 
then followed by immersion in 10 wt. % of sodium 
hydroxide (NaOH) solution for 10 seconds and                                                                                                                                                                                                                                                                                   
immersion in 50 vol. % of nitric acid (HNO3) for 20 
seconds. The zincating process was carried out by 
dipping the pre- cleaned substrate vertically in a small 
glass beaker containing a zincating solution for 5 
minutes at room temperature.  

The chemical composition and operating condition 
for electrodeposition of Nickel-Fly ash (Ni-FA) 
composite coating on AA7075 substrate were 
summarized in Table 1.  The surface morphology of Ni-
FA composite coatings was examined by using SEM. 
The sliding wear properties of the Ni-FA composite 
coating were evaluated using pin-on-disk apparatus.  
 

Table 1 Composition of modified nickel Watt’s bath 
solution and its operating condition. 

Composition   Concentration (g/L) 
Nickel sulphate hexahydrate 
Nickel chloride 
Boric Acid 
Sodium citrate 

200 
20 
30 
30 

Operating condition Value 
Temperature (°C) 
Deposition time (min) 
Current density (A/dm2) 
Composition of FA (g/L) 

40 
60 
5 
0, 10, 50, 90 

 
3. RESULTS AND DISCUSSION 

Figure 1 shows the comparison of SEM images of 
pure nickel coating (Figure 1 (a)) between Ni-FA 
composite coatings at various fly ash compositions 
(Figure 1 (b-d)). The co-deposition of fly ash particles at 
10 g/l shows a rough surface morphology (Figure 1 (b)), 
compared to pure nickel coating (Figure1 (a)). As the fly 
ash composition increased from 10 g/l to 50 g/l the 
image shows the agglomeration of colonies like 
morphology. This is due to the hindering of nickel grain 
growth during the deposition process. This was 
confirmed by another researcher which found that the 
fly ash particles were trapped within the matrix of 
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nickel which hinders the growth of nickel grains [7]. 
When the composition of fly ash at 90 g/l, the images 
showed smoother surface although there has 
agglomeration. This is because the concentration of fly 
ash is too high thus the fly ashes particles has filled up 
the gap between the nickel grains during the deposition 
process.  

 

 
Figure 1 SEM micrographs on the effect of fly ash 

composition on the Ni-FA composite coating (a) 0 g/l 
(b) 10 g/l (c) 50 g/l (d) 90 g/l. 

 
Figure 2 shows the wear tracks analyzed by using 

SEM to identify the wear mechanism occurred on the 
Ni-FA composite coatings produced at different FA 
composition. It is observed that without FA rigorous 
damage has occurred because the metal ball was directly 
in contact with the substrate which can increase wear 
(Figure 2 (a)). This is most probably due to the low 
hardness value of the Ni-FA composite coating without 
FA. Introduction of FA particles into the nickel matrix 
has reduced the worn- out patches on the wear tracks 
(Figure 2 (b-d)). The worn patches consist of 
longitudinal furrows and small size grooves along the 
sliding direction of the steel ball [8]. Furthermore, the 
width of the wear tracks also decreases (Table 2), as the 
concentration of FA particles increases from 10 g to 90 
g in the nickel matrix. Besides, as concentration of FA 
particles increases in the nickel matrix, the surface 
coating that peel off from the substrate is reduced. 
 
4. CONCLUSION 

From the investigation, the influence of various 
compositions of FA particles in the Ni-FA composite 
coating has improved the properties of the coating. As 
composition of FA increased, the colonies like 
morphology tend to become agglomerate. Besides, the 
width of wear track is reducing as the composition of 
FA particles increased in the Ni matrix. 
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Figure 2 Surface morphology of wear track of the Ni-FA 
composite coatings, (a) without FA, (b) 10 g FA, (c) 50 

g FA and (d) 90 g FA particles. 
 

Table 2 Width of Ni-FA composite coating wear track. 
Composition of fly ash (g) Width of wear track (µm) 
0  611.67 
10  578.33 
50  466.67 
90  445.00 
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ABSTRACT – This paper discusses the potential of 
palm methyl ester fluid in preventing excessive wear of 
self-mated stainless steel at boundary lubrication 
condition. The tests were conducted by using a ball on 
disk tribometer. The results show that the wear rate of 
stainless steel decreases with the sliding distance. This 
indicates that palm methyl ester has a potential to be used 
as a bio additive for lubricant. 
 
1. INTRODUCTION 

Lubricants have been used in controlling the friction 
and wear of all mechanical components in which 
additives have become one of compulsory ingredients in 
enhancing the anti-wear characteristic of a lubricant. 
However, certain kind of additive such as ZDDP has 
become less acceptable because of its undesirable effect 
to the environment. One of the mechanisms promoted by 
the additives is the formation of boundary film on the 
contact interface that has an ability to protect the material 
from severe friction and wear. The boundary layer may 
have the property similar to that of the diamond-like 
carbon coating [1]. The formation of this boundary layer 
has been found with or without the presence of additives 
[1]. 

Palm methyl ester (PME) is an alkyl ester converted 
from palm-based oil by transesterification process. 
Nowadays, PME is mainly use as biodiesel fuel, whether 
pure or as a mixture. It is mainly composed of 
triglycerides, glyceride, free fatty acids and non-
glyceride substances. PME is reported to have good anti 
wear properties on cast iron [2, 3]. A mixture of palm 
biodiesel in petroleum diesel can reduce wear up to 20% 
for the case of steel ball friction material [3]. Therefore, 
palm methyl ester has a potential to be used as a candidate 
for bio-additive in lubricants.   

This paper discusses the wear of self-mated 
stainless steel at boundary lubrication condition using 
palm methyl ester as the lubricant. The tests were 
conducted using a ball on disk tribometer. The wear 
progress of the ball during the test were analyzed. 
 
2. METHODOLOGY 

 A stainless steel ball of 8 mm in diameter slides 
against the stainless steel disk of 30 mm in diameter. Both 
the ball and the disk have roughness of Ra=0.03μm. A 
running-in process were conducted prior to the test. In the 
running-in process, a 5 N normal load was applied for a 
sliding distance of 50 m with a speed of 100 rpm. The 
running-in process was conducted to prevent a severe 

contact condition caused by point contact between the 8 
mm diameter ball and the disk. The contact interface of 
the ball after the running-in process was given in Figure 
1. 

Consecutive to the running-in process, a normal 
load of 12 N was applied with a sliding speed of 100 rpm. 
The oil temperature of was 20oC during the test. The ball 
was installed in a holding mechanism enabling the 
microscopic evaluation without removing the object from 
the holder. At certain sliding distance, the holder together 
with the ball was released from the friction test system so 
that the wear diameter of the ball can be measured. 

The tests were conducted for a sliding distance up 
to 1300 m. The worn scar of the ball after the test was 
given in Figure 2.  

 

  
Figure 1 Worn scar of the ball after running-in. 

 

 
Figure 2 Worn scar of the ball after 1300 m sliding 

distance. 
 

3. RESULTS AND DISCUSSION 
Figure 1 shows that the worn scar of the ball was 

about 160 Pm in diameter after the running-in process. 
After 1300 m sliding, the worn scar diameter increased to 
about 260  Pm (Figure 2). Thus, the wear rate of the ball 
up to 1300 m sliding distance is 4.8x10-11m3/N.m. Figure 
3 shows the wear scar area of the ball taken at certain 

100 Pm 

Direction of 
sliding 
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sliding distance. The initial area, at zero sliding distance, 
is about 2x10-8 m3 which is the condition after running-
in.  

Referring to the figure, the wear diameter of the ball 
progressed rapidly until the sliding distance of 200 m 
with a worn scar diameter of 4.6 x10-8 m3. However, the 
wear progress decreased exponentially after 200 m 
sliding distance. At 800 m sliding distance, the worn scar 
area is 6 x10-8 m3. It means, the worn scar area of the ball 
increased more than twice at the first 200 sliding distance 
but then slowed down and progressed only 20% for the 
next 600 m sliding distance. This wear progression slope 
is further decreases, as indicated by Figure 3. With this 
trend of increase, it can be assumed that the wear rate of 
the material will be smaller and smaller as the sliding 
continues. 

 

 
Figure 3 Wear progress of the ball. 

 
This result indicates that palm methyl ester have a 

significant role in wear protection of the material. This 
could be caused by a tribofilm formed on the contact 
interface preventing heavy wear. Previously it is reported 
that ester from bio oil is beneficial in preventing direct 
contact of the friction pair material [4], reducing the 
thermal energy during the sliding as well as enhancing 
the lubricity [5, 6].  

Due to this lubricity properties, it is hypothesized 
that methyl ester from palm oil could be used as a bio 
additive to enhance the performance of a lubricant. 
However, further study is required to clarify this matter. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. SUMMARY 
A ball on disk tribometer has been employed to 

investigate the lubrication performance of the palm 
methyl ester on wear of stainless steel under boundary 
lubrication condition. The results can be summarized as 
follows: 

a) The wear rate of the stainless steel under the test 
condition can be divided into two conditions; 
high wear rate at the first 200 m sliding distance 
and low wear rate after 200 m sliding distance,  

b) The wear rate of the stainless steel under the 
investigated condition is 4.8x10-11m3/N.m. 

c) It seems that the low wear rate is caused by a 
protective layer of which the formation was 
assisted by the palm methyl ester fluid. 

d) The palm methyl ester is potential to be used as 
a bio additive for lubricant.  
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ABSTRACT – Nickel - quarry dust (Ni-QD) composite 
coatings using various quarry dust (QD) content were 
deposited on zincated aluminium alloy 6061 (AA6061) 
substrate by using an electrodeposition technique. The 
electrodeposition process was carried out for 1 hour at 
40 ºC under the current density of 3 A/dm2 in a modified 
nickel Watt’s bath containing 10, 20 and 30 g/l of quarry 
dust particle. The quarry dust particles were 
characterized using X-ray Fluorescence (XRF). The 
effects of quarry dust content on the hardness and wear 
properties of electrodeposited Ni-QD composite coating 
on AA6061 substrate were investigated. As the quarry 
dust content increases, the hardness and wear resistance 
also improved, due to the presence of high silica and 
alumina content in the quarry dust particles.  
 
1. INTRODUCTION 

Quarry industries in Malaysia plays an essential 
role in the development of the country. In year 2010, 
Malaysia produced 101,809 million tonnes of 
aggregates from 298 quarries [1]. One of the most 
controversial current discussions in quarry activities in 
Malaysia is the enviromental concern which currently 
affecting the natural aggregate production. According to 
Sridharan et al. (2006), about 20-25% of total 
production in each crusher unit is left out the quarry as 
waste material [2]. Therefore, efforts have been taken to 
control enviromental pollution arising due to disposal of 
these industrial wastes by converting them into 
utilizable raw materials for usable application.  

Numerous research works have been reported on 
nickel reinforced with expensive conventional ceramic 
particles such as SiC [3], Al2O3 [5], SiO2 [6], and TiO2 
[7]. However, the information regarding composite 
coating containing quarry dust as reinforcement in metal 
matrix composite has not been reported. Therefore, in 
this study, Ni-QD composite coatings will be deposited 
on AA6061 substrate through electrodeposition 
technique using various contents of quarry dust. The 
present work is aimed to characterize the quarry dust 
and to investigate the hardness and wear properties of 
the Ni-QD composite coating. 
 
2. METHODOLOGY 

The AA6061 substrates were grind using silicon 
carbide paper and mechanically polished with diamond 
paste. The substrates were firstly immersed in 10 wt. % 

of sodium hydroxide (NaOH) solution for 10 seconds 
and followed by immersed in 30 vol. % of nitric acid 
(HNO3) for 20 seconds. Prior to the deposition of Ni-
QD composite coatings, a double zincating process was 
conducted on the substrate at 45 seconds for the first 
zincating and at 15 seconds for the second zincating. 
Acidic etching for 15 seconds in HNO3 solution at room 
temperature was performed between consecutive 
zincating operations. 

The chemical composition and operating condition 
for electrodeposition of Ni-QD composite coating were 
summarized in Table 1. The schematic diagram of 
electrodeposition set-up is shown in Figure 1. The 
characterization of quarry dust was carried out using 
Scanning Electron Microscopy (SEM), Particle Size 
Analyzer (PSA) and X-Ray Fluorescence spectroscopy 
(XRF). The wear and hardness testing were performed 
using high frequency reciprocating rig (HFRR) machine 
and micro Vickers hardness tester respectively.  
                                                                                                                                                        
Table 1 Composition of modified nickel Watt’s bath and 

electrodeposition operating condition. 

 
 

 
Figure 1 Schematic diagrams of electrodeposition 

process. 
 

3. RESULTS AND DISCUSSION  
The elemental composition for quarry dust 

particles is found by XRF technique and shown in Table 
2. The size of quarry dust is less than 600 µm with 
irregular shape. 
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Table 2 Composition of quarry dust, as found by XRF. 

 
 

Figure 2(b) shows no significant changes in the 
surface morphology at the co-deposition of 10 g/l of QD, 
compared to pure nickel coating. However, as the QD 
content increased to 30 g/l, the coating surface became 
rougher, due to the agglomeration of colony like 
morphology which consists of smaller nickel grains 
compared to 10 g/l of QD. This finding is in agreement 
with work done by Panagopoulos et al. [7], who found 
that the fly ash particles trapped within the matrix of 
nickel can hinders the growth of nickel grains. The 
agglomeration of colonies like morphology has been 
reduced after the heat treatment at 200˚C. 

 

  

  
Figure 2 Surface morphology of (a) pure Ni (b) Ni-QD 

10g/l, (c) Ni-QD 30 g/l, (d) Ni-QD 30 g/l (200°C).  
   

Figure 3 clearly shows significant improvement in 
hardness of composite coatings compared to pure nickel 
coatings. The microhardness of composite systems 
increased with increase in composition of the quarry 
dust.  

 

 
Figure 3 Hardness values of Ni-QD composite coatings. 
 

Ni-QD 30 g/l composite coatings heat treated at 
200°C exhibited the narrowest wear width and 
shallowest plough lines compared to other coatings. 
These findings indicated that nickel co-deposited with 
30 g/l of QD and heat treated at 200°C has improved the 
wear resistance of bare AA6061, pure Ni, Ni-QD 10 g/l 
and Ni-QD 30 g/l (deposited at room temperature). The 
improvement in wear resistance of the composite 
coating is due to the phase transformation from Ni to 
Ni3P after the heat treatment process [10]. 

 

  

  

 
Figure 3 SEM image of wear scars (a) bare AA6061, (b) 
pure Ni (c) Ni-QD 10 g/l, (d) Ni-QD 30 g/l, (e) Ni-QD 

30 g/l (200°C). 
 
4. CONCLUSION 

Ni-QD 30 g/l with heat treatment at 200°C is 
successfully improved the hardness and wear resistance 
of bare AA6061, pure Ni, Ni-QD 10 g/l and Ni-QD 30 
g/l (deposited at room temperature). This is due to the 
presence of high silica and alumina content in the 
quarry dust particles co-deposited in the nickel matrix. 
Furthermore, it is also due to the phase transformation 
from Ni to Ni3P after the heat treatment process. 
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ABSTRACT – Analysis of magnetohydrodynamic 
(MHD) partial slip texture slider and journal bearing is 
presented. Nondimensional pressure based on one-
dimensional analysis using modified Reynolds equation 
is derived. Partial slip texture configuration of slider and 
journal bearing with magnetohydrodynamic lubrication 
yields an improvement in load capacity.  
 
1. INTRODUCTION 

Magnetohydrodynamic lubrication provides 
significant improvement in bearing performance. Malik 
and Singh [1] developed modified Reynolds equation 
for finite magnetohydrodynamic (MHD) journal 
bearing. Lin et al. [2] derived MHD dynamic Reynolds 
equation for one-dimensional slider bearings. Nabhani 
and El Khlifi [3] presented fluid inertia and couple 
stress MHD effects on inclined slider bearings. 
Naduvinamaniet al. [4] investigated couple stress effects 
on the static and dynamic characteristics of parabolic 
and plane inclined slider bearings. 

This paper presents assessment of load capacity for 
partial slip texture configuration of slider and journal 
bearing under MHD lubrication. Modified Reynolds 
equation is derived using narrow groove theory [5]. 
 
2. MHD PARTIAL SLIP TEXTURE SLIDER 

BEARING ANALYSIS 
The schematic of partial slip texture slider bearing 

with successive regions of land with slip (Xts) and recess 
(Xtn) respectively is shown in Figure 1.  

 

 
Figure 1 MHD partial slip texture slider bearing. 

 
The nondimensional modified Reynolds equation 

using long bearing approximation for MHD slider 
bearing with slip effect is  
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3. MHD PARTIAL SLIP TEXTURE JOURNAL 

BEARING ANALYSIS 
The schematic of partial slip texture journal 

bearing with successive regions of land with slip (θts) 
and recess(θtn) respectively is shown in Figure 2.  

 

 
Figure 2 MHD partial slip texture journal bearing. 

 
The nondimensional modified Reynolds equation 

using long bearing approximation for MHD journal 
bearing with slip effect based on modified Hartmann 
number [1] is 
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4. RESULTS AND DISCUSSION 
Results of nondimensional load capacity (W) are 

presented for following partial slip texture parameters: 
nondimensional partial slip texture length (Xt=0.2-0.5); 
angular extent of partial slip texture (θt=0°, 40°, 80°, 
120°); nondimensional recess depth (Hr=1); ratio of land 
with slip to the cell region (=0.5); Hartmann number 
(M=2); slider bearing slope parameter (ah=0.1, 0.3, 0.5); 
journal bearing eccentricity ratio (ε=0.1, 0.3, 0.5); and 
nondimensional slip coefficient (A=0.1, 1). 

Figure 3 shows the variation in nondimensional 
load capacity (W) with nondimensionalpartial slip 
texture length (Xt=0.2-0.5) for slope parameter (ah=0.1, 
0.3, 0.5) of slider bearing. Nondimensional load 
capacity (W) increases with increase in nondimensional 
length of partial slip texture (Xt=0.2-0.5) and 
nondimensional slip coefficient (A=0.1, 1) for low and 
medium slope parameters (ah) of 0.1 and 0.3 of slider 
bearing. At slope parameter (ah) of 0.5, nondimensional 
load capacity (W) increases with increase in 
nondimensional slip coefficient (A=0.1, 1). 

 

 
Figure 3 Nondimensional load capacity of MHD partial 

slip texture slip slider bearing. 
 
Figure 4 depicts nondimensional load capacity (W) 

variation with angular extent of partial slip texture 
(θt=0°, 40°, 80°, 120°) for eccentricity ratios (ε=0.1, 0.3, 
0.5) of journal bearing. At low eccentricity ratio (ε=0.1), 
nondimensional load capacity (W) increases with 
increase in angular extent of partial slip texture (θt=0°-
120°) and nondimensional slip coefficient (A=0.1, 1). 
Nondimensional load capacity (W) increases with 
increase in nondimensional slip coefficient (A=0.1, 1) 
for eccentricity ratio (ε) of 0.3. At eccentricity ratio (ε) 
of 0.5, nondimensional load capacity (W) decreases 
with increase in angular extent of partial slip texture.  

 
5. CONCLUSION 

Magnetohydrodynamic partial slip texture slider 
and journal bearing is investigated based on one-
dimensional analysis using long bearing approximation. 

Load capacity of magnetohydrodynamic slider and 
journal bearing is enhanced with increase in 

nondimensional partial slip texture length (Xt) of slider 
bearing (or angular extent of partial slip texture (θt) of 
journal bearing) under low load conditions. 

 

 
Figure 4 Nondimensional load capacity of MHD partial 

slip texture slip journal bearing. 
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ABSTRACT – This paper presents a theoretical study on 
the transient characteristics of fuel cell air compressor 
supported by water lubricated journal bearings. The 
nonlinear trajectory of the compressor rotor bearing 
system under a half sinusoidal shock load is numerically 
calculated by simultaneously solving the rotor motion 
equations and the Reynolds equation. In order to take the 
possible contact between the shaft and sleeve into 
consideration, the pressure-compliance relationship of 
roughness contact is also introduced. The results show 
that the anti-shock performance of the compressor 
satisfies the requirement of vehicle application. 
 
1. INTRODUCTION 

As the power source of the fuel cell vehicles, the 
fuel cell system needs an air compressor to supply 
pressured oxygen for the stack. Besides the basic 
requirement on the air pressure and flow rate, the 
compressor should also qualify for the standards of 
vehicle application. The anti-shock performance is one of 
most important ones.  

Due to the complex of road surface and driving 
manners, transient shocks from moving car are inevitable. 
Thus the rotor bearing system of the compressor should 
sustain certain load, otherwise direct collision between 
the spinning shaft and sleeve will occur and results in the 
damage of the compressor. In the authors’ previous 
studies [1-3], a fuel cell air compressor using water 
lubricated bearing is developed and the anti-shock 
performance of the bearing were theoretically 
investigated. The bearing model and theories are adopted 
here to analyse the transient characteristics of the rotor 
bearing system.  
 
2. MODELS AND EQUATIONS 

To improve the rotor dynamic performance, the 
rotor bearing system is specially designed to make sure 
that the first critical speed is higher than the operating 
speed and substantial safety margin exits. So the rotor can 
be regarded as a rigid one in the analysis. The structure 
of the rotor is shown in Figure 1. The rotor is supported 
by two water lubricated journal bearings on each side of 
the permanent magnet synchronous motor. The impeller 
locates at one end and the water lubricated thrust bearings 
at the other. The configuration of the water lubricated 
bearing is shown in Figure 2. The bearing has two 
pockets, which is defined by the Archimedes helix with 
the starting point locating at the pocket downstream. The 
lubricating waters is supplied through the orifices at the 
pocket upstream. The parameters of the rotor bearing 

system are listed in Table 1 
 

 
Figure 1 Rotor structure. 

 

 
Figure 2 Bearing configuration. 

 
Table 1 Parameters of the rotor bearing system 

Properties Data 
Mass of rotor m /kg 0.58 
Eccentricity of rotor mass eu /m 0.5×10-6 
Inertia moment Iz / kg·m2 6.25×10-5 
Inertia moment Ix, Iy / kg·m2 1.40×10-3 

 
The anti-shock performance of the rotor bearing 

system is studied by numerically calculation of the non-
linear trajectory. In the Cartesian coordinate system O-
XYZ with its origin point at the rotor centroid, the motion 
equations of the rigid rotor can be expressed as 
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Where  is the angular speed, Fx and Fy are the reaction 
forces of the bearings, Mx and My are the friction torques 
of the bearings. The shock load W is assumed as a half 
sinusoidal wave impulsive force with millisecond order 
period acting on the rotor centroid: 
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Where GS, TS and S are the amplitude, time and angle of 
the shock load, respectively.  

In the calculation of the bearing reaction forces and 
friction torques, the Reynolds equation with considering 
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turbulence is solved. Meanwhile, in order to consider the 
possible direct contact between the shaft and sleeve 
during shock, the pressure-compliance relationship of 
roughness contact is also introduced. The theories and 
equations in [3] are adopted here. 

 
3. RESULTS AND DISCUSSION 

Figure 3 shows the nonlinear trajectories of front 
bearing, rotor centroid and rear bearing under different 
shock amplitude. The shock time TS and angle S are 
equal to 1ms and 36°, respectively. Due to the different 
distance from the two bearings to the rotor centroid, the 
rotor bearing system shows a conical trajectory. Because 
the front bearing is much closer to the rotor centroid, it 
suffers more load and its trajectory is larger. When the 
shock amplitude exceeds the bearing capacity, the 
roughness contact between the shaft and sleeve occurs at 
the front bearing first. 

 

 
(a) GS = 30G 

 
(b) GS = 50G 

 
(c) GS = 70G 

 
(d) GS = 100G 

Figure 3 Nonlinear trajectories of the rotor bearing 
system. 

 
(a) Front bearing 

 
(b) Rear bearing 

Figure 4 Distribution of the roughness contact 
(GS=100G). 

 
Figure 4 shows the distribution of the roughness 

contact of the two bearings when the shock load is 100G. 
It can been seen that the roughness contact only occurs at 
the sealing land of the front bearing, which validates the 
above analysis.  

It should be noted that the rotor bearing system can 
sustain about 100G shock load, the transient performance 
of the compressor can satisfy the requirement of vehicle 
application. To further improve the compressor anti-
shock performance, the useful conclusions in the 
previous study [3] can be adopted in the design of front 
bearing. 
 
4. SUMMARY 

The anti-shock performance of the rotor bearing 
system of the air compressor is numerically studied in 
this paper. The results show that the rotor bearing system 
satisfies the requirement of vehicle application. The 
performance can be further improved by enhancing the 
front bearing. 
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ABSTRACT – The doors of a mitre gate are typically 
connected to the lock with large sliding bearings. The 
friction in these bearings influence the torque required to 
open and close the doors, and determines among others 
the power of the actuating mechanism. The material 
selection of the sliding bearings to a large extent 
influences the frictional behaviour. Selection of the 
materials should be done based on representative 
experiments since it is known that tribopairs behave 
differently on different test scales and conditions. 
Therefore, we compared different material combinations 
on a representative full scale tribological test setup. 
 
1. INTRODUCTION 

Selecting an appropriate material combination for 
large components and heavily loaded conditions is 
important because in that case replacement and 
downtime are expensive. The application aimed at in this 
paper are locks in the maritime industry, such as those 
used on rivers and canals to accommodate water height 
differences. A common type of door for such a lock is the 
mitre gate, see Figure 1. Mitre gates are connected to the 
lock structure by two bearings, a radial bearing at the top 
of the gate (gudgeon bearing) and a combined axial-
radial bearing at the foot of the gate (pintle bearing), 
which is located under water. Typically, a sliding bearing 
(lubricated or dry running bronze or an immersed self-
lubricating composite) is used for these bearings. 
 

 
Figure 1 Mitre gate in Enkhuizen (NL) [1]. 

 
Selecting a material combination for any 

tribological  application should be done with great care, 
since it is know that material combinations behave 
differently at different test scales [2]. Selecting the best 
material combination for pintle bearings on locks should 
preferably be based on results obtained from a full scale 
test rig, such as developed at Soete Lab of Ghent 

University. This paper focusses only on the axial bearing 
functionality of a pintle bearing. The radial bearing 
capacity is not taken into account and is not tested. The 
results of three material combinations are presented. 
 
2. METHODOLOGY 
2.1 Testing principle and test rig 

The tribological tests are performed on a full scale 
pintle bearing assembly consisting of a pin and a bearing, 
see Figure 2. Notice that only the axial bearing capacity 
of the pintle bearing is tested. The geometry of the pin 
and the bearing is given in section 2.2. The pin is rigidly 
fixed to the test floor. The bearing is positioned on top of 
the pin and is rotated forth and back around its axis of 
symmetry (γ) by means of a hydraulically driven lever 
arm.  

A normal force FN is applied along the symmetry 
line on top of the bearing by a hydraulic cylinder and 
loads the bearing on the pin. 

 

 
Figure 2 Test principle of the axial sliding bearing tester. 

 
An overview of the test rig is shown in figure 3. The 

main characteristics of the test rig are given in Table 1. 
 

 
Figure 3 3D view of the axial sliding bearing tester. 

 
2.2 Specimens geometry 

The geometry of the pin and the bearing is chosen 
identical (full scale) to the real application and is shown 
in Figure 3. The bearing shell is made of two parts: a 
tapered sleeve and a spherically ended cap. The radius of 
the spherically ended cap (R = 2050 mm) is slightly 
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larger than the radius of the spherically ended pin 
(R = 2000 mm). 

 
Table 1 Test rig capacity. 

Parameter Maximal value 
Normal force 1500 kN 
Tangential force 80 kN 
Torque 80 kNm 
Rotation stroke γ 80° 
Rotational speed 135°/min 
Diameter contact area 400 mm 
Lubrication/environment Greased or dry/dry or water 

 

 
Figure 3 Geometry of the pin and bearing. 

 
2.3 Online measurements 

During an experiment the forces and displacements 
of the two hydraulic cylinders (normal and tangential) are 
measured. These measurements are used to calculate the 
angle of rotation (γ) and the torque offline. 

 
2.4 Testing procedure and parameters 

The test procedure and parameters are chosen as 
close as possible to real pintle bearing operating 
conditions (Zemst lock). The variable of interest is the 
material combination of pin and bearing. 

During testing the pin and bearing are submerged in 
canal water that is cooled to 15°C. The water is filtered 
through a screen of 5 µm. The normal load is 1337 kN 
+/- 1 kN and is kept constant during the test. The bearing 
is reciprocated around its axis (angular position curve has 
a saw-tooth profile with an average rotational speed of 
38°/min and a rotational total stroke of 77°). The total 
number of cycles equals 5552. Halfway the test, at 2776 
cycles, the test is stopped and the specimens are 
disassembled and visually inspected.  

 
2.5 Material combinations 

Three material combinations are experimentally 
tested and compared, see table 2. The composite is a glass 
fibre reinforced epoxy resin matrix with a sliding layer 
consisting of an epoxy resin filled with solid lubricants. 

 
Table 2 Tested material combinations. 

Nr Pin Bearing 
1 Bronze CuSn10Pb10 Cast steel GE 300 
2 Composite Deva.tex.542 Stainless steel AISI 431 
3 Brass CuZn35Mn2Al1Fe1 Stainless steel AISI 431 

 
3. RESULTS AND DISCUSSION 

For one stroke three characteristic torque values are 
calculated: The torque at the start of the motion, the 
averaged torque during half of the stoke and finally the 
torque at the end of the stroke. The three torque values as 
a function of the number of cycles are shown in Figure 4. 

 
Figure 4 Torque during forward motion. 

 
Comparison of the frictional behaviour of the three 

material combinations is based on the maximum torque 
occurring during the entire experiment. The maximum 
torque is a main design value for the actuating 
mechanisms. Figure 5 shows the highest torque value for 
the three material combinations. The material 
combination composite - stainless steel has a design 
value that is 47 % lower than the currently used material 
combination bronze - cast steel. The material 
combination brass – stainless steel has a design value that 
is 8.4 % higher than bronze – cast steel.  

 

 
Figure 5 Maximum torque of the material combinations. 

 
4. SUMMARY 

At Ghent University a tribological test rig has been 
constructed to test large scale sliding thrust bearings in 
marine environment. For a typical pintle bearing of a 
mitre gate three material combinations were compared. 
The maximum required torque for the material 
combination composite – stainless steel is 47 % lower 
than the currently used material combination.  
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ABSTRACT – Medical equipment industry in Korea is 
now increasing the global market share. Especially 
Computed Tomography (CT) system has grown up by 
7.1% every year. Developing the next generation CT 
system enormously, OEM has accomplished 
technological advancement. X-ray tube, the X-ray 
generator, is required more high capacity. Moreover, as 
the bearing which supports X-ray target is 300 ℃ high 
temperatures due to the rotation speed of high speed CT 
gantry, it sometimes breaks down by the seizure 
occurrence. Recently, I study liquid metal bearing for the 
use of the CT bearing. Therefore, I study the surface 
texturing for the implement of liquid bearing. In this 
study, I demonstrate the liquid metal lubrication 
mechanism for a friction property curve, which has a 
relationship between the friction coefficient and the 
geometry of surface texturing under sliding contact. 
 
1. INTRODUCTION 

Medical equipment industry in Korea has been 
estimated to be $5.2 billion and ranked 11th in the world, 
equivalent to 1.5 % of the global market [1]. Especially, 
the domestic market for the medical equipment such as 
Computed Tomography (CT) system has grown up by 
7.1 % every year. However, the CT systems totally have 
been dependent upon the import from the global medical 
equipment companies (OEM) such as GE, Siemens, 
Philips, and Toshiba. Lately the OEM has developed and 
marketed the next CT generation systems up to 0.25 
sec/rev. gantry speed, which is enormous technological 
advancement [2]. 

X-ray tube bearing is laid in a horizontal position 
inside CT system as shown Figure 1. All ball bearings in 
a race do not share the load evenly at any time. The 
compound effect of high speed rotation of a heavy anode 
along its own axis and the rotation of the tube along the 
gantry axis yield very high stresses on bearing ball and 
race. Solid lubricant on balls or races become critical for 
successful life of the tube at elevated temperature 
operation. 

As you see Figure 2, there are some kinds of 
rotating anode target for X-ray tube on Computed 
Tomography, which is Radiography, Mammography, 
Mobile and high-end. It depends on electrical power for 
the size of target. There is a tribological problem on big 
target and mass for supporting bearing by centrifugal 
force. The rotation speed of gantry is increasing gravity 
force for target, which is up to 50 G on the bearing ball. 

Liquid metal lubricant is used as bearing system on 
X-ray tube of CT because of the performance of high 
temperature and low noise. Liquid metal is used as 
Mercury, Potassium, Rubidium, and Gallium alloy. 

GaInSn alloy is generally used as liquid metal lubricant 
[3-6]. But GaInSn metal generates a seizure on sliding 
contact. Therefore, we need to study tribological 
characteristics of GaInSn as liquid metal bearing. 

Micro-scale surface pattern of tribological 
application is an attractive technology for reducing 
friction. Furtherore, that is considered to be a necessary 
requirement for seizure and inducing lower friction. I 
investigate the fiction property of micro-scale circle and 
grooved crosshatch; which patterns are fabricated by 
Fiber Laser machine on stainless steel using pin-on-disk 
test as flat-on-flat geometry. I demonstrate the lubrication 
mechanism for a COF curve, which has a relationship 
between the friction coefficient and the geometry of 
surface pattern for the lubrication condition of sliding 
contact. It observes that the friction coefficient has a 
correlation with the shape of surface pattern. 
 

 
Figure 1 X-ray tube and gantry on CT. 

 
2. METHODOLOGY 

The specimens are used of stainless steel, SUJ304, 
pin geometry, which is ø6mm diameter and 2mm of 
thickness. Pin-on-disk type tribo test was carried out 
under liquid metal lubrication condition. The load is 
ranged from 10N to 100N. Sliding time is figured by 190 
RPM. 
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Figure 2 Rotating anode targets and X-ray tubes for CT. 

 
3. RESULTS AND DISCUSSION 

As you see Figure 3, it is the viscosity for GaInSn 
of liquid metal. This metal is 4N GaInSn, which is 68.5 
wt.% of Ga, 21.5 wt.% of In and 10 wt.% of Tin. And the 
purity is 99.99 % GaInSn alloy. It is specimens for test as 
shown in Figure 4. 

For the size of 100 Pm of dimple and 10 % of 
density under GaInSn of sliding contact, the friction 
coefficient versus sliding speed for normal load is figured 
as shown Figure 5. There is constant friction coefficient 
for sliding speed. 

 

 
Figure 3 Viscosity for GaInSn of liquid metal. 
 

 
Figure 4 Photos for specimens before and after test. 

 
Figure 5 Friction coefficient vs. sliding time for dimple 

pattern under GaInSn. 
 
4. CONCLUSION 

We investigated the fiction property of micro-scale 
circle and grooved crosshatch. We demonstrated the 
liquid metal lubrication mechanism for a COF curve, 
which has a relationship between the friction coefficient 
and the geometry of surface texturing under sliding 
contact. In Figure 5, there is friction coefficient versus 
sliding time for untexture, grooved and dimple pattern 
under GaInSn. 
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ABSTRACT – Hydraulic components are widely used 
in fields such as the construction equipment and general 
industries. For parts where sliding wear is expected to 
occur, it is necessary to improve wear resistance of 
sliding surfaces due to the market needs for high 
durability in a severe field environment. In this research, 
we applied a laser surface texturing technique to 
enhance wear property of sliding parts for hydraulic 
piston motor unit through an accelerated evaluation 
method. Furthermore, we assess the effects of surface 
texturing by measuring the motor efficiency at the 
product level and conducting a lubrication analysis of 
the sliding condition. The results of this research are 
expected to contribute to improvement of tribological 
properties of the hydraulic components. 
 
1. INTRODUCTION 

In general, hydraulic components are indispensable 
in construction equipment or general industrial fields. 
The advantages of hydraulic systems are a high force 
density, easy controllability and flexible construction 
[1]. Despite these advantages, there are many durability 
problems due to the sliding motions of key parts such as 
valve plate/cylinder block, piston/piston shoe, cylinder 
block/piston and piston/swash plate in hydraulic 
systems as shown in Figure 1. These parts are 
structurally vulnerable to contamination of the hydraulic 
oil that occurs at the severe field environment. So it is 
necessary to improve the durability of these parts. 

Surface texturing is to grave micro dimple pattern 
on a mechanical component for enhancing tribological 
properties of the component. This technology generally 
functions to act as micro-hydrodynamic bearing, to 
provide micro-reservoirs to enhance lubricant retention 
and to provide micro-traps to capture wear debris [2-3]. 
Methods to achieve controlled texturing of surfaces can 
be divided into mechanical, lithographic, energy beam 
and coating techniques. Among them, laser ablation, or 
laser-texturing is fairly new energy beam technique for 
achieving controlled surface texturing [4]. 

In this study, surface texturing was used for the 
swash plate surface to improve durability of the sliding 
part of hydraulic piston motor unit. The effects of 
surface texturing were evaluated by accelerated wear 
test to control contamination level of hydraulic oil in 
real time. The accelerated wear tester developed to 
reproduce field wear phenomena. And then the 
performance test was carried out in order to confirm the 
efficiency of product. Finally, the results of test was 
analysed through the prediction of lubrication 
conditions in this system. 

 
Figure 1 Tribological systems in a piston motor unit. 

 
2. EXPERIMENTAL METHODS 

Surface texturing pattern was fabricated on the 
surface of chromium molybdenum steel by Nd: YAG 
type laser surface texturing equipment. Figure 2 shows 
optical images of textured surface. In this case, counter 
material is generally copper ally due to surface seizure. 
The accelerated wear test was conducted by a custom-
built experimental apparatus to evaluate wear resistance 
for the part level. The test apparatus can accelerate the 
wear of surface using contaminated hydraulic oil. And 
field wear phenomena were reproduced to generate 
sliding motion between piston shoe and swash plate. A 
scanning electron microscope was used to observe the 
damaged surface and the average wear depth was 
evaluated by surface profilometer. For validation at the 
product level, the evaluation of motor efficiency was 
carried out by hydraulic motor performance test. The 
value of motor efficiency was measured 3 times on the 
same conditions.  

 

 
Figure 2 Optical image of surface texturing on the 

swash plate. 
 

3. RESULTS AND DISCUSSION 
Figure 3 shows the results of an average wear 

depth of non-textured and three different textured 
specimens that can be fabricated by the laser texturing 
equipment and approved by commercial lubrication 
analysis program (TED/CPA; Tribology Engineering 
Dynamic/Contact Problem Analyzer). The area ratio of 
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dimple means the ratio of textured surface area to non-
textured surface area. The specimens with surface 
texturing have relatively higher wear resistance than 
non-textured surface. It indicates that Surface texturing 
affects to trap wear debris in severe oil contamination 
condition. Thus it reduces abrasion in the sliding 
surface. Also, the depth of dimple has optimal value of 
30 micro-meters in this test condition. 

 

 
Figure 3 Average wear depth of sliding parts with 

different depths of dimple by the accelerated wear test 
under all the same area ratio (5%). 

 
Motor efficiency was optimized by the several 

different area ratios of surface texturing with same 
dimple depth that can be evaluated by the accelerated 
wear test. Figure 4 presents the result of the motor 
efficiency for 3% and 5% of an area ratio of the surface 
texturing according to the rotating speed. It indicates all 
textured samples have a lower motor efficiency than 
non-textured surface for all rotating speeds. And this 
phenomenon becomes significant with increasing 
rotating speed in the textured surface with the area ratio 
of 5%. It means that the motor efficiency is strongly 
influenced by the area ratio of dimple. Because of this 
interaction, the area ratio of dimple is closely related oil 
film thickness between piston shoe and swash plate and 
friction in the hydrodynamic lubrication regime.  

In general, oil leakage occurs from the high oil 
film thickness. It means low motor efficiency due to 
increase of actual flow according to the equation below. 
η is equation of motor efficiency of typical hydraulic 
motor system [5]. T is actual torque to drive (N·m), N is 
rotating speed of motor (rad/s), P is pressure differential 
(Pa) , Q is actual flow rate output (m3/s). 

𝜂 =
𝑇𝐴(𝑁∙𝑚)×𝑁(𝑟𝑎𝑑

𝑠 )

𝑃(𝑃𝑎)×𝑄(𝑚3
𝑠 )

 (1) 

 
We simulate that the prediction on the 

hydrodynamic lubrication regime in case of the shoe 
plate applied surface texturing was in progress by 

commercial lubrication analysis program. From the 
results, leakage oil flow and friction force was 
determined by changing of oil film thickness.  

 

  
Figure 4 Result of Motor efficiency as a function of 
rotating speed under all the same depth of dimple. 

 
4. CONCLUSIONS 

The effect of surface texturing on the tribological 
properties of the sliding parts of hydraulic device was 
experimentally investigated. The surface texturing was 
important in reducing wear of surface in oil 
contamination environment. The function of micro-trap 
for wear debris is the main mechanisms responsible for 
reducing the wear of sliding surfaces. The change in the 
area ratio of dimple could be significant to affect the 
motor efficiency due to the change of lubrication 
condition. The results of the lubrication analysis of the 
sliding condition are shown to be closely correlated with 
the experimental results. 
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