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ABSTRACT – Grease lubricated ball bearings are 
strongly required to improve low torque and quietness, 
but influence factors of grease on these performances 
have not been clarified. In this study, we investigated 
the factors influencing these two performances. As a 
result, it was clarified that the viscous transition stress 
of grease has a great influence on low torque property. 
Regarding quietness, it was revealed that the particle 
diameter and Young's modulus of the thickener has a 
great influence. 
 
1. INTRODUCTION 

Improvement of energy efficiency is a challenge 
for automobiles and various industrial machines due to 
the worldwide awareness of energy conservation. 
Efficiency is regulated in industrial motors, and further 
reduction in torque is required for ball bearings used in 
these motors. In addition, although quietness is required 
for motors used in living rooms such as air conditioners, 
in recent years, with the promotion of EV shift, motors 
used in automobiles are also required to be quiet. 
Therefore, ball bearings used in these applications are 
strongly required to be quiet more, and, for this purpose, 
it has been known from previous studies that grease is 
an important factor [1, 2]. In this study, we clarified the 
factors that influence these performance and established 
guidelines for designing the grease composition. 
 
2. METHODOLOGY 
2.1 Bearing torque measurement method 

Evaluation was carried out using diurea grease 
having different molecular structures of thickener. To 
determine the loss energy of the rolling bearing, torque 
measurement was carried out using a rotating torque 
tester. The structure of the torque tester is shown in 
Figure 1.  The value obtained by subtracting the 
bearing rotation torque at the base oil from the bearing 
rotation torque at the grease was defined as caused by 
the stirring resistance. Further, the value obtained by 
integrating the torque caused by the stirring resistance 
with the evaluation time was defined as the loss energy 
of the rolling bearing. Measurement was also performed 
by defining the stress at which the complex elastic 
modulus G * = G "/ G '= 1 using a rotary rheometer as 
the viscous transition stress. Outline of the rotary type 
rheometer is shown in Figure 2. 

 
 
 

 
Figure 1 Bearing rotation torque measurement method. 

 

 
Figure 2 Viscous transition stress measurement method. 
 
2.2 Bearing noise measurement method 

The bearing noise value was evaluated by bearing 
vibrational acceleration. A certain quantity of grease 
was sealed in the bearing (62022RU), and the axial load 
was loaded with 20 N. Then, the vibration acceleration 
in the radial direction when the bearing inner ring was 
rotated at 1800 min-1 was measured. The value of 
vibration acceleration was measured 1 second after the 
start. 

In order to investigate the relationship between 
bearing noise and oil film variation, oil film thickness 
measurement by optical interference method was carried 
out. Oil film thickness measuring equipment is shown in 
Figure 3. Grease is applied to the under surface of the 
chromium coated glass disk at a thickness of about 
1 mm. Then, the thickness of the oil film was measured 
when the circular plate was rotated by pressing a steel 
ball from below. The rotation linear speed was set at two 
levels of 5 mm/s and 100 mm/s. 
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 Figure 3 Oil film thickness measuring equipment. 

 
3. RESULTS AND DISCUSSION 
3.1    Low torque technology 

The relationship between viscous transition stress 
and stirring loss energy is shown in Figure 4. There was 
a correlation between the two, and it was found that the 
stirring loss energy is smaller as the viscous transition 
stress is larger.  

The specific surface area of the thickener particles 
was measured with a particle size distribution meter in 
order to clarify the control factor of the viscous 
transition stress. Figure 5 shows the results of 
investigating the correlation between the specific 
surface area of thickener and the viscous transition 
stress. As a result, it was clarified that viscous transition 
stress increased as the specific surface area of the 
thickener increased. 

 

 
Figure 4 Relationship between viscous transition stress 

and stirring loss energy. 
 
 

 
Figure 5 Relationship between specific surface area of 

thickener and viscous transition stress. 
 

3.2   Low noise technology 
The thickener was extracted from the grease and 

the Young's modulus of the thickener was measured. 
The results are shown in Figure 6. From these results, it 
was found that the Young's modulus varies greatly 
depending on the molecular structure, aliphatic has low 
Young's modulus and excels in quietness.  

Figure 7 shows relationship between Young's 
modulus of thickener and vibrational acceleration. As a 
result of comparison using grease with the same particle 
diameter of the thickener, a high correlation was found 
between the Young's modulus of the thickener and the 
vibrational acceleration. From this result, it became 
clear that aliphatic having low Young's modulus is 
excellent in quietness. 

 

 
Figure 6 Measuring result of Young’s modulus of 

thickener. 
 

 
Figure 7 Relationship between Young's modulus of 

thickener and vibrational acceleration. 
 

The results of investigating the effect of the 
thickener composition on the oil film thickness variation 
are shown in Figure 8. From this result, it was 
confirmed that the aliphatic thickener having a low 
Young's modulus induces only small fluctuation of the 
oil film thickness. Also, as shown in Figure 9, it became 
clear that there is a high correlation between oil film 
thickness variation and ball bearing acoustic value. 
 

 
Figure 8 Influence of thickener on oil film thickness 

variation. 

Thickener Aliphatic Alicyclic Aromatic

Interference image

Young’s modulus of thickener 0.7GPa 1.6GPa 2.7GPa

Variation range of oil film thickness ※1 550～690nm 550～790nm 550～800nm

Variation amount of oil film thickness ※2 140nm 240nm 250nm
※1：Oil film thickness at the center part (Max～Min)
※2：Maximum oil film thickness － Minimum oil film thickness
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Figure 9 Relationship between oil film thickness 

variation and bearing vibration value. 
 

4. CONCLUSION 
The influence factor of the rotational torque and 

quietness of grease lubricated ball bearings has been 
clarified. Also, a material design method for grease that 
can improve each performance has been established. 
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ABSTRACT – The controlling of lubricating 
performance of lubricants is very attractive method. This 
study investigated the effect of surface electric potential 
on lubricating performance of ionic liquids against 
tetrahedral amorphous carbon film in macro-scale 
friction. The friction coefficient of 1-butyl-3-
methylimidazolium iodide was unchanged by the surface 
electric potential because this ionic liquids was difficult 
to move in the solution. On the other hand, the friction 
coefficient lubricated with 1-butyl-3-methylimidazolium 
tris(pentafluoroethyl)trifluorophosphate, and 1-butyl-3-
methylimidazolium hexafluorophosphate were changed 
when the surface electric potential was +2.0 V. It was 
considered that adsorption structure of ionic liquids 
affected the friction coefficient.  
 
1. INTRODUCTION 

Ionic liquids are organic salts consisting of cations 
and anions that can form liquids state at room 
temperature. They have various attractive physical 
properties, such as low vapour pressure, high thermal 
stability, high ionic conductivity, non-combustibility, and 
wide electric potential window [1]. H. Kondo et al. 
reported the lubricating performance of ionic liquids for 
the first time in 1989 [2]. After that, about the kind of 
ionic liquids as lubricants, fluorine, sulphate, phosphate, 
and cyano based ionic liquids were mainly investigated 
[3]. The state of molecular derived from ionic liquids on 
the solid surface are very important role on lubricating 
performance. Fluorine, sulphate, and phosphate based 
ionic liquids often form the tribo-reaction film with metal 
surfaces [4]. On the other hand, cyano-based ionic liquids 
often form the adsorption film on metal surfaces [5]. 
Recently, the controlling the kind of adsorption ions on 
the solid surface was carried out. Atkin et al. showed the 
lubricating performances of ionic liquid can be controlled 
by the solid surface electric potential [6]. However, this 
experiment was carried out Atomic Force Microscope 
(AFM). In addition, the gold substrate was used as sliding 
material. Thus, the effect of surface electric potential on 
the lubricating performances of ionic liquids in macro-
scale friction and against industrial material are unclear.  

This study investigated the effect of surface electric 
potential on lubricating performance of ionic liquids 
against industrial material in macro-scale friction.  

 
2. EXPERIMENTAL DETAILS 
2.1 Lubricants 

In this study, 1-butyl-3-methylimidazolium 
tris(pentafluoroethyl)trifluorophosphate ([BMIM][FAP]), 
1-butyl-3-methylimidazolium hexafluorophosphate 
([BMIM][PF6]), and 1-butyl-3-methylimidazolium 

iodide ([BMIM][I]) were used as lubricants. They were 
purchased form Merck. Table 1 lists the chemical 
structures of the tested ionic liquids.  

 
Table 1 Chemical structures of ionic liquids. 

Name Chemical structure 

[BMIM][FAP] 

 

[BMIM][PF6] 

 

[BMIM][I] 
          

 
2.2 Sliding tests 

The lubricating performance of each ionic liquid 
was evaluated using an in-house instrument palate-on-
plate friction tester as shown in Fig. 1 (I 24 mm × t 7.9 
mm plate made of bearing steel (AISI 52100)). To 
prevent electric corrosion and energization between both 
specimens, the both specimens were coated with 
tetrahedral amorphous carbon film by arc ion plating 
method and jig was made of Teflon. The surface 
roughness of specimens were 0.01 µm. The upper 
specimen connected to ground. The bottom specimen 
connected to electrode. A platinum worked as counter 
electrode and be inserted in the ionic liquids.  

The operating parameters were a load of 10 N, 
rotation speed of 0.75 rpm, break-in time of 60 min, 
surface electric potential of 2.0 V and -2.0V, application 
time of 10 min.  

 
3. RESULTS  

Figure 2 shows the friction behaviour of each ionic 
liquid by surface electric potential. All ionic liquids 
showed difference friction coefficient when the 0 V (50-
60 min). [BMIM][I] exhibited the lowest friction 
coefficient of 0.05. Other ionic liquids exhibited the high 
friction coefficient of more than 0.06. When the bottom 
specimens was -2.0 V (60-70 min), the friction 
coefficient was almost unchanged. On the other hand, in 
the case of [BMIM][FAP] and [BMIM][PF6] the friction 
coefficient was increased when the bottom specimens 
were 2.0 V (70-80 min). [BMIM][I] almost unchanged 
about friction coefficient. 
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Figure 1 Picture of testing apparatus. 

 

 
Figure 2 Friction behaviour of each ionic liquid. 
 

4. DISCUSSIONS 
4.1 Responsiveness against surface electric 

potential 
The friction coefficient of only [BMIM][I] was 

almost unchanged when the surface electric potential was 
applied. It is considered that ion conductivity affected 
friction behaviour. That of [BMIM][FAP], [BMIM][PF6], 
and [BMIM][I] are 2.3, 1.34, and 0.5 mS/cm, respectively. 
It was believed that [BMIM][I] was difficult to move in 
the solution.  

 
4.2 The state of ionic liquids against surface electric 

potential 
It is well known that ionic liquids form electrical 

double layer on electrode [6, 7]. In addition, ionic liquids 
forms film stack by the electrical force between the 
cations and anions [7]. Figure 3 shows the model diagram 
of ionic liquids against surface electric potential. First 
layer have strongly interaction with the surface electric 
potential. The second and succeeding layers have 
interaction between the cations and anions. Thus, the first 
layer especially affected the difference of friction 
coefficient lubricated with [BMIM][FAP], and 

[BMIM][PF6] in the case of +2.0V. When the surface 
electric potential was -2.0 V, the first layer was same ion. 
Thus, the second and succeeding layers affected the 
difference of friction coefficient lubricated with 
[BMIM][FAP], and [BMIM][PF6] in the case of -2.0V.  

 

 
Figure 3 the model diagram of ionic liquids against 

surface electric potential. 
 
5. SUMMARY 

This study investigated the effect of surface electric 
potential on lubricating performance of ionic liquids. The 
friction coefficient lubricated with [BMIM][FAP] and 
[BMIM][I] was changed in the case of -2.0V. However, 
the friction coefficient lubricated with [BMIM][I] almost 
unchanged because this is difficult to move in the 
solution. It is considered that the friction coefficients 
lubricated with ionic liquids were affected by adsorption 
structure of ionic liquids. 
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ABSTRACT – Correction methods to improve 
accuracy of measurement of gap shape using vertical-
objective-type ellipsometric microscopy (VEM), which 
can provide 0.1-m-order lateral resolution, were 
proposed. Since the VEM-based measurement uses an 
optical microscope with a high lateral resolution, the 
correction of measured ellipsometric signal is needed 
when applying rotating compensator ellipsometry to gap 
shape measurement. In this paper, we proposed 
correction methods of the polarization change and the 
incident angle distribution due to the optical devices. 
Demonstrating the correction methods, the gap-
measurement accuracy of less than 1-nm was achieved. 
 
1. INTRODUCTION 

Recent progress of measurement methods has 
shown that the lubrication phenomena at narrow gaps 
significantly depend on the size of gap. Therefore, 
measuring gap shape is indispensable to clarify these 
phenomena. Ellipsometric microscopy (EM) was 
proposed to measure two-dimensional thickness 
distribution based on ellipsometry. Moreover, a new 
type of EM, called vertical-objective-type EM (VEM), 
was developed to improve the lateral resolution up to 
0.1 m order, and has been attempted to apply to 
measuring gap shape [1]. 

In VEM-based measurement of the gap, 
conversion of the measured ellipsometric image to the 
gap shape is necessary. Rotating compensator 
ellipsometry (RCE) method was introduced for the gap 
measurement [1]. The RCE method is widely used in 
ellipsometers,and provides thickness resolution of the 
order of 0.1 nm. Unlike usual ellipsometers, the 
microscope for the VEM includes optical devices such 
as lenses and mirrors. The optical devices may cause 
additional polarization changes and unevenness of 
incident angles in the field of view. Therefore, when 
applying the RCE method to the gap measurement by 
VEM, correction of these errors is needed. In this paper, 
we proposed correction methods for the polarization 
change and the incident angle distribution to improve 
the accuracy of the gap shape measurement by VEM 
with RCE method. 

 
2. GAP MEASUREMENT BY VEM WITH RCE 

METHOD 
Figure 1 shows a schematic set up of the gap 

measurement using VEM. The illumination light 
focused onto the off-axis point on the back focal plane 
of the objective lens, which can generate oblique light 

illumination and provide sufficient ellipsometric signal.  
 

 
Figure 1 Schematic setup for measuring gap shape by 
VEM. The inset is magnified view of the around gap. 

 
The optical system is configured of a light source, 

polarizer, compensator, sample, analyzer and detector. 
An LED with a wavelength of 460 nm was used as the 
light source, and an electron multiplying CCD camera 
was used as the detector. The light reflected at the gap 
between the metal-coated lens and glass substrate was 
detected. The complex reflectivity ratio of sample, , is 
given by 
𝜌 = tan 𝛹(ℎ) exp{𝑖𝛥(ℎ)}.                  (1) 
tan and  are the absolute value and argument of  at 
a gap of h, respectively. Since  changes with the gap, 
analysing  by polarization devices provides the gap. 

The procedure of the RCE method was based on 
that reported by Fukuzawa et al. in detail [1]. In this 
method, the change of the intensity of ellipsometric 
image with continuous rotation of compensator was 
measured, and analyzing this change of intensity,   and 
 were obtained at each pixel. In this paper, only  was 
used to calculate the gap, because  had higher 
sensitivity than   for small gaps. The relationship 
between  and gap h is theoretically obtained by Fresnel 
equations from incident angle of illumination light and 
refractive indices of materials composed the gap. Using 
this relationship, measured  at each pixel was 
converted to the gap shape. 

 
3. CORRECTION METHOD 
3.1 Correction of measured  

The measured m(h) includes the error e due to 
the optical devices. Therefore, to obtain the true value 
t(h), correction of m(h) is necessary. The measured 
complex refractivity ratio m is the sum of the true value 
t and error e, and is given by 
𝜌m = 𝜌t ∙ 𝜌e = (tan 𝛹t ∙ tan 𝛹e)exp{𝑖(𝛥t(ℎ) + 𝛥e)}.    (2) 
Therefore, t(h) is given by t(h)=m(h)-e. To 
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eliminate e from m(h), we focused on the difference 
between t(h) and t(0), (h), given by 
δ𝛥(ℎ) = 𝛥t(ℎ) − 𝛥t(0) = {𝛥m(ℎ) − 𝛥e} − {𝛥m(0) − 𝛥e} 

 = 𝛥m(ℎ) − 𝛥m(0) () 
To obtain measured m(h) at each pixel, the phase 

shift of metal-coated glass substrate, Ref, whose gap 
between metal and glass is completely zero, was 
measured. m(h) was adjusted so that m(0) in the 
contact region coincides with Ref. Thus, (h) with 
reduction of error was obtained at each pixel. 

  
3.2 Correction of incident angle distribution 

In the RCE method, the incident angle of light 
should be determined accurately to obtain the true 
relationship between  and gap theoretically. To 
measure the gap around 15 nm within 1-nm accuracy, 
the incident angle is necessary to determine within 0.4 
degree accuracy. In the VEM-based measurement, the 
incident angles at each pixel have unevenness in the 
field of view due to the optical devices. 

With the RCE method, the change of  with the 
gap was measured while bringing the lens closer to 
glass substrate by a z-piezo stage at a slow speed. m(h) 
took the maximum value, max, at a particular gap as 
shown in Fig. 2(a). The differential value of max 
between max and m(0) was obtained by 
max=max−m(0). Using the relationship between 
max and the incident angle in the glass substrate 0, the 
approximate function 0(max) can be theoretically 
calculated from Fresnel equations. Thus, measuring 
max at each pixel with change of the piezo 
displacement, the distribution of 0 was determined in 
the observed area by VEM. 

 
4. MATERIALS AND METHODS 

For VEM-based measurement of the gap shape, the 
sample consisted of lens/lubricant/substrate. The lens 
had a radius of 15.6 mm and was coated with 53-nm 
stainless steel film to increase the reflectivity. Poly-α-
olefin (PAO) was used as the lubricant sample, and a 
high refractive index glass (K-LASFN23) was used as 
the substrate. A glass substrate coated with stainless 
steel film in the same process of the lens was used as the 
reference sample to obtain Ref. Since surface roughness 
may affect the accuracy of gap measurement, we used 
the smooth surfaces with Ra of 0.7 nm and 0.3 nm of 
the lens and substrate, respectively. 

In the experiment, Ref was measured with RCE 
method. Changing the sample, the lens was made 
contact with the substrate using the z-piezo stage. 
Lubricant PAO was injected, and m(h) of the static gap 
was measured. Then, with the piezo stage method, max 
was measured. Using the correction methods described 
in sections 3.1 and 3.2, (h) and the incident angle in 
glass 0 were obtained at each pixel. 

 
5. RESULTS AND DISCUSSION 

The incident angle distribution 0 was obtained as 
shown in Figure 2(b). This showed the maximum 
difference of about 3 degrees in the observed area, 
which corresponds to a gap error of about 7 nm at a 

measurement of gap around 15 nm. 
 

 
(a)                             (b) 

Figure 2 (a) Measured change of  during approach of 
lens to substrate. (b) Measured incident angle 

distribution in glass substrate 0. 
 

 
(a)                                         (b) 

Figure 3 Measured static gap shape filled with PAO. (a) 
Image of gap shape. (b) Cross sectional view of the gap 

on centerline of lens (red line in (a)). 
 
Figure 3(a) shows the measured gap shape filled 

with PAO, and Fig. 3(b) shows the cross-sectional view 
of the gap on the centerline of lens and that calculated 
using Hertzian contact theory. The measured gap with 
lubricant shows good agreement with the theoretical 
one. By contrast, in the contact without lubricant, the 
deformation caused by the adhesion was observed. In 
the gap range around 20 to 30 nm, however, gaps had 
more error as shown in black dots of Fig. 3(a). This is 
because the sensitivity became low in this range. 
Eventually, the accuracy of our method was estimated at 
0.8 nm in the gap range of 0 to 20 nm as the standard 
deviation from the theoretical curve. 

Additionally, a measurement of metal-to-metal gap 
would be required for practical application. In our 
VEM-based method, it could be achieved by using a 
glass substrate coated with semi-transparent thin-metal 
film and analysing the gap composed of 
metal/lubricant/metal/substrate. 

 
6. CONCLUSIONS 

We developed a new method to correct the 
polarization change and the incident angle distribution 
due to the optical devices. Using the correction 
methods, the gap-measurement accuracy less than 1-nm 
was achieved. This method is useful to clarify the 
lubrication phenomena at nm-sliding gaps. 
 
REFERENCE 
[1] Fukuzawa, K., Sasao, Y., Namba, K., Yamashita, 

C., Itoh, S., & Zhang, H. (2018). Measurement of 
nanometer-thick lubricating films using 
ellipsometric microscopy. Tribology 
International, 122, 8-14. 



Proceedings of Asia International Conference on Tribology 2018, pp. 307-308, September 2018 

__________ 
 

Average contact length and velocity for pin in reciprocating and rotary 
motion 

Amit Ganguli*, Manish Kumar, G. Anirudh, Debdutt Patro, Anshuman Dube, Narendra M. Dube 

 
Ducom Instruments Pvt.Ltd., Peenya Industrial Area, Bangalore 560 058, India. 

 
*Corresponding e-mail: amit.ganguli@ducom.com 

 
Keywords: Theory; Stribeck parameter; contact geometry 

 
 

ABSTRACT – Stribeck Curve, first proposed in 1902, 
has been used to qualitatively verify performanceof 
lubricated contacts. To enable quantitative use of 
Stribeck, it isproposed to modify Stribeck parameter to 
ηv/Pl, along with η (viscosity) and P (contact pressure), 
two new terms – v (relative velocity) and l 
(characteristic length) are introduced. Statistical 
geometry is used to determine characteristic or average 
length of contact. For cylindrical pin of radius rpin 

subjected to oscillation, and, rotary (pin-on-disc type) 
relative motionsaverage length is obtained as πrpin/2. 
 
1. INTRODUCTION 

Stribeck curve, a plot of co-efficient of friction vs 
the “Stribeck parameter” as it is now known, was first 
proposed in 1902[1]. Ithas been so extensively used, 
studied and reported to estimate performance of 
lubricated contacts that it would be too numerous to list. 
Stribeck curve is part of every textbook[2], handbook 
and set of collected articles the field of Tribology. 

While it is extensively used and reported in 
previous studies for qualitative evaluation of lubricated 
contact in fields as diverse as internal combustion 
engines, various types of pumps, rolling element 
bearings[3], human joints, mastication, hydrodynamic 
and hydrostatic bearings[4], it is not used as a 
quantitative tool. Modifications of Stribeck parameter to 
account for effects of solid lubricants[5], and surface 
modifications[6], or limit cycles [7] have been 
proposed, but these pertain to only to viscosity. 

It is proposed that Stribeck parameter be modified 
to reflect geometry of contact surfaces and the relative 
motion between them. Pin-on-disc, four-ball tester or 
reciprocating rig or variants thereof are commonly used 
in evaluating tribological performance of different 
materials in the presence of different lubricants. Average 
lengths and velocities are estimated for cylindrical 
specimen with circular cross section fitted on such 
devices. 
 
2. METHOD 

Different forms of Stribeck parameter used in 
Stribeck curveare: 

/ ,  or , / ,  or , /V P N P P    (1) 
Where, η is the viscosity of the lubricant in Pa·s, 
V is the velocity usually in m/s, and, 
P is the contact pressure in Pa, /P F A= , where F is 
force applied in N and A is the contact area in m2. 

In the original article [1] and in all many 
subsequent publications, velocity used is the speedN in 
rpm or ω in rad/s with reference to a shaft rotating in a 

journal bearing.It is proposed to change Stribeck 
parameter to: 

/v Pl  (2) 
Where, η, and P are as above, and, v is average relative 
velocity at the contact in m/s, and l is characteristic or 
average length of contact in m. 

The proposed change retains the non-dimensional 
nature of the Stribeck parameter, while allowing data 
generated by one test to be compared to data generated 
by another type of test for the same lubricant. 

This requires an estimation of the characteristic 
length of contact which is usually the average length of 
contact. Evaluation of the validity of the modified 
Stribeck parameter is beyond the scope of the present 
work. However, it can be demonstrated that for journal 
bearings the proposed modified Stribeck parameter is 
the same as the commonly used one. As a thumb rule 
the length of the high-pressure region of a journal 
bearing subjected to purely radial gravitational load is 
approximately 1/3rd of the bottom half, hence the 
characteristic length is: 
𝑙 = 𝜋𝑟

𝑟
, Where approximating 𝜋 ≅ 3, 𝑙 ≅ 𝑟                 (3) 

substituting this in equation (2), Stribeck parameter is: 
/v rP  (4) 

since, /v r = , the Stribeck parameter reduces to: 
/ P  (5) 

Which is the same as equation (1). Hence, it is not 
entirely incorrect to suggest this modification since the 
commonly used version of Stribeck parameter is just a 
special case for smooth cylindrical journal bearings. 

Average length is determined based on geometry 
and the relative motion between the two contact 
surfaces. A few specific cases are chosen based on 
common and ubiquitous use in testing and application, 
andaverage length is derived as an expression using 
statistical geometry, a detailed theoretical discussion [8] 
is beyond the scope of this abstract. 

First a cylindrical pin in a reciprocating rig tester, 
here the contact is a circle, and the average contact 
length would be the average chord length for parallel 
unidirectional chord. Such a chord is shown in Figure 1. 

 

 
Figure 1 Chord on a circle. 
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The average chord length l, a circle of radius rpin at 
a distance h from the center of the circle: 

2 22
pin

l r h= −  (6) 

The average chord length can be obtained by 
integrating from 0 to rpin and averaged over rpin: 

2 2

0

1
2

pinr

avg pin

pin

l r h dh
r

= −  (7) 

This can be evaluated to: 

2 2 2 1

2 2

0

1
tan (

pinr

avg pin pin

pin pin

h
l h r h r

r r h

−= − +
−

 
 
  

 (8) 

Second example is for a pin in a pin-on-disc 
(Figure 2), the average length is dependent on the wear 
track diameter. 

 

 
Figure 2 Illustrative representation of contact in PoD. 

 
The arc length sof any random arc of wear is: 
 2s r=  (9) 

Where, θ is the angle in rad, and, r is the radialdistance 
from the centre of the disc, in m. 
Using cosine rule, θ can be given as: 

2 2 2

1cos
2

wear pin

wear

r r r

r r
 −

+ −
=

 
 
 

 (10) 

Thus, average arc length will be: 
2 2 2

12
cos

2

wear pin

wear

r r

wear pin

avg

rpin wear

r r r
s r dr

r r r

+

−
+ −

=
 
 
 

  (11) 

 
3. RESULTS AND DISCUSSION 

The expressions for average length and average 
velocity are obtained from the governing equation for 
two cases shown for respective contact geometries. 

Equation (8) for pin with circular cross section in 
linear reciprocating motion is solved as: 

/ 2
avg pin

l r=  (12) 

Average velocity for simple harmonic motion is: 

avg
v L=  (13) 

Where, L is amplitude i.e. half the stroke length in m, 
and ω is frequency in rad/s of the test. Although in 
reciprocating tests many different lubricating regimes 
may be encountered in each stroke depending on the 
materials, lubricant, contact stresses and frequencies. 
So, this expression of average velocity should be used 

judiciously. 
As is the usual practice, rwear>>rpin, and Equation 

(11) can be solved and simplified to give average length 
for pin with circular cross section in a rotary (pin-on-
disc) type motion as: 

/ 2avg pins r  (14) 

Where, rwear is the radius of the wear track in m, and 
rpin is the radius of the pin in m. 
The average velocity vavgcan be given as  

avg wear
v r =  (15) 

Where, ω is disc rotation speed in in rad/s 
2 / 60N = where N is disc rotation speed in rpm. 
 

4. CONCLUSION AND FUTURE WORK 
The characteristic lengths and velocities can be 

used to report results from tests using different testing 
equipment in a standardized manner. It is hoped that this 
standardization in reporting Stribeck curve would 
increase its use as a quantitative engineering tool to help 
improve design instead of just a qualitative tool to 
verify designs. It is proposed to manufacture pins of 
different geometries, estimate the average length and 
velocity for each using these methods and verify this 
proposal. 
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ABSTRACT – The consumption of materials is too high 
due to the short lifetime of these. The necessity to use an 
efficient and “green” lubricant grow more and more. In 
the present study, a halogen-free lubricant was used in a 
steel-steel contact and the friction and wear were 
measured. The work was performed to analyze the 
protective tribofilm formed between the two moving 
parts. The experiments show a lower friction and wear 
when the new lubricant is used than with a conventional 
base oil. The XPS analysis confirms the low friction 
especially because of the presence of specific compounds 
in the tribolayer. Further analysis will be performed in a 
future work to confirm the chemical composition of the 
thin film. 
 
1. INTRODUCTION 

In bearings application, the need to lubricate 
properly the contact is very important. The possibility to 
reduce the friction, the corrosion and increase the lifetime 
of the materials is great. A novel-type of additive, 
developed in the study [1] , was investigated, so-called 
ionic liquid. An ionic liquid is a solution containing 
specifically charged species (ions) at room temperature. 
The cations (positive charge) and anion (negative charge) 
form an ion paired easily separable. The most common 
ionic liquids used as lubricant or additives contain 
halogen compounds that give high tribological 
performance but also high corrosion and not 
environmentally friendly by-products. In this research, 
two halogen-free phosphonium borate based ionic liquids 
were tested as pure lubricants in comparison to a base oil 
(BO) poly-alpha-olefin. These ionic liquids are boron- 
and phosphorus-based that are well known to reduce 
friction and wear. 
 
2. EXPERIMENTAL DETAILS 

The friction test was performed with a ball-on-disc 
tribotester (CSM instruments). The 6mm diameter 
100Cr6 steel ball is in contact with a 40x4.5mm 100Cr6 
steel disc. The normal load is 15N (pmax=1.63GPa), the 
speed is 200mm/s and the total distance is 1000m. The 
volume of lubricant is 1mL. The tests were executed at 
room temperature (~20°C) and at 100°C and a humidity 
between 36 and 38%. The lubricants used are two 
halogen-free ionic liquids. 

The wear was measured with a white light 
profilometer Taylor-Hobson CCI-HD). The X-RAY 
photoelectron spectroscopy (XPS) characterization was 
performed with a PHI VersaProbe II Scanning 
Microscope. 

Before the tribological tests, the steel discs and steel 
spheres were cleaned with acetone in an ultrasonic bath 
for 5 minutes. After the tests, the samples were 
transported under vacuum to avoid the oxidation of the 
tribofilm. The samples then undergo the centrifugal 
spinning process for 10 minute at 8000rpm to remove the 
maximum of non-used lubricant and keep the tribofilm 
unspoiled. The XPS analysis is then easier. 

The low vapor pressure of the ionic liquids allow 
the use of this kind of liquid under the vacuum of the XPS 
chamber. Unfortunately, the base oil has a higher vapor 
pressure, the lubricant should then be totally removed 
from the steel surface. The cleaning process was done 
with heptane that is removing the liquid without affecting 
the protective tribofilm. 
 
3. RESULTS AND DISCUSSION 

At engine temperature (between 90 and 105°C), the 
friction is 60+% lower with one ionic liquid than with the 
base oil. The structure of the ionic liquids molecules at 
the steel surfaces seems to generate an easy-to-shear film 
that reduce the friction. 

The XPS sputtering reveals the presence of different 
compounds in the tribofilm. At the top layer the 
concentration of carbon is high corresponding to alkyl 
chains from the cation. Indeed, the spinning centrifugal 
process did not remove 100% of the pure lubricant. 

The results of the deconvolution process of the 
oxygen atom was also performed. NIST database was 
used to determine which energy value correspond to 
which chemical compounds. A maximum error of 0.1eV 
is accepted. Different compounds oxygen-based are 
present. Shah et al. [2]  stated that boron oxide provides 
low friction that correspond to the friction data. Another 
analysis reveals that the phosphorus concentration is 
close to zero. 

The concentration of oxygen is higher at 100°C (25-
30%) than at room temperature (20-25%). The formation 
of oxide may explain why the wear is higher at elevated 
temperature. The oxidation of the nascent surface of steel 
and the soft oxide layer formed could be the reason. 
 
4. CONCLUSION 

The ionic liquid as pure lubricant presents better 
tribological performance than the conventional base oil. 
The XPS measurements explain the low friction by 
detecting the lubricious boron oxide.  The low wear at 
low temperature could be related with the relative 
concentration of oxygen in the tribolayer. The 
perspective of a future work should be the confirmation 
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of these compounds with e.g. infrared spectroscopy. 
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ABSTRACT – Lower friction of a slide guide-way under 
low sliding velocity condition is essential to improve the 
accuracy of machine tools. To fulfill this requirement, 
PTFE based composite material is used in combination 
with special lubricant for a slide guide-way. However, 
why lower friction is developed in this combination is 
poorly-understood. In this study, friction mechanism 
under low pressure sliding contact using the PTFE based 
composite material is experimentally investigated by 
changing materials and performing sliding friction test. 
As a result, it was found that contacting condition of 
copper particle make influences on maintaining velocity 
dependency under boundary lubrication condition.  
 
1. INTRODUCTION 

Many machine tools with a slide guide-way as a 
feeding mechanism. Low friction property of the slide 
guide-way has an important role to move precisely along 
a commanded displacement of a cutting tool. When 
lubricant containing oleylacid phosphate (hereinafter 
called OLAP) is used, thicker viscous boundary film is 
formed on the sliding surface and friction coefficient 
significantly reduces under the low sliding velocity 
condition. In addition, friction coefficient has a strongly 
positive velocity dependence necessary to slide in a 
dynamically stable manner [1]. Furthermore, friction can 
be reduced by using PTFE based composite material with 
copper particle as filler (hereinafter called PBCCu). 
Under low pressure sliding contact generated in the 
machine tool’ slide guide-way, this combination makes 
friction property better than using them alone. 
Elucidating why this synergy effect occurs will makes 
friction property much better. So, Objective of this study 
is investigation into mechanism of low friction 
developing in combination of the PBCCu and the special 
lubricant with OLAP. 
 
2. METHODOLOGY 
2.1 Evaluation method of friction 

It has been reported that the positive velocity 
dependence of friction coefficient (positive μ–V 
dependence) is caused by viscous substance derived from 
OLAP. On boundary friction, this friction property can be 
approximated by following equation.  

 += Vloglog                                            (1) 
In this equation, α denotes a velocity dependence 

index and β denotes a factor of friction magnitude at 
reference sliding velocity. 

 
Figure 1 Schematic of experimental apparatus. 
 
In this experiment, friction coefficient was 

evaluated and discussed by these indices. In addition, 
further consideration was done by observing specimen 
surface. 

 
2.2 Experimental condition 

Experimental apparatus with the type of thrust 
collar is shown in Fig.1. Six pin-type specimens with flat 
top were uniformly assigned on the upper rotating collar. 
Friction force can be measured with dynamometer on 
which the lower collar is fixed. Surface roughness of all 
specimens was 3.0–3.5 μm RzJIS except for copper pins 
with a roughness of about 10 μm RzJIS. Sliding velocity 
ranged from 10-5 – 102 mm/s and average contact 
pressure was set to 0.31 MPa. A running-in velocity was 
set to 9.2 mm/s. As an experimental parameter, the 
material of the upper specimens and the running-in time 
were changed as shown in Table 1. In contrast, the 
material of the lower specimen was fixed to cast-iron. As 
a lubricant, mineral oil (ISO VG68) that contains OLAP 
additive (concentration: 1.0 wt%) was used. 

 
Table 1 Experimental condition. 

Exp. No. Upper Specimens Run-in duration 
1 PBCCu 16 hours 
2 Cast iron 16 hours 
3 Copper 2 hours 
4 Copper 16 hours 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the results of test and shows 
properties of friction in the boundary lubrication area. 
Figure 3 shows the relationship between the velocity 
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dependency index α and the factor of friction magnitude 
β. Comparing PBCCu and cast iron, magnitudes of α are 
almost the same but a magnitude of β of the PBCCu is 
about one-third of that of the cast iron. The roughness of 
the PBCCu after running-in with long duration was 
markedly reduced. That means that the specimen surface 
uniformly worn over all regardless of material property, 
such as hardness. This result always indicates that copper 
particles in the PBCCu have a role not only to prevent the 
surface from wearing but also to support the normal load 
substantially. In this case, the mating surface was well-
truncated although its hardness is larger than those of 
PTFE and copper. It is considered, in this case, that the 
contact occurred between a flat and smooth surface and a 
well-truncated surface as shown in Fig.4. Therefore, even 
after running-in, the copper particles substantially 
supported the normal load. Namely, if if a normal load 
sharing ratio simply determines an average friction 
coefficient, a friction coefficient of the PBCCu / iron 
combination might be close to the same value of Cu / iron 
combination. However, the friction coefficient of the 
PBCCu / iron combination was much smaller than that of 
Cu / iron combination. In the Cu / iron combination, the 
smaller the roughness became due to running-in, the 
higher the coefficient of friction became. Conversely, the 
friction coefficient in large roughness is smaller than that 
of small roughness. Namely, it is considered that copper 
particle in PBCCu has the same effect as large roughness 
and that friction became smaller.  

Although, it is hard to think that copper particle in 
PBCCu has only effect on reduction of friction. The main 
material of PBCCu is PTFE. PTFE has a low energy 
surface and an effect to reduce friction. Therefore, it is 
considered that there is synergy effect between effect of 
copper particle as large roughness and effect of PTFE as 
low energy surface. 

 

 
Figure 2 Boundary friction properties of these 

experimental results. 

 
Figure 3 The relationship between velocity dependence 

and friction factor. 
 

 
Figure 4 Possible contacting pressure distribution after 

running-in. 
 

4. CONCLUSIONS 
In this study, mechanism of low friction developing 

in combination of the PBCCu and the special lubricant 
with OLAP was researched. Obtained results are 
summarized as follow: 

(a) The roughness of PBCCu after running-in with 
long duration was reduced. So, copper particle in 
the PBCCu always supported the normal load 
substantially. 

(b) Comparing with copper experiments, it is 
considered copper particle in the PBCCu has 
same effect as large roughness. 

(c) It is considered that there was synergy effect 
between effect of PTFE as low energy surface 
and effect of copper particle as large roughness. 
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ABSTRACT – Traction Drive is an excellent driving 
mechanism. However, traction coefficient is decreased 
by heat generation at contact point. When the appropriate 
amount of traction oil is used in the traction drive, the 
roller as rolling element will be cooled and the decrease 
of traction coefficient is prevented. In this study, the 
distribution of oil film on the roller surface analyzed with 
two-phase flow analysis using VOF (Volume of fluid) 
method. As a result, it is found that when the roller 
rotating direction and traction oil amount is changed, the 
different oil film distribution is formed on the roller 
surface. 
 
1. INTRODUCTION 

Traction Drive is an excellent driving mechanism 
that transmits the rotating power by using the pressurized 
oil film. Therefore, compared with gears, it has an 
advantage of low vibration, low noise and high-speed 
rotation. However, the oil temperature increases by 
shearing stress in the contact point. It causes problems 
such as decrease in maximum traction coefficient [1] and 
deformation of components such as bearings, rollers and 
so on. Sano et. al. suggested the temperature estimation 
model in the contact point and conducted verification 
experiments [2]. On the other hand, traction oil has 
cooling effect and leads to avoid rise in temperature. 
However, the temperature estimation model of Sano et. 
al. didn't consider the cooling effect of the oil and 
temperature on the roller surface. Moreover, the oil will 
circulate and scatter when the roller rotates. Therefore, it 
is also necessary to consider these effects. 

Under these background, in this study, the 
distribution of oil film on the roller surface analyzed with 
two-phase flow analysis using VOF method. It can 
calculate condition in roller surface in detail due to set 
the surface tension and contact angle. The oil film 
distribution analyzed when the rotating direction, the 
peripheral speed and the supply oil amount change. 
 
2. METHODOLOGY 
2.1 Calculation models 

In this study, the high-power two-roller traction 
tester that can compare with many experimental results 
of Itagaki et. al. as analysis model [3]. Figure 1 shows the 
roller calculation model on the two-phase flow analysis. 
This calculation model is formed from space that 
eliminated the roller and oil filler port. Moreover, the 
condition of symmetry against the contact surface of the 
roller and the calculation cost is cut down. The maximum 
size of computational grids is 0.65mm and minimum size 
of those is 0.03mm near the contact point. Moreover, four 

layers of mesh are formed on the roller surface at a 
thickness of 100μm and the total of the computational 
grids is 4.36 million. 

 
2.2 Calculation condition 

In this study, the oil-air two-phase flow around the 
roller surface is analyzed by ANSYS Fluent 17.2. Table 
1 shows the fluid property. The type of traction oil is 
KTF-1. The rotating direction, the peripheral speed and 
the supply oil amount was changed. The rotation 
direction was clockwise and counterclockwise, the 
peripheral speed was 10, 40, 70m/s and the supply oil 
amount were 2, 6, 16L/min. 

 

Figure 1 Calculation model of roller. 
 

Table 1 Fluid property. 
Density ρ 
[kg/m3] 

Oil 888 
Air 1.23 

Viscosity μ 
[Pa･s] 

Oil 0.027 
Air 1.75×10-5 

Surface tension T [N/m] 0.022 
Contact angle θ [°] 5.83 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the analysis results of volume 
fraction distribution of oil on roller surface under the 
supply flow rate 6L/min and the peripheral speed 10m/s. 
The result is shown by oil volume fraction and the area 

Oil filler hole 
(φ3.5) 

Roller 
(φ140, R33) 

Symmetry 

40 

145.1 

151 
 

Outlet 

Outlet 

Inlet 

 



Suwa et al., 2018 

314 
 

of warm color means full oil while cold color means full 
air. From figure 2(a), in the case of clockwise, the most 
oil is distributed around the roller vertex and it decreases 
as going to the edge. From figure 2(b), in the case of 
counterclockwise, the oil is evenly distributed on roller 
surface. It’s thought that this is because the oil tends to 
spread laterally because it rotates in the direction 
opposite to the oil supply direction. This tendency 
appeared in all results. 

Figure 3 shows the average value of volume fraction 
of entire roller. At the peripheral speed of 10 m/s, the 
volume fraction increases when the supply flow rate is 6, 
16 L/min in the counterclockwise direction, however the 
other conditions are the clockwise. When the supply flow 
rate is increased, the difference of volume fraction 
becomes small. From these results, it was found that the 
oil adhering to the roller increases as the amount of 
supplied oil increases in the clockwise direction however 
it is difficult to increase when it exceeds a certain value. 

From the contour of oil volume fraction on roller 
surface, it was found that the oil is evenly distributed on 
roller surface when the rotating direction is the 
counterclockwise compared with the clockwise. 
However, the average value of volume fraction in case of 
clockwise rotation is higher than counterclockwise under 
the condition of that high peripheral speed velocity. From 
these results, since the contact point that is a heat source 
is at the vertex of the roller, the cooling effect is 
considered to be higher in the clockwise. 

 
4. CONCLUSION 

In this study, the distribution of oil film on the roller 
surface analyzed with two-phase flow analysis using 
VOF method. The effect of the rotating direction, the 
peripheral speed and the supply oil amount were studied. 
It was found that the effective cooling method at each 
peripheral speed is considered to be clockwise rotation 
except for case of low peripheral speed and high amount 
of supplied oil. 

 
REFERENCES 
[1] Tanaka, H. (2000). Toroidal CVT. 
[2] Toshinari, S., Matoki, T., Masashi, I., Yasuhiro, T., 

& Muneo, Y. (2015). Development of traction 

contact temperature rise prediction and 
measurement method for traction drive. In 
Proceedings of Tribology Conference, Himeji, 407-
406. 

[3] Itagaki, H., Hashiguchi, H., Kita, M., & Nishii, H. 
(2016). Development of a High-Power Two-Roller 
Traction Tester and Measurement of Traction 
Curves. Tribology Online, 11(6), 661-674. 

 

 
Figure 2 Contour of oil volume fraction on roller. 

(U=10m/s, Q=6L/min) 
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Figure 3Average value of volume fraction of entire roller. 
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ABSTRACT – Fluorescence method is used to measure 
the lubricant film thickness between two surfaces of glass 
pieces. The fluorescence intensity was obtained though 
the irradiated UV ray on pyranine solution. As a result, 
the relationship between fluorescence intensity and film 
thickness was obtained. Newton’s rings interference 
fringes created by plano-convex lens contacted flat glass 
plate. It was used to calibrate the gap. 
 
1. INTRODUCTION 

Recently, the tire labeling system in Japan is 
evaluated to apply tire’s low fuel consumption and brake 
performance on the wet road surface. These performance 
on wet road surface is largely influenced by the thickness 
of water film between tread rubber tire and road surface. 
However, there are not many reports about the 
measurement method for this purpose. Therefore, 
Ultraviolet induced fluorescence method expected to be 
able to provide accurate measurement method between 
two surfaces. 
 
2. METHODOLOGY 

Figure 1 is the schematic of optical system used in 
this experiment. In this apparatus, plano-convex lens was 
attached on balanced arm and the top of lens was in 
contact with flat glass plate. In addition, the arm can be 
applied a constant load. Pyranine aqueous solution is 
fluoresced by irradiating ultraviolet ray. In this 
experiment, it was used as any water film. it was 
measured the fluorescence intensity of pyranine aqueous 
solution filled in the gap between two pieces. As a result, 
it was determined the relationship with each element. 
 

  
Figure 1 Schematic of optical system. 

 
About experimental conditions, the curvature radius 

of plane-convex lens attached to the arm is 20.76 mm. 

The bore diameter of this lens is 20 mm. Flat glass plate 
is 25 mm square and 3 mm thick. Both specimens are 
made of BK7 (borosilicate glass) and shape accuracy is 
better than λ. In each experiment, the arm was applied a 
constant load. Temperature on this experiment was 23℃, 
in the dark. 
 
3. RESULTS AND DISCUSSION 

It was possible to change the gap between two 
surfaces to change the load to plano-convex lens attached 
the arm. Therefore, it was decided the relationship 
between water film thickness and fluorescence intensity 
of pyranine aqueous solution in this experiment. 

It was determined the gap between plano-convex 
lens and flat glass plate applied elastic contact theory of 
Hertz. The contact circle radius a was obtained by the 
equation (1) (defined load to the arm w, radius of 
curvature R, Poisson's ratio ν, and Young's modulus E). 

𝑎 = {3
4
𝑤𝑅(1−𝜈1

2

𝐸1
+ 1−𝜈22

𝐸2
)}
1/3

               (1) 
         

In addition to this radius a, it was decided the gap 
between two pieces applied distance x from the center of 
contact circle in this experiment. Next, it was studied the 
relationship between the gap and fluorescence intensity. 
The gap h between plane-convex lens and flat glass plate 
was obtained by the Equation (2) (Figure 2).  
ℎ = √𝑅2 − 𝑎2 − √𝑅2 − 𝑥2                   (2) 
         

 Results are shown in Figure 3. It was understood 
that even when the load was changed, almost the same 
fluorescence intensity was exhibited at the same film 
thickness. Therefore, it was possible to measure water 
film thickness between two pieces by the relationship 
between the gap and the fluorescence intensity of 
lubricant film using the ultraviolet light induced 
fluorescence method with pyranine aqueous solution. 
 

Table1 Numerical of theoretical contact circle radius. 
Load, N Theoretical contact circle radius, mm 
9.9 0.153 
20.0 0.194 
29.9 0.222 

 
In the above description, contact circle radius was 

decided from Hertz theory Equation (1) and determined 
the gap between plano-convex lens and flat glass plate by 
Equation (2). However, elastic deformation of lens and 
plate was occurred by applying the load. It affected the 
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outside of contact circle surface, so it might affect the 
equation that the gap between two surfaces was decided. 
Therefore, it decided to use the method of Newton rings 
because it was possible to measure the gap between two 
pieces by reading interference fringes of Newton rings 
observed by sodium lamp. From observation, it was 
analyzed the relationship between fluorescence intensity 
and its gap as water film thickness. As a result, it was 
possible to get the relationship between fluorescence 
intensity and water film thickness. 

 

 
Figure 2 Clearance gap between plano-convex lens 

and flat glass plate. 
 

 
Figure 3 Relationship between fluorescence intensity 

and clearance gap. 
 

 
Figure 4 Relationship between distance from the center 

of elastic contact circle surface and clearance gap. 
 

 
Figure 5 Relationship between fluorescence intensity 
and distance from the center of elastic contact surface. 

 

 
Figure 6 Relationship between fluorescence intensity 

and clearance gap. 
 
4. CONCLUSIONS 

It was possible to measure liquid film thickness 
between plano-convex lens and flat glass plate by 
ultraviolet induced fluorescence method with pyranine 
aqueous solution from the relationship between 
fluorescence intensity and its gap as water film thickness. 

It was determined the relationship between 
fluorescence intensity of pyranine aqueous solution and 
water film thickness by Newton rings interference fringes 
method, created by two surfaces was applied to calibrate 
the gap. 
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ABSTRACT – In this paper, a new theoretical solution 
for the prediction of material foldover during cylinder 
upsetting has been developed. The solution is based on 
upper bound theorem and is compared to experiment. 
 
1. INTRODUCTION 

In upset forging of solid cylinders, disks and strips 
with high friction, material that is originally on the free 
surface folds over to come into contact with the die  
[1–6]. The attempts to incorporate foldover into 
theoretical analysis have been reported in [1–9]. In 
particular, the upper bound theorem has been utilized in 
[1,2]. However, the upper bound theorem in plasticity is 
formulated for a given configuration and results in an 
approximate velocity field whereas the analysis of 
foldover requires a displacement field. A sequential 
upper bound method [10] is in general applicable for 
predicting of foldover. However, this method is usually 
used in conjunction with a finite element procedure [11-
13], which makes the overall approach time consuming. 
On the other hand, it is known that faster methods of 
analysis are needed for some applications [14]. Such a 
method is developed in the present paper for upset 
forging of solid cylinders. The final solution is verified 
by experiment. 
 
2. STATEMENT OF THE PROBLEM 

A solid cylinder of radius 0R  and thickness 02H is 
forged between two flat dies moving towards each other 
with velocity U. The current thickness of the cylinder 
will be denoted by 2H. Cylindrical coordinates ( ), ,r z  
are taken, with the z – axis taken as the axis of 
symmetry of the process. Also, the process is symmetric 
relative to the plane 0z = . The material of  the  cylinder  
is  assumed  to  obey  the  von  Mises  yield criterion 
and its associated flow rule. The tensile yield stress, 0 , 
is a material constant. Since 0z =  is a plane of 
symmetry for the flow, it is sufficient to consider the 
region 0z  . The dies are rough and the friction law is 

0 3rz m = −               (1)  
at z H= . Here rz  is the shear stress in the cylindrical 
coordinates and m is the friction factor, 0 1m  . 
Equation (1) is valid at sliding. At sticking, this equation 
must be replaced with the condition that the relative 
velocity between the cylinder and the die vanishes. 
 

3. INSTANTANEOUS UPSETTING 
A general kinematically admissible velocity field 

for axisymmetric forging has been proposed in [15]. 
Using this field an upper bound on the force Pu required 
to deform the cylinder is given by 

2 2
0 0 0 0

V d fu
u

W W WPp
R U R  

+ +
= =  (2) 
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= = = 
 

= 
, (6) 

and ( )f   is an arbitrary function of its argument. Here 

VW  is the power dissipated within the plastic region, 

dW  is the power dissipated due to plastic shearing at the 
velocity discontinuity surface and fW  is the power 
dissipated by friction at the sliding contact.   
 
4. CONTINUED UPSETTING 

The right hand side of Equation (2) should be 
minimized to determine the best upper bound based on 
the kinematically admissible velocity field chosen. In 
general, this gives a solution for instantaneous 
upsetting. However, in the case under consideration the 
only surface that changes its shape throughout the 
process of deformation is the side surface and this 
surface is traction free. Therefore, no power is 
dissipated over this surface and it is only necessary to 
update the limit of integration in Equations (3) – (5) to 
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get a solution at any stage of deformation. This 
procedure requires a simple numerical code. 
 
5. EXPERIMENT 

Cylindrical samples (Ø16 × 20 mm) were 
machined from the rod made of annealed C45E steel. 
Nine v-shaped grooves (0.1 mm deep, 60° v-shape 
angle, 2 mm distance between grooves) were machined 
on lateral surface of the cylinder (Figure 1). No 
lubrication was used during upsetting. The samples 
were upset to 1.5 total strain in five upsetting steps (0.3 
strain per step). Upsetting was carried out on hydraulic 
press Sack&Kiesellbach (6.3 MN) at room temperature 
with two sets of samples. Light microscopy was used to 
determine the amount of material subjected to foldover. 
The number of grooves that displaced from lateral to 
frontal cylinder surface and the distance between them 
were measured. 

 

 
Figure 1 Cylindrical samples with nine grooves. 
 

6. SUMMARY 
A new theoretical method has been developed for 

analysis of foldover in upsetting of solid cylinders. The 
method is based on the upper bound theorem and 
accounts for specific features of the process under 
consideration. In particular, a relatively simple solution 
is possible because the only surface of the specimen 
whose shape is changing as the deformation proceeds is 
traction free. Therefore, no power is dissipated over this 
surface independently of its shape. The theoretical 
solution has been confirmed by experiment. 
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ABSTRACT – To clarify the low friction mechanism of 
B-DLC coating in PAO oil lubrication, we measured 
reflectance spectrum at friction area in-situ by reflectance 
spectroscopy. We obtained surface roughness of B-DLC 
coating, thicknesses and polarizability of transformed 
layer formed on bulk B-DLC coating during friction test 
by analyzing reflectance spectrum. We suggested that the 
increment of polarizability of transformed layer had an 
effect on increment of van der Waals force between 
transformed layer and PAO oil. By increasing van der 
Waals force, oil molecular adsorbed on transformed layer, 
and then friction coefficient of boundary lubricant area of 
B-DLC coating decreased. 
 
1. INTRODUCTION 

In order to increase energy efficiency, it is important 
to reduce friction loss in mechanical sliding parts. 
Diamond-Like Carbon (DLC) coating has been widely 
accepted as materials for reducing friction. DLC coating 
is a thin film with carbon atom as framework. Its physical 
properties and frictional characteristics are changed 
depending on the bonding state of the carbon atom and 
the contained elements. Several investigations about low 
friction mechanism of DLC under a mixed lubricant 
condition have already been reported. The low friction 
mechanism of Carbon Nitride (CNx) lubricated with poly 
alpha olefin (PAO) oil was suggested. Ohara et al. [1] 
reported that the generation of transformed layer affected 
friction coefficient by measuring thickness of 
transformed layer. Ichimura et al. [2] reported that as the 
surface roughness decreasing, the lubrication state 
changed from boundary lubrication to mixed lubrication, 
and friction coefficient decreased 

Also, Boron doped DLC (B-DLC) coating was 
showed low friction coefficient (μ<0.01) in PAO oil. 
However, the low friction mechanism of B-DLC was not 
fully examined. In this paper, in order to clarify the low 
friction mechanism of B-DLC coating, reflectance 
spectroscopy was used to in-situ observe the friction area 
under mixed lubrication which the change in lubricant 
condition appears clearly. To clarify the low friction 
mechanism under the mixed lubrication, it is necessary to 
clarify effects of the decrement of load carrying ratio of 
boundary lubrication area under mixed lubrication, or the 
decrement of friction coefficient of boundary lubrication. 
To clarify the former effect, surface roughness was 
measured, and for the latter, thickness and polarizability 
of transformed layer were measured. 

 

2. METHODOLOGY 
Reflectance spectroscopy was set above the friction 

area, and sapphire hemisphere was used as a counterpart. 
Friction test was conducted under the sliding condition as 
PAO4 of lubricant oil, 0.2 N of normal load and 200 rpm 
(31.4 mm/s) of rotation speed of B-DLC coating. And 
reflectance of B-DLC coating was measured by 
reflectance spectroscopy every 100 cycles. 

Friction coefficient under mixed lubrication can be 
divided into the friction coefficient caused by boundary 
lubricant area 𝜇𝑏 and fluid lubricant area 𝜇𝑓. Theoretical 
friction coefficient under mixed lubrication 𝜇𝑡ℎ is given 
as Eq. (1) by setting the ratio of friction coefficient 
caused by boundary lubricant area as load carrying ratio 
of boundary lubrication area 𝛽. 
𝜇𝑡ℎ = 𝛽𝜇𝑏 + (1 − 𝛽)𝜇𝑓 (1) 

Thickness t and optical property (refractive index n, 
extinction coefficient k) of B-DLC coating can be 
measured by reflectance R. Surface roughness of B-DLC 
coating were calculated by EMA(Effective medium 
approximation) method. And arithmetic mean roughness 
Ra was obtained from the surface roughness layer 
thickness 𝑡𝑠 by EMA method as shown Eq. (2). [3] 

𝑅𝑎 = √2
𝜋
𝑡𝑠−0.4
1.5

 (2) 

By using this calculated surface roughness of B-
DLC coating and sapphire hemisphere, lambda ratio was 
calculated, and then load carrying ratio of boundary 
lubricant area was estimated. 

We focused on polarizability of transformed layer 
because the polarizability was related to van der Waals 
force which controls physical adsorption of oil molecular. 
Polarizability 𝛼 of B-DLC was given as Eq. (3). [4] M is 
atomic weight, ρ is density, NA is Avogadro number. 
𝛼 = 3𝑀

4𝜋𝜌𝑁𝐴

𝑛2−𝑘2−1
𝑛2−𝑘2+2

 (3) 
 

3. RESULTS AND DISCUSSION 
Figure 1 shows the relationship between friction 

coefficient and composite root mean square roughness 
between B-DLC and sapphire hemisphere. Friction 
coefficient reduced from 0.054 at 300 cycles to 0.031 at 
1500 cycles. Composite root mean square roughness did 
not change. From this result, it could be said that 
decrement of surface roughness doesn't effect on low 
friction. From Eq. (1), that is to say, load carrying ratio 
of boundary lubricant area 𝛽 has no effect on low friction. 

Figure 2 shows the relationship between friction 
coefficient and thickness of transformed layer. Thickness 
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of transformed layer was gradually increased from 0.8 
nm at 0 cycles to 3.4 nm at 1500 cycles. Figure 3 shows 
the relationship between friction coefficient and 
polarizability of transformed layer. Polarizability of 
transformed layer increased from 1.2×10-24 cm3 at 0 
cycles to 1.6×10-24 cm3 at 300 cycles. From Figure 2 and 
Figure 3 results, polarizability of transformed layer was 
larger than bulk B-DLC coating. And in accordance with 
increment of transformed layer with high polarizability, 
friction coefficient was decreased from 300 cycles to 
1500 cycles. This means that structure of top surface 
layer was changed during friction test. Then van del 
Waals force between transformed layer and PAO4 oil 
increased furthermore. 

Figure 4 shows that friction coefficient of boundary 
lubrication area under mixed lubrication 𝜇𝑏 . Friction 
coefficient of boundary lubrication area 𝜇𝑏  was 
calculated by using the Eq. (1) and the result of Figure. 1, 
which load carrying ratio is 𝛽 = 0.8 during friction test. 
𝛽 was calculated from Λ on the assumption that Λ and 𝛽 
can be expressed linearly in the mixed lubrication area as 
shown in the Eq. (4).  
𝛽 = −0.5𝛬 + 1.5 (4) 
And experimental friction coefficient was used as 
theoretical friction coefficient under mixed lubrication 
𝜇𝑡ℎ, and friction coefficient of fluid lubricant area 𝜇𝑓 was 
set as 0.003. Friction coefficient of boundary lubrication 
area 𝜇𝑏  decreased 0062 at 300 cycles to 0.033 at 1500 
cycles. From this result, it is suggested that the friction 
coefficient of the boundary lubrication 𝜇𝑏 was essentially 
decreased. In summary, in accordance with decrement of 
friction coefficient of boundary lubricant area 𝜇𝑏 , 
transformed layer with high polarizability was increased. 
It suggested that increment of transformed layer with 
high polarizability effected on low friction. 
 
4. CONCLUSION 

In-situ observation of friction area revealed low 
friction mechanism of B-DLC coating under PAO4 
lubricant. Transformed layer with high polarizability 
increased, then van der Waals force between transformed 
layer and PAO4 oil increased. By increasing of van del 
Waals force, oil molecule adsorbed on transformed layer, 
then friction coefficient of boundary lubricant area 𝜇𝑏 
decreased. And then, B-DLC coating showed low friction. 

 

 
Figure 1 Friction coefficient and composite root mean 

square roughness between B-DLC coating and sapphire 
hemisphere. 

 
Figure 2 Friction coefficient and thickness of 

transformed layer. 
 

 
Figure 3 Friction coefficient and polarizability of 

transformed layer. 
 

 
Figure 4 Friction coefficient of boundary lubrication 

area. 
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ABSTRACT – A new seismic isolation system using 
hemispherical sliding bearings to steel pipe pile 
foundation is proposed for the design of a house.  
Experiments were performed on model structures of a 
house with and without the bearings. With the bearings, 
the vibration of its roof was lower than that without the 
bearings, while an unexpected increase in vibration 
occurred on its floor. Detailed analyses identified that 
stick-slip occurred at the contact interfaces of the 
bearings and caused the increase in vibration. 
 
1. INTRODUCTION 

Strong earthquakes occur in many parts of the world.  
In Japan and many Southeast Asian countries, quite a 
large number of people live in alluvial plains, where the 
magnitude of the vibration may be amplified due to its 
geological properties. In such an area, steel pipe pile 
foundation helps to construct earthquake-resistant houses. 
However, about 40 to 80% of the victims of strong 
earthquakes have been crashed by fallen furniture [1-2]. 
In order to reduce the number of such victims, a house 
being simply earthquake-resistant is not enough. 
Adopting a seismic isolation system to each house is very 
important. However, such system for houses 
commercially available to date is very expensive thus not 
widespread at all [3]. 

The final goal of the whole series of study is to 
develop a low-cost seismic isolation system using steel 
pipe pile foundation with hemispherical sliding bearings 
[4]. A series of model experiments were performed in the 
past. However, the horizontal response acceleration on 
the floor with the bearings was 3.6 times larger than that 
without the bearing, which is quite unexpected thus the 
phenomena have not been fully understood yet. In this 
presentation, a set of experimental results are reported in 
detail. The cause of the unexpected increase is identified, 
and directions of further development are discussed. 

 
2. TEST METHOD 

Two types of house model structures (i.e. Structure-
1 and -2) are set in a laminated box and excited by a 
shaker as schematically shown in Fig. 1 [7]. Structure-1 
(Fig. 1 left) consists of a substructure and a superstructure. 
The substructure is a steel pipe pile foundation with 4 
piles. Each pile is 60.5 mm in diameter, 3.2 mm in pipe 
thickness, and 1660 mm in length. The superstructure is 
composed of a footing (500 × 500 × 200 mm, 66 kg), 6 
pillars (400 × 25 × 6 mm), and a roof frame (3 kg). The 

natural frequency of the superstructure is 5.0 Hz. 
Structure-2 (Fig. 1 right) is identical to Structure-1 except 
that a hemispherical sliding bearing is installed on the top 
of each pile. The bearing is composed of two sliding faces 
so that the pile head can rotate in any direction. No 
lubricant was applied on the sliding surfaces of the 
bearings. 

 

 
Fig. 1 Experimental set-up of house model structures. 

 
The acceleration is measured at each point indicated 

by ◄ mark in Fig. 1. The rotational acceleration of the 
footing is defined as a half value of the difference 
between the vertical accelerations at A09 and A10 for 
Structure-1, and A13 and A14 for Structure-2, 
respectively. The counter-clockwise rotation is a positive 
direction.  

The input excitation wave (i.e. a model seismic 
wave) is a sine wave of 6.0 Hz. The waveform at the pile 
fixing part (A02) is shown in Fig. 2. The amplitude 
increases linearly for the first 12 waves, then stable for 
the following 6 waves, and decreases linearly up to the 
30th waves. 

 
3. RESULTS AND DISCUSSION 

In Fig. 3, the horizontal response accelerations at 
the roof frames of Structures-1 and -2 are compared. 
Once vibration originated from the excitation wave is 
transmitted to the roof, its motion does not stop easily due 
to oscillating elastic bending of the pillars. In Structure-
1, the decaying time of the roof was about 24 seconds, 
while that of the floor (not shown) was about 8 seconds. 
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In Structure-2, the roof vibration decayed quickly as the 
excitation wave decayed. It seems that the bearings 
helped to isolate the upper structure. 

The horizontal response velocities at the footings of 
Structures-1 and -2 are also calculated by integrating the 
acceleration data and shown in Fig. 4. Their Fourier 
spectra are compared in Fig. 5. The dominant frequency 
is 6 Hz for both structures. The Fourier amplitude at the 
20-50 Hz range is much larger in Structure-2 than in 
Structure-1. By integrating the rotational acceleration of 
the bearing at the footing of Structure-2, the rotational 
velocity is calculated and shown in Fig. 6. Sharp half-
peaks in 10-25 ms (i.e. 20-50 Hz in frequency) can be 
found. Such a sudden start-stop is characteristic to stick-
slip. Therefore, it can be concluded that the stick-slip 
occurred at the bearings in Structure-2, which resulted in 
increased horizontal vibration at the footing. Stick-slip 
should never occur in the bearing when an earthquake 
occurs.  It would be important to apply a proper lubricant 
or self-lubricating materials. 

The friction should be small in the excitation period, 
but it can never be zero. Therefore, the friction should be 
sufficiently large for fast decay. Such an opposing 
friction property is required. In addition, friction property 
may change depending on various factors, such as the 
humidity of ambient environment. Computer simulation 
will be helpful in order to find the best compromise in 
various types of earthquakes and/or houses in a wide 
range of ambient conditions. 

FEM simulation models are being developed by the 
authors. Their preliminary results are as follows. If µstatic 
>> µkinetic, the spectrum of horizontal response velocity at 
the footing is characteristic to stick-slip (Fig. 7). If µstatic 
= µkinetic, the stick-slip does not occur. In both the cases 
(i.e. with the bearings), the horizontal vibration of the 
roof frame is lower than that without the bearings.  

 

4. CONCLUSIONS 
For the design of seismic isolation houses, 

hemispherical sliding bearings were adopted to the pile 
foundation of house model structures, and their effects on 
the vibration were studied. Conclusions are as follows: 

(a) Reduced horizontal vibration of the roof can be 
achieved by the bearings. 

(b) When stick-slip phenomena occur at the contact 
interfaces of the bearings, the horizontal 
vibration of the floor increases, which should be 
avoided. 
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ABSTRACT – The aim of this research paper is to 
present investigation of properties of the high-speed 
steel laser alloying with ceramic particles using High 
Power Diode Laser. Selection of laser operating 
conditions is discussed, as well as beam face quality 
after remelting, hardness, micro hardness test, wear 
resistant. The increase of hardness of surface layer 
obtained throughout remelting and alloying with 
carbides by high power diode laser is accompanied by 
increase of tribological properties, when comparing to 
the steel processed with conventional heat treatment. 
 
1. INTRODUCTION 

Tool materials decide many a time the efficiency 
of the technological processes of metals and other 
materials, and also reliability of the entire processing 
lines [1-3]. Lasers have a number of interesting 
applications in materials manufacturing and treatment 
processes such as machining, welding, glazing, alloying 
or coating deposition. The materials used for laser 
treatment include steels and other ferroalloys (including 
casting alloys), non-ferrous metals and their alloys, 
paper, cardboard, ceramics, wood and plastics [4]. The 
primary aim of the laser remelting of material surface 
layers is to modify the structure and associated 
properties. Enhanced wear resistance and thermal 
fatigue resistance is achieved by creating a chemically 
homogenous, fine-crystalline surface layer without 
altering the chemical composition of the material. Even 
more advantageous effects, such as improved functional 
properties, are achievable by alloying a material surface 
layer with the particles of hard phases of carbides, 
oxides or nitrides [5]. High pawer diode lasers, allowing 
to further develop and considerably expand the use of 
surface engineering technologies, have been introduced 
in industry due to the sharp advancement of laser 
techniques and devices [4,5]. The investigation results 
obtained may be used for the further research on 
optimization of the surface layer properties of the tool 
steels, targeted at obtaining tools with the possibly high 
mechanical and service properties. 
 
2. METHODOLOGY 

The experiments were made on specimens made 
from the high-speed steel HS6-5-3-8. Surfaces of 
specimens were sand blasted and machined on magnetic 
grinder. Two parallel grooves were machined on 
specimens - deep for 0.5 mm of triangular shape (with 
angle of 45°). The grooves were located along sample 
axis and distance between them was ca. 1.0mm. Such 

prepared grooves were filled with WC, VC, TiC, SiC, 
Si3N4 and Al2O3 particles. Surface of specimens of the 
HS6-5-3-8 steel fixed in a turntable was remelted with 
the Rofin DL 020 high power diode laser (HPDL) beam. 
Remelting and alloying of surface layers were made 
using the HPDL high power diode laser Rofin DL 020 
in the laser power range of 0.7÷2.3 kW. The test of dry 
wear resistance with the pin-on-disk method were made 
on the computer controlled CSEM High Temperature 
Tribometer. Friction force between the ball and the disk 
was measured during the test run. Basing on the 
preliminary experiments the following test conditions 
were assumed: the smallest scatter of results and stable 
tribological characteristics were obtained for the 
counter-specimen in the form of the 6 mm diameter ball 
from the aluminium oxide Al2O3 and steel ball with 8.7 
mm diameter. Measurement of the specimen’s mass loss 
was made on the Mettler AT 201 electronic weigher, 
cleaning the specimens form the wear products in the 
friction zone with the air jet. Metallographic 
examination of the material structures after surface laser 
alloying were made on a Zeiss LEICA MEF4A light 
microscope with magnifications from 50 to 200x. A 
Leica-Qwin computer image analysis system was used 
for thickness examination of the particular zones of the 
surface layer. Structure of the developed coatings were 
examined with SUPRA 25 scanning electron 
microscope (SEM). Coating microhardness was tested 
on the FM-700 microhardness tester. The 
microhardness tests were made along the lines 
perpendicular to specimens’ surfaces, along the run face 
axis. 

 
3. RESULTS AND DISCUSSION 

The investigations of surface layers fabricated by 
remelting and/or alloying with WC, VC, TiC, NbC and 
SiC carbides, Al2O3 oxides and Si3N4 nitrides of the 
high-speed steel: HS6-5-3-8 clearly show the effect of 
remelting and alloying process parameters, in particular 
laser beam power and the type of ceramic particles used, 
on the structure and thickness of surface layers. Laser 
treatment within the laser power range of 0.7-2.1 kW 
ensures a regular and flat bead shape without remelting 
with relatively high smoothness. Few indents and 
surface irregularities caused by intensive heating exist 
on the tracks created during laser alloying of a surface. 
The main factor decisive for the formation of alloyed 
layers is transport of material in the liquid metal, caused 
by surface tension forces. A high surface tension 
gradient is formed on the liquid surface if a material is 
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heated unevenly by the interacting laser beam. The force 
directed from the centre of the beam, where temperature 
is highest, causes the melted material to move towards 
the edges of the remelting track and the deposition of 
the alloying material in the axis and on the edges of the 
remelting track. The initial experiments consisting in 
alloying the HS6-5-3-8 steel indicate the clear influence 
of the laser power of 0.7, 1.4, 1.7, and 2.1 kW 
respectively on the surface shape and its depth. It was 
observed that the remelting depth grows with the laser 
power increase. It was found out, that thickness of the 
analysed layers, carried out on the computer image 
analysis made on pictures from the light microscope and 
confirmed by examinations on the scanning electron 
microscope, falls within the broad range and is a 
function of two variables: laser beam power, and the 
alloying material thickness in the form of carbides. 
Laser remelting and alloying using all the particles 
applied has an effect on structure refinement within the 
entire studied range of laser power. Grains with varied 
sizes occur in the particular zones of the surface layer 
after laser remelting and alloying. The laser treatment of 
surface layers has an effect on higher steel surface 
hardness. This phenomenon is achieved by the presence 
of phase transitions closely linked to a heat evacuation 
rate from the remelted zone. The factor which is mainly 
decisive for a cooling rate is the thickness of the 
remelted layer dependent on the absorbed energy of 
radiation and the time for which a laser beam is acting 
on the steel surface. For constant remelting velocity, 
laser power has only influence on the energy supplied to 
the surface layer. Remelting depth for low laser beam 
power is small, hence the heat evacuation rate is 
highest. A high rate of cooling leads to the existence of 
superfast phase transitions, for this reason a fine-
crystalline martensite structure responsible for hardness 
growth exists in the material. Test results of the average 
specimen’s mass loss due to friction in the ball – disk 
pair shows that the mass wear of the alloyed VC alloyed 
specimens was about 50% smaller and was from 0.38 
mg to 0.45 mg in comparison with the material after 
laser remelting, for which this value was 0.81 mg. The 
laser beam power does not have any clear effect on the 
mass wear of the investigated specimens. Increase in the 
counter-specimen wear land area was observed (0.43 to 
0.88 mm2) in the contact with the laser alloyed surface 
layer. The counter-specimen land wear after the contact 
with the HS6-5-3-8 steel after laser remelting is about 
three times smaller (about 0.29mm2). For the tribological 
assessment of the examined surface layer the linear wear 
was measured using the wear profiles. The influence of 
laser alloying was found out on the depth of the transverse 
section of the wear path, which for the remelted material 
was about 4 μm, whereas for the surface layer alloyed by 
TiC carbides with the laser beam with the 1.7 kW power it 
achieved value of 2,0 μm. It was revealed as a result of 
the investigations performed that if surface layers are 
fabricated by remelting and alloying high-speed tool 
steels with carbides, oxides and nitrides using a high-

power diode laser, functional properties are improved as 
compared to the properties of the conventionally hot 
worked steel. Such layers may be essential for the 
enhancement of functional properties of tools made of 
such steels by improving hardness and abrasive wear 
resistance. The surface layers fabricated with a high-
performance diode laser should be used for producing 
tools employed mainly for hot plastic working, as well 
as in other mechanical forming processes, including, 
among others, for machining certain materials, and for 
alloying the worn working surfaces of tools made of 
such steels.  

 
4. SUMMARY 

The investigations carried out made it possible to 
state that due to the heat treatment and remelting of the 
HS6-5-3-8 tool steel with the ceramic powders it is 
possible to obtain the high quality of the surface layer 
with no cracks and defects and with hardness 
significantly higher than the substrate metal. Remelting 
experiments made it possible to demonstrate the effect 
of the HPDL high power diode laser alloying parameters 
on properties and structure of the tool steels. The 
hardness changes of the surface layers obtained by 
remelting and alloying with carbides using the high-
power diode laser are accompanied with the improved 
tribological properties compared to the conventionally 
heat-treated steel. The highest abrasion wear resistance, 
more than 2.5 times higher than that of the native 
material, was revealed in case the steel alloyed with 
titanium carbide. The research results indicate to the 
feasibility and purposefulness of the practical use of 
remelting and alloying with ceramic carbides using the 
high-power diode laser for manufacturing and 
regeneration of various tools from the HS6-5-3-8 tool 
steel. 
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ABSTRACT – Stick-slip oscillation as one kind of 
friction-induced vibration is normally undesirable. A 
comparative study of the stick-slip behaviour of Mn-Cu 
damping alloy, forged steel and cast iron specimens is 
performed, to investigate the capability of Mn-Cu 
damping alloy in suppressing stick-slip oscillation when 
used as a friction pair material. The results show that the 
friction system involving the Mn-Cu damping alloy 
shows great potential in suppressing stick-slip oscillation 
as compared with forged steel and cast iron. Nearly no 
stick-slip oscillation is found for the Mn-Cu damping 
alloy during the whole experimental period. 
 
1. INTRODUCTION 

As a typical kind of friction-induced vibration, 
stick-slip oscillation is very common in engineering and 
life [1]. Normally stick-slip oscillation is unwanted, and 
in most cases, it can cause serious problems. Therefore, 
suppression of stick-slip oscillation is very useful [2, 3]. 
It has been reported that the friction material has a 
significant effect on the stick-slip behaviour [4, 5]. It was 
known that Mn-Cu damping alloy working as a damping 
material shows good capability in suppressing vibration 
[6]. 

Although some studies have been conducted to 
show that Mn-Cu damping alloy working as a damping 
material has good capability in suppressing vibration, 
whether it is effective in supressing stick-slip oscillation 
when working as a friction pair material remains to be 
investigated. The aim of this study is to explore this 
potential. 
 
2. EXPERIMENTAL PROCEDURE 

Friction characteristics of stick-slip phenomena are 
studied in this investigation by performing tribological 
tests on a self-designed setup in a pad-on-disc 
configuration. Its schematic can be seen in Figure 1. 

Mn-Cn damping alloy, forged steel and cast iron are 
chosen as disc materials. The main material properties are 
shown in Table 1. The diameter of the disc specimen is 
25 mm and the thickness is 3 mm. The disc specimens of 
three kinds of materials are polished and the initial 
average roughness (Ra) of the surfaces is 0.08 Pm. A 
composite material is used as the pad specimen which has 
the size of 5 5 15u u   mm. In the tribological tests, 
normal load of 30 N, disc speed of 0.1 rpm and testing 
time of 800 s are set.  

 
   

 
Figure 1 Schematic diagram of the test setup. 

 
Table 1 Material parameters of the discs. 

Material Density 
(kg/m3) 

Young 
modulus 
(GPa) 

Hardness 
(HV) 

Mn-Cu 
damping 
alloy 

7155 70 228 

Forged steel 7279 206 310 
Cast iron 7185 158 282 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the normal and friction forces of 
friction systems with discs of the three kinds of materials. 
It can be found that the friction system inspires strong 
stick-slip oscillation when the disc material is forged 
steel or cast iron. Moreover, their normal or friction force 
signal shares a similar tendency in the stick-slip 
oscillation process. The normal force shows a strong 
fluctuation when the stick episode switches to the slip 
episode. The corresponding friction force is found to 
increase slowly before reaching the break-away force 
during the stick episode, and then suddenly drop from 
break-away force to dynamic friction force when the 
relative motion switches from stick to slip. More 
precisely, the force fluctuation and the period of stick-
slip event observed for the forged steel disc is stronger 
and longer, respectively, as compared with the cast iron 
disc. In contrast, no stick-slip oscillation can be found 
from the Mn-Cn damping alloy disc. Both the normal and 
friction forces of the Mn-Cn damping alloy are uniform 
duirng the whole experimental period. So Mn-Cn 
damping alloy is found to be able to suppress the stick-
slip oscillation effectively as compared with the forged 
steel and cast iron. 
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Figure 2 The normal (a) and friction (b) forces for the 

three kinds of materials. 
 

Figure 3 shows the angular displacement signals 
during the friction test process for the three kinds of 
materials. Both forged steel and cast iron lead to 
sawtooth-like motion, displaying strong stick-slip 
oscillation. In contrast, the angular displacement signal 
in the case of Mn-Cn damping alloy is quite uniform, 
indicating that no stick-slip oscillation is generated in this 
condition. Therefore, the Mn-Cn damping alloy shows 
good potential in suppressing stick-slip oscillation 
compared with the other two kinds of material. 

 
4. CONCLUSION 

Experimental results show that Mn-Cu damping 
alloy exhibits a significant potential in suppressing stick-
slip oscillation as compared with both forged steel and 

cast iron when used as disc material in a pad-on-disc 
setup. Almost no stick-slip oscillation can be observed 
for the Mn-Cu damping alloy. To conform which 
property of material that affect the stick-slip behaviour is 
the key factor, the detail results and discussion will be 
shown in the full paper. 

 

 
Figure 3 The angular displacements for the three kinds 

of materials. 
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ABSTRACT – The problem of low wear and poor 
mechanical performance of W6 HSS caused by 
traditional heat treatment are improved by adding 
cryogenic treatment and electrolytic passivation.The 
aim is to explore the effect of different processes on the 
high temperature wear resistance and analyze the 
reasons and mechanisms of wear resistance 
improvement from microscopic wear morphology and 
microstructure change.The results showed that the 
relative wear resistance of the CT increased to 1.34 
times that of the untreated one, and the relative wear 
resistance of the CPT was 1.52 times higher than that of 
the untreated one, indicating that CT is the main reason 
for the improvement of wear resistance. 
 
1. INTRODUCTION 

W6Mo5Gr4V2 high speed steel (W6 steel) tool 
today is still the preferred material for manufacturing 
precise complex cutting tool, this is due to the material 
properties of high speed steel excellent in toughness and 
high wear resistance and red hardness, stronger than the 
same type of material, so it is often used in the 
manufacture of precision tool impact resistance and 
complex shape, for example taps. Take M2 high speed 
steel and tap cutter as the research object, design and 
formulation of cryogenic treatment technology, 
traditional heat treatment and electrolytic passivation 
treatment process experimental scheme, omparing the 
performance changes of materials before and after 
cryogenic treatment before or after electrolytic 
passivation [1-6]. 
 
2. METHODOLOGY 

The M2 high-speed steel was processed by 
cryogenic treatment, electrolytic passivation, deep 
cooling and passivation. The sample was prepared as a 
cylindrical structure (unit: mm). The test plan of heat 
treatment and cryogenic treatment is shown in Table 1. 

 
Table 1 Test scheme for heat treatment and cryogenic 

treatment. 
Test 
number 

Quenching 
temperature
（℃） 

Cryogenic 
temperature
（℃） 

Cryogenic 
times 

Tempering 
temperature
（℃） 

1 1180 -155 3 560 
2 1210 -155 3 230 
3 1210 -155 3 560 
4 1240 20 0 560 

 
 

Three samples were electrolyzed and passivated by 
6 samples in each group. The electrolytic passivation 
process was carried out on the rotary tool passivation 
equipment TYESM-15 developed by our team, and the 
adjustable parameter consumption of electricity was set 
to 500 Kulun. The remaining 3 samples of each group 
were not treated. 

In the HT-1000 high temperature friction and wear 
testing machine on the friction and wear test, friction 
form selection of ball disc friction, Si3N4 ceramic ball 
grinding material diameter 5mm, the friction load 19.6N 
(2kg), the rotation radius is 7.5mm, the line speed is 
120m/min (spindle speed 2389r/min, frequency 
43.66Hz), wear time setting for 60min, the wear 
temperature is 500 degrees. In the process of wear, the 
friction coefficient is collected, and the wear volume of 
the wear marks is measured after the wear is 
finished.The average value of the wear volume was 
measured in the high temperature friction and wear test, 
and the wear rate and relative wear resistance of the 
material were calculated. 

 
3. RESULTS AND DISCUSSION 

The results of wear rate and relative wear 
resistance are as follows Figure 1 and Table2. 

 

 
Figure 1 Effect of different treatment on the wear rate of 

M2 HSS. 
 

Table2 Effect of cryogenic and passivation treatment on 
relative wear resistance of the M2 HSS. 

Different 
treatment QT QTP QCT QCTP 

Relative 
wear rate 1 1.09 1.34 1.52 
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Seen from the changes of the wear rate, after 
cryogenic treatment of high speed steel specimen wear 
volume loss decreased significantly compared with the 
non-cryogenic sample, cryogenic treatment + 
electrolytic passivation process of the wear rate is lower, 
only after the wear volume as the wear volume of 
cryogenic style electrolytic passivation treatment, that 
cryogenic treatment can effectively to improve the wear 
resistance of high speed steel, electrolytic passivation 
technology can improve wear resistance, but the effect 
is not obvious after cryogenic treatment, two kinds of 
wear resistance of the sample process of the worst. 
From the relative wear resistance data, it can be seen 
that the relative wear resistance of the cryogenic 
treatment increased to 1.34 times that of the untreated 
one, and the relative wear resistance of the cryogenic + 
passivation treatment was 1.52 times that of the 
untreated one, indicating that cryogenic treatment is the 
main reason for the improvement of wear resistance. 
Both electrolytic passivation and cryogenic treatment 
can effectively reduce the friction coefficient in high 
temperature friction and smooth the fluctuation of 
friction coefficient, and the effect of superposition 
treatment is better [7]. 

The precipitation of carbides after cryogenic 
treatment is following Figure2. 

 

 
(a)                                       (b) 

  
(c)                                       (d) 

Figure2 Carbide precipitation under SEM. (a), (b) and (c) 
is QCT and (d) is QT. 

 
Table 2 the precipitation of carbides. 

Test 
number 

Total 
number 

Proeutectoid 
carbide 

Primary 
carbide 

Average 
size(µm2) 

1 189 185 4 0.975 
2 173 172 1 0.932 
3 244 242 2 0.473 
4 106 100 6 1.342 

 
Analysis of the wear morphology, elemental 

contents and sample precipitation of carbides, without 
cryogenic wear form is mainly adhesion wear, carbide 
size coarse and scattered distribution, most of them are 
two times larger carbide; after deep cryogenic treatment 
and passivation treatment of high speed steel wear form 
are oxidation wear, the residual austenite in the 
cryogenic to martensite transformation process of local 

stress induced dispersion of carbide carbide precipitates, 
growth in the number of non-cryogenic 46%, the 
average size decreases and the distribution is more 
uniform, is the main reason of material wear resistance 
and toughness improvement. 

The electrolytic passivation on the microstructure 
has no effect, only to make the effect of material surface 
modification, electrolytic corrosion is formed into a 
layer of high carbon film on the surface of the material, 
to protect the wear, with self-lubricating effect, effective 
resistance to adhesive wear occurred, so as to improve 
the wear resistance of high speed steel. 
 
4. SUMMARY 

The following conclusions can be obtained by 
analyzing the results of the high temperature friction 
and wear test and the carbide precipitation data. 

The cutting stability of HSS taps can be improved 
by cryogenic treatment and electrolytic passivation.The 
wear resistance of high speed steel has been improved 
after cryogenic treatment and electrolytic passivation, 
but the main reason for the improvement of wear 
resistance is deep cold treatment.Cryogenic treatment 
can effectively improve the life span of high speed steel 
taps.The number of carbide in the high speed steel 
samples after cryogenic treatment increased by 78% of 
the non-cryogenic, the average size decreased and the 
distribution more uniform, which is the main reason for 
the improvement of material wear resistance and 
toughness.The electrolytic passivation on the 
microstructure has no effect, only to make the effect of 
material surface modification, electrolytic corrosion is 
formed into a layer of high carbon film on the surface of 
the material, to protect the wear, with self-lubricating 
effect, effective resistance to adhesive wear occurred, so 
as to improve the wear resistance of high speed steel. 

 
ACKNOWLEDGEMENT 

This project supported by National Science 
Research Project of China (No. 51275333). 

 
REFERENCES 
[1] Li, J., Zhou, J., Xu, S., Sheng, J., Huang, S., Sun, 

Y., ... & Boateng, E. A. (2017). Effects of 
cryogenic treatment on mechanical properties and 
micro-structures of IN718 super-alloy. Materials 
Science and Engineering: A, 707, 612-619. 

[2] Prabhakaran, A., Bensely, A., Nagarajan, G., & 
Mohanlal, D. (2004). Effect of cryogenic treatment 
on impact strength of case carburized steel-En 353. 
In Proc. IMEC2004 Int. Mechanical Engineering 
Conf., Kuwait. 

[3] Bensely, A., Venkatesh, S., Lal, D. M., Nagarajan, 
G., Rajadurai, A., & Junik, K. (2008). Effect of 
cryogenic treatment on distribution of residual 
stress in case carburized En 353 steel. Materials 
Science and Engineering: A, 479(1-2), 229-235. 

[4] Senthilkumar, D., Rajendran, I., Pellizzari, M., & 
Siiriainen, J. (2011). Influence of shallow and deep 
cryogenic treatment on the residual state of stress 
of 4140 steel. Journal of Materials Processing 
Technology, 211(3), 396-401. 



Xianguo et al., 2018 

329 
 

[5] Kalin, M., Leskovšek, V., & Vižintin, J. (2006). 
Wear behavior of deep-cryogenic treated high-
speed steels at different loads. Materials and 
Manufacturing Processes, 21(8), 741-746. 

[6] Yan, X. G., & Li, D. Y. (2013). Effects of the sub-
zero treatment condition on microstructure, 
mechanical behavior and wear resistance of 

W9Mo3Cr4V high speed steel. Wear, 302(1-2), 
854-862. 

[7] Yan, X. G., Pang, S. Q., Li, Y. T., Liu, Z. Q., & 
Guo, H. (2012). Study on the life of high speed 
steel taps with cryogenic treatment. Advanced 
Materials Research, 426, 317-320. 

 
 



Proceedings of Asia International Conference on Tribology 2018, pp. 330-331, September 2018 

__________ 
© Malaysian Tribology Society 

 

Study on tool wear and wear mechanism when end milling inconel 718 
using TiAlN coated carbide 

K. Kamdani*, S. Hasan, A.F.I. Ahmad, M.A. Lajis 
 

Precision Machining Research Centre (PREMACH), Faculty of Mechanical & Manufacturing Engineering, 
Universiti Tun Hussein Onn Malaysia, 86400 Parit Raja, Batu Pahat, Johor, Malaysia. 

 
*Corresponding e-mail: kmarudin@uthm.edu.my 

 
Keywords: End milling; inconel 718; tool wear 

  
 

ABSTRACT –Tool wear is a problem when machining 
Inconel 718 and it is important to understand tool wear 
and its mechanisms. This paper presents a study on tool 
wear and tool wear mechanism using coated carbide 
inserts when end milling Inconel 718. The study was 
done at cutting speeds of 80-120 (m/min) and radial 
depth of cut of 5-10 (mm). The tool wear and tool wear 
mechanisms were observed using the tool maker’s 
microscope and scanning electron microscope. Results 
showed that tool life decreases at increasing speeds and 
radial depth of cut due to increasing temperatures and 
increasing surface area of contact causing flank wear. 
 
1. INTRODUCTION 

Inconel 718 is 16, 6, and 4 times more difficult to 
machine than aluminium, mild steel, and stainless steel 
repectively [1]. The uses of Inconel 718 vary in a wide 
range of fields such as aircraft turbines, oil and gas, 
cryogenic tankage and also components for liquid 
rockets. This is due to the good tensile, fatigue, creep and 
rupture strength [2]. Inconel 718 also has high 
temperature strength, high corrosion resistance and is 
well known for being a difficult-to-cut-material[3]. 
Hence, the ability to machine Inconel is heavily 
demanded in the industry. Zhu et al. [4] studied the tool 
wear characteristics in the machining of nickel based 
superalloys and found that tool failure mechanism mainly 
includes the adhesive wear, abrasive wear, diffusion 
wear, oxidation wear and debonding failure. Hao et al. [5] 
conducted a study on tool wear mechanism in turning of 
Inconel 718 and found that the main reason which causes 
tool wear was the tool materials fall off from the tool 
substrate in the form of debris. Also, the formation and 
the peeling of the wear debris are accelerated due to the 
element diffusion between tool and workpiece and 
oxidation reaction. Correa et al. [6] studied the wear 
mechanism present on the surface of  coated carbide tools  
during the turning of stainless steels and found that at 
high cutting speeds and high depth of cut the 
supermartensitic steel S41426 presented a shorter tool 
life than the martensitic stainless steel S41000. The 
dominant wear mechanism for machining of martensitic 
stainless steel were abrasion and diffusion while the 
prevailing wear mechanism for supermartensitic stainless 
steel were attrition and abrasion. 

This study focuses on the tool wear propagation and 
tool wear mechanisms that occur when end milling 
Inconel 718. 
 

2. METHODOLOGY 
The parameters in this study are the cutting speed 

(V), radial and axial depth of cut (d) and also the feed rate 
(f). The axial depth of cut and the feed rate were kept 
constant at 0.5 mm and 0.05 mm/tooth. The varied 
parameters were the cutting speed which is at 80, 100, 
and 120 m/min and radial depth of cut which is 5, 7.5 and 
10mm. 

The main work material was Inconel 718. The 
Inconel 718 work samples used for side milling were of 
130mm x 50mm x 16mm. The cutting tool used in this 
study is TiAlN coated carbide insert. The inserts were 
placed on 20 mm diameter holders with three inserts on 
a single holder.  

In this study, the instrumentations were divided into 
two parts which are major instruments and measuring 
instruments. The major instrument is the CNC milling 
machine which is the Mazak Variaxis 500-5X. The 
measuring instruments are the tool maker’s microcope 
which is used to measure wear on the cutting tool while 
the scanning electron microscope (SEM) is used to 
observe the tool wear mechanisms with more clearance. 
The tool wear was measured after several intervals of 
cutting pass in order to observe the wear propagation. 
The machining process was stopped when the inserts had 
reached the maximum tool wear VBmax. According to 
ISO 8688-2, the tool life failure for end mill would be 
VBmax= 0.3mm      

 
3. RESULTS AND DISCUSSION 
3.1 Tool wear in first cut 

As illustrated in figure 1, the tool wear is shown to 
increase with increasing radial depth of cut. This trend 
can be seen throughout all three cutting speeds. 

 

 
Figure 1 Tool Wear in first cut. 
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3.2 Effect of radial depth of cut on tool wear         
propagation 
According to Figure 2, experiment 2 with cutting 

speed of 80m/min and radial depth of cut 7.5 mm reached 
the longest length of cut at 2700mm. The cutting speed 
that reached the maximum flank wear of 0.3 mm first was 
120m/min followed by 100m/min and 80m/min. 

 

 
Figure 2 Tool wear propagation for cutting on radial 

depth of cut, ae=7.5mm. 
 

Figure 3 illustrates the tool wear progression. At the 
cutting length of 100mm, the flank wear reached 
0.085mm with BUE clearly visible. The measurement of 
flank wear increases along with the development of BUE 
as the cutting continues.  

 

 
Figure 3 Tool wear propagation for (Vc=80m/min, 

ae=7.5mm). 
 
3.3 Tool wear mechanisms 

Figure 4 shows the tool wear mechanisms. The 
chipping occurred due to built-up edge formation due to 
increasing the pressure on the tool edge [7]. The high 
temperature was generated during the cutting process can 
be assumed as the main cause of adherence of workpiece 
material to tool flank and rake face at every cutting speed. 
After cutting tool reached the out of wear, it’s found the 
notching is appeared and not suitable to use anymore. 
 
4. CONCLUSION 

When the cutting speed is increased, the operating 
temperature increases which leads to a substantial 
increase in tool wear, this can be seen from the results 
obtained as in Figure 1. Furthermore, the increasing of 
radial depth of cut causes the contact area and 
temperature to also increase and the tool wear increases. 

 
Figure 4 Magnification of wear mechanism on flank 

face. 
 

The dominant failure modes that was detected in the 
milling operation was the formation of built up edge, 
edge chipping, groove formation and notching especially 
on flank face because of the combination of attrition and 
abrasion wear. 
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ABSTRACT – Wear and friction control is important to 
save resources. Ratio of hardness H to Young’s modulus 
E relates wear volume under sliding condition. 3D printer 
can make components containing inner structures which 
control H/E. In this research, wear volume of pin 
specimens with or without inner structure is compared. 
Specific wear rate with inner structure decreases to less 
than 3.0×10-7 mm3/Nm whereas the rate without inner 
structure is 39×10-7 mm3/Nm. This research also reveals 
the inner structure effect on friction coefficient. 
 
1. INTRODUCTION 

Wear reduction of components is important to 
reduce cost of products and reliability of manufacturing. 
Generally, ratio of hardness H to Young’s modulus E 
relates wear volume under sliding condition. When H is 
large, material can be considered as tough and difficult to 
wear. When E is small, material can change its shape and 
release stress concentration at contact points. Thus, 
material which has large H/E value is optimum one in 
tribological aspect. 3D printer is able to make 
components containing inner structure which can control 
H/E. It was reported that inner structure can release stress 
concentration which can reduce wear of components [1]. 
His research also showed that apparent Young’s modulus 
decreased as width of inner structure increased. The 
results indicates that inner structure increases H/E which 
may reduce wear. Whereas the possibility of wear 
reduction has been shown, it is still needed to clarify 
whether inner structure has the substantial effect on wear. 
This research focuses on wear volume of 3D printed 
specimens with experimental friction test. Moreover, this 
paper also reveals the inner structure effect on friction 
coefficient. 
 
2. EXPERIMENT AND SPECIMEN 

Pin specimens were made by 3D printer (Keyence 
AGILISTA-3200). Figure 1 shows drawings of pin 
specimens made by 3D printer. Table 2 shows the 
material and mechanical properties of the 3D printed 
material. Three types of inner structure, whose radius d is 
0.23, 0.46 and 0.92 mm, are prepared as shown in Figure 
1 (b). The height of inner structure was 0.5 mm. Radius 
curvature and height of pin part were 4 mm and 8 mm. 
3D printed material was ultraviolet ray curing type 
acrylic resin. Friction test was conducted by pin-on-disk 
type friction tester shown in Figure 2. Normal load, 0.5 
N, was introduced by putting deadweight. The turn table 
where a disk specimen was fixed rotated by 200 rpm. 
Counter material was SUJ2 disk. Friction test was 
conducted for 30 minutes. Then, wear area on surface 

was observed by optical microscopy. From the obtained 
images, wear volume was calculated on the basis of 
geometrical calculation. Friction test conditions are 
shown in Table 2. 

 

 
 

 
Figure 1 Schematics of pin specimens (a) without inner 

structure and (b) with inner structure 
 

Table 1 Properties of 3D printed material. 

Material Ultraviolet ray curing type 
acrylic resin 

Young’s modulus 1950 MPa 
Tensile strength 48 MPa 
Glassy transition 
temperature 79oC 

Density 1111 kg/m3 
 

3. RESULTS AND DISCUSSION 
The results from friction tests are shown in Figure 

3. Whereas the friction coefficient of no structure 
specimen increases rapidly at 10 m of sliding distance, 
specimens with inner structure do not show such kind of 
increase. On the view point of specific wear rate shown 
in Fig. 4, inner structure decreases the wear to less than 
3.0×10-7 mm3/Nm whereas the rate without inner 
structure is 39×10-7 mm3/Nm. On the other hand, the 
wear rate does not change as the radius of inner structure 
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changes. The increase of friction coefficient of no 
structure specimen can be generated by severe contact 
condition. In initial condition of the friction tests, tip of 
pin specimens did not wear off. Thus, contact condition 
could be considered as point contact. Point contact 
generates stress concentration at quite narrow contact 
area. The stress can wear the pin specimens severely and 
increase friction coefficient. On the other hand, pin 
specimens with inner structure could deform when 
normal load was applied and release stress concentration. 
Thus, it is considered that material with inner structure 
prevents high wear. In the future, precise surface 
observation is needed to clarify the wear reduction 
mechanism of inner structure made by 3D printer. 

 

 
Figure 2 Schematics of pin-on-disk friction tester. 

 
Table 2 Test condition. 

Pin specimens Acrylic resin (3D printer) 
Disk specimens SUJ2 
Temperature 23oC 
Normal load 0.5 N 
Sliding speed  6.3 m/s 
Test time 30 min 

 
4. SUMMARY 

This research clarifies the effect of inner structure 
made by 3D printer on wear and friction. Main 
conclusions obtained are showed followings: 

(a) Specific wear rate with inner structure decreases 
to less than 3.0×10-7 mm3/Nm whereas the rate 
without inner structure is 39×10-7 mm3/Nm. 

(b) Size of inner structure does not affect wear 
reduction. 

 

 
Figure 3 Friction coefficient results. 

 

 
Figure 4 Results of specific wear rate with different 

inner structure. 
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ABSTRACT - In the present investigation, a brief 
discussion on material removal mechanisms of hybrid 
Al-Mg-Si composites (reinforced graphite and SiC 
particulates) subjected to high stress abrasion was 
reported. The material removal i.e. wear mechanisms of 
hybrid composites are dictated by the interaction of pin 
surface and abrasive grit as well as interface bond 
characteristics of reinforcement with matrix. These wear 
mechanisms were discussed based on the wear surface 
analysis of both the surfaces. The wear results in the form 
of normalised wear rates and normalised wear 
coefficients was represented.  
 
1. INTRODUCTION 

The extensive investigation was done on the sliding 
and abrasion wear of aluminium metal matrix composites 
(Al-MMCs) for automotive applications. It was known 
that wear characteristics vary at different conditions like 
material parameters such as matrix material, reinforce-
ement volume/weight fractions etc.; test parameters such 
as applied load, sliding distance, grit size etc. [1-5]. The 
broad classification of independent and dependent 
variables affecting the abrasive wear characteristics of a 
material was reported in reference [6]. Kaushik et al. [5-
8] recently studied on the effect of different parameters 
on the abrasive wear characteristics of hybrid 
Grp/SiCp/Al composites. It was noted that abrasive wear 
resistance characteristics enhanced compared to matrix 
alloy and SiCp/Al composites. In continuous to previous 
observations, the present investigation was focussed on 
the comparison of the possible material removal 
mechanisms of matrix alloy and composites during high 
stress abrasive wear condition. This was discussed 
through interaction between pin surface and abrasive grit 
during wear process as well as the interface bond 
characteristics of reinforcement with matrix material. 

 
2. METHODOLOGY 

The detailed explanation on the process of 
composites preparation, pin fabrication and wear testing 
were given in reference [5-8]. The composites were 
prepared by stir casting route. Two sets of samples i.e. as 
cast (AC) and T6 heat treated (T6) were prepared for 
abrasive wear testing. The obtained wear results were 

represented in terms of normalised wear rate (NWr) and 
normalised wear coefficients (KN). NWr is the ratio of 
wear rates of composite to alloy whereas KN is ratio of 
the wear coefficients of composite to alloy. The results of 
wear rate and wear coefficients was adopted from 
previous works indicated in [5-8]. 

 
3. RESULTS AND DISCUSSION 

The NWr and KN of hybrid composites reduced 
when compared to SiC reinforced composites as 
indicated in Figures 1(a) and (b). The experimental 
results show that addition of two reinforcements to 
matrix material was advantageous in achieving better 
wear resistance compared single reinforcement. From 
Fig. 1(a), at 200µm grit size, as applied load is increased 
from 5N-15N, NWr of hybrid composites increased from 
0.64 to 0.73 respectively in as cast (AC) condition 
whereas it increased from 0.62 to 0.84 in T6 condition 
whereas the KN was almost flat in both AC and T6 
conditions at maximum load, as grit size increased from 
100µm to 200µm, indicated in Fig. 1(b). it was 
understood that, as applied load increases, the pressure in 
between the pin sample and grits on emery paper 
increases, leading to increase in the wear rate for all the 
materials in both as cast and T6 conditions. The wear of 
the materials was lowered in T6 condition when 
compared to as cast condition. Due to T6 heat treatment, 
the formation of intermetallic precipitates and stronger 
bond between reinforcement and matrix material is 
expected. Similar trends were also observed in research 
work carried by Yigezu et al. [9]. The similar 
observations were noticed at other grit sizes and 
transition at 125 µm grit size was also observed in some 
cases based on the load and sliding distance adopted. The 
transition was reported in ref [10]. 
The abrasive grit was assumed as a micron sized cutting 
tool would engage material surface of pin at different 
rake angles as indicated in Figure 2. The abrasive grit 
could interact with material surface at three different rake 
angles i.e. at negative, zero and positive. Based on their 
interaction, the process of material removal happens from 
pin surface as well as grit particle pick up from emery 
paper. These phenomena were discussed briefly and 
schematically represented in full length paper.   
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4. SUMMARY 
The NWr of hybrid composites was found to be 

reduced when compared with composites with SiC. It 
was noticed that as applied load increases, the NWr of 
hybrid composites increased in both AC and T6 
condition. The material removal of hybrid composites 
during abrasion was perceived from the wear debris as 
well as wear surfaces. It was noticed that fractured SiC 
chips and graphitic layer at interface of the pin and emery 
paper. The former one promotes three body abrasion and 
the later provides lubrication, thereby reducing the wear 
of hybrid composites. 

 

 
(a) 

 

 
(b) 

Figure 1 Graphical plots showing (a) Normalised wear 
rate versus applied load at 200µm grit size (b) 

Normalised wear coefficient versus grit size at 15N 
applied load. 

 

 
Figure 2 Abrasive grit and pin surface interaction: 

Illustration through the effect of rake angle. 
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ABSTRACT – Aluminum matrix composites (AMCs) 
have evolved into a special field of materials science and 
engineering by becoming a premise for consistent 
research due to their excellent strength, low density, 
improved wear resistance, and enhanced thermal 
properties. The essence of AMCs lies in their ability to 
offer countless opportunities to tailor material properties 
as per the design requirements. In the current 
investigation, AMC has been synthesized by 
incorporating titanium diboride (TiB2) particles into pure 
aluminum melt adopting liquid state processing route. 
AMCs containing 3, 6, 9, 12 and 15wt.% of TiB2 were 
obtained by varying the reinforcement content. 
Metallographic and tribological studies were conducted 
on the as-cast AMCs. Microstructural observation shows 
a homogenous distribution of TiB2 particles into the 
aluminum matrix. A pin-on-disc tribometer was used to 
evaluate the dry sliding behavior of the AMC under 
varying load and speed at a constant sliding distance. The 
obtained results show an improvement in the wear 
behavior of AMC in contrast to unreinforced aluminum. 
The addition of TiB2 plays an important role in enhancing 
the tribological properties of AMCs. The details 
presented in the current work encourage researchers to 
shift concentration from conventional metals and alloys 
to AMCs which offer superior wear properties. 
 
1. INTRODUCTION 

Ronald Wilson Reagan, 40th president of United 
States, in 1986 while addressing the state of the union, 
revealed officially that the nation was seriously 
committed to its space program to develop indigenous 
aerospace vehicles and space station under National 
Aerospace Plane (N.A.S.P.) project [1]. This incident 
motivated research community to shift its paradigm 
towards developing materials with high specific stiffness 
and near-zero coefficient of thermal expansion, and 
eventually led to the evolution of metal matrix 
composites (MMCs) into a new domain of research in 
materials science. MMCs are “materials fabricated by 
combining a metallic matrix and a ceramic reinforcement 
to realize a set of properties that the constituents lack” 
[2]. MMCs consist of a metal or alloy (such as aluminum, 
copper, magnesium, titanium or their alloys) as base 
matrix, and a ceramic material (such as carbide or oxide 
or boride), in the form of fibre or particles, as 
reinforcement phase [3].  

Aluminum matrix composites (AMCs) have gained 
substantial attention over the decades owing to their high 
strength-to-weight ratio, high stiffness, increased wear 

resistance over monolithic aluminum and its alloys. 
Amongst various available reinforcements for the 
production of AMCs, titanium diboride (TiB2) stands out 
as more promising and outstanding candidate owing to its 
excellent features such as high stiffness-to-density ratio, 
and superior wear resistance [4].  

The current study emphasizes an investigation of 
tribological performance of Al-TiB2 MMC synthesized 
through liquid state processing route. Dry sliding wear 
tests were conducted by means of a pin-on-disc 
tribometer under ambient environment as per the ASTM 
standards. Metallographic studies were performed to 
understand the reinforcement distribution, wear patterns 
etc. 
 
2. METHODOLOGY 
2.1 Specimen preparation 

Bottom pour liquid metal processing technique was 
adopted to develop Al-TiB2 MMC for the present study 
(Figure 1). 
 

 
Figure 1 Bottom pour liquid metal processing 

furnace. 
  
Pure aluminum billets cut into small pieces were 

placed inside the crucible of bottom pour liquid metal 
processing furnace. The furnace temperature was set to 
raise to 700°C from room temperature over a specified 
time. Mechanical stirring was then carried with a stirring 
speed of 450 rpm for about 10 minutes to create a vortex 
inside the melt. Weighed amount of preheated TiB2 
particles (procured from Dali Electronics, Mumbai, 
India, with a purity of 99.2%) of average size 2-4µm, 
were added into the vortex of aluminium melt through an 
anti-chamber and stirring was kept continuous for 
another 10 minutes to ensure homogeneous mixing. 
Finally, the molten mixture was easily bottom-poured 
into a cast iron die kept below the crucible in a closed 
chamber. The process is repeated by varying the weight 
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percentage TiB2 particles from 3 to 15 wt% in steps of 3. 
 
2.2 Tribological studies  

To evaluate the dry sliding behavior, Al-TiB2 MMC 
pins of Ø8 mm and 25 mm length were prepared and tests 
were conducted on the same on a pin-on-disc tribometer 
having a cast iron disc of 165 mm diameter and 8 mm 
thickness as shown in Figure 2. 

 

 
Figure 2 Pin on disc setup. 

  
Experiments were conducted under dry condition, 

by varying applied load and sliding velocity while 
keeping the sliding distance constant. Loads of 10N, 
30N, 50N and velocities of 100 m/min, 200 m/min, and 
300 m/min were employed over a constant sliding 
distance.  
 
3. RESULTS AND DISCUSSION 
3.1 Microstructure  

Microstructure of the Al-15wt.% TiB2 reinforced 
aluminum matrix composite is shown in figure 3. 
Uniform distribution of TiB2 particles suggests the 
effectiveness of bottom pour liquid process technique. 

 

 
Figure 3 Microstructure of Al-15wt.%TiB2 MMC. 

 
3.2 Wear characteristics 

The variation of wear rate with respect to weight 
percentages for varying load and speed is shown in  
Figure 4. 

From figure 4(a), it can be seen that for all the 
applied normal loads, wear resistance increases with 
increasing content of TiB2 particles. It can be stated that 
wear resistance is higher at lower applied load and is 
more or less similar at higher loads. Nevertheless, the 
composite shows higher wear resistance at 15wt% of the 
reinforcement. Figure 4(b) shows the wear resistance 
behavior the composite for varying sliding speeds. At 
higher speeds, the wear resistance is lower than at the 
lower speeds. At lower speed, the composite shows good 
wear resistance.  
 

 

 
 

Figure 4 Wear resistance as a function of weight 
percentages for varying (a) load and (b) speed. 

  
4. CONCLUSION 

TiB2 reinforced aluminum matrix composite has 
been successful prepared through bottom-pour liquid 
metal processing route. Tests were conducted on a pin-
on-disc tribometer to evaluate the tribological 
performance of the composite with varying load sliding 
speeds. Microstructure analysis of the composite reveals 
that homogenous mixing of TiB2 particles into aluminum. 
It was observed that wear resistance increases with 
increased weight percentage of TiB2 particles in the 
composite. Further, the wear resistance was observed to 
be decreasing when both load and sliding speed increase. 
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ABSTRACT – The effectiveness of a CNC machine to 
produce high precision parts is strongly related to the 
contouring accuracy of the individual axes. The motion 
accuracy of such machines is dependent on the stick-slip 
friction between the sliding bodies. The stick-slip 
phenomenon occurs due to the variation of the 
coefficient of friction with relative velocity of the 
sliding surfaces, especially in the region of zero speed. 
In this paper, a normal contact force and a stick-slip 
friction force model are explored. Then, computational 
simulations on a three axes CNC machine tool model 
with a pure PID controller are performed to illustrate the 
proposed method. Hence, the influence of the friction on 
the sliding stability of the controller and the motion 
accuracy of CNC machine tools are simulated and 
analyzed in this study. 
 
1. INTRODUCTION 

Friction has a significantly influence on the motion 
accuracy as well as the stable of controller of CNC 
machine tools. Originally, hard rail friction coefficient 
of the sliding surface of the machine is large. In order to 
avoid excessive wear, manufacturing companies usually 
groove on the rail track surfaces for lubricating oil so 
that the track surfaces of a layer film reduce a lot of 
friction. The dynamic-rigidity that uses the spring and 
damper components to set in normal direction and shear 
direction on contact surface has been used in many 
research papers [1-2]. A contact friction force model 
based on Coulomb friction model has also been widely 
used to analysis contact force between two moving 
bodies as previous study [3-4]. However, this friction 
force model could not describe the stick state because 
the relative velocity between two contacting bodies 
must be a non-zero value to generate the friction force. 
In order to solve this kind of problem, Cha et al. [5] 
proposed a stick-slip friction force model and the 
stiction deformation. This model is therefore applied to 
examine the influence of the friction characteristic on 
the stable of a PID controller that control the table of a 
CNC machine tool move along the saddle with a desired 
motion in this research.  
 
2. STICK-SLIP FRICTION FORCE MODEL 

A stick-slip friction model is shown in Figure 1. In 
this model, static friction coefficient (μs) is assumed to 
be the same as dynamic friction coefficient (μd), and 
static threshold velocity (νs) is equal to dynamic 

threshold velocity (νd). The dynamic behaviors of the 
stick-slip friction force model can be express as follows: 

f stiction slidingF F F= +    (1) 
where stiction and sliding forces are calculated by the 
following equation: 

( )( ) ( )sgn 1 ,stiction nF F    = − −   (2) 

( ) ( )sgnsliding nF F  = −    (3) 
Where μχ, μν and β are the friction coefficient for stiction 
force, friction coefficient for sliding force, weighting 
value of stiction friction force, respectively. These 
parameters are calculated by using step function as 
shown in Table 1. In the table, χ are stiction deformation 
and its maximum value (χmax) is the distance that the 
contact surfaces move from each other when the 
coefficient of friction transitions from a value of zero to 
the static coefficient of friction. 
 

 
Figure 1 Stick-slip friction force model. 

 
Table 1 Parameter for the stick-slip friction force model 

[6]. 
State Slip Stick 

   t   t   

  1.0 ( ), , 1.0, ,1.0t tstep   − −  

  0.0 ( )max max, , , ,t tstep     − −  

   t  ( ), , , ,t t t tstep v v  − −  

fF  slidingF  sliding stictionF F+  
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3. NUMERICAL SIMULATION RESULTS 
In this research, we perform a numerical 

simulation to examine the influence of the friction force 
on the sliding stability of the CNC machine tool. Figure 
2 shows the table moving along the surface of the saddle 
with friction. A translational joint with and without 
friction force is created to translate the table along the 
horizontal direction. Then, a pure PID controller is 
designed to control the table follow the desired 
trajectory as shown in Figure 3. The relative velocity of 
the table to the saddle is shown in Figure 4. 

The vibration of the moving part caused by stick-
slip friction can reduce the accuracy of cutting process. 
Parameters of the stick-slip friction used in our 
numerical simulation model are shown in Table 2. In 
Figure 5, the displacement of the table along the saddle 
without friction effect has a small error with the desired 
value. The comparison of the input control force of the 
PID controller with and without stick-slip friction are 
shown in Figure 6.  

 

 
Figure 2 The table moving along the saddle with friction. 

 

 
Figure 3 Control block for a pure PID controller. 

 

 
Figure 4 The relative velocity of the table to the saddle. 

 

 
Figure 5 Displacement of the table without friction. 

Table 2 Numerical simulation model parameters. 
Parameters Value 
Contact damping coefficient (N.s/mm) 0.003 
Static friction coefficient 0.3 
Dynamic friction coefficient 0.3 
Absolute threshold velocity νt (mm/s) 1500 
Maximum stiction deformation χmax (mm) 1 

 

 
Figure 6 Input control force with and without friction. 

 
4. SUMMARY 

In this paper, a development on the friction force 
model which includes the stiction deformation to 
describe the stick state was explored. The influence of 
the stick-slip friction on the stable of the PID controller 
that control the table moving along the saddle of CNC 
machine tools with a desired trajectory was also 
evaluated. Hence, the quality of a machine tool in 
cutting process can be predicted by performing 
numerical simulation in this research. The motion 
accuracy that depends on the stable of the controller can 
be improved by adopting a suitable control strategy in 
the future work. 
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ABSTRACT – This work was motivated by 
qualification test results of a mechanism for a space 
telescope. During the test undesired wear debris was 
formed. Alternative materials and coatings were tested 
with intent to reduce wear and debris when steel has a 
misaligned rolling contact on Ti6Al4V. Testing was 
done using a vacuum roller rig mimicking the 
mechanism’s contact conditions. Ten configurations 
were tested, most of which resulted in significant wear 
debris. The best wear protection and least amount of 
visible debris was observed with the combination of 
hardened 440C, anodized Ti6Al4V smoothed by an 
ultrasonic process, and providing 1-micrometer thick 
nanocomposite coating to both rollers by sputtering. 
 
1. INTRODUCTION 

This work was motivated by results of a 
qualification test of a mechanism to be used for the 
James Webb Space Telescope [1]. The mechanism is 
part of the near infrared spectrograph (NIRSpec) 
instrument. The instrument features an array of micro 
shutters. All shutters are opened as a group by sweeping 
a magnet over the array, and then individual shutters can 
be closed as needed for observations. The sweeping 
motion of the magnet is guided by a set of preloaded 
steel rollers in contact with anodized Ti6Al4V flat 
surfaces. The qualification testing done in a cold 
vacuum chamber matched as closely as possible to the 
extreme deep space environment. Post-test inspections 
of the qualification test article revealed some wear of 
the steel rollers and mating Ti6Al4V surfaces, and some 
undesired loose debris was also found. This research 
describes results of roller rig tests of ten material 
configurations with the goal to minimize wear debris. 
 
2. TEST APPROACH AND TEST RIG 

Ten roller pair material combinations were selected 
based on review of literature and discussions with the 
subject matter experts. The ten roller-pair material 
configurations were evaluated using vacuum roller rig 
tests. Evaluations were based on qualitative assessment 
of roller surface conditions, mass lost or gained by each 
roller, wear phenomena as assessed by stylus 
profilometer, and SEM examinations. The ten selected 
materials combinations are shown in Table 1.  

A vacuum roller rig (VRR) at NASA Glenn 
Research Center was used for this investigation. The 
VRR hardware includes drive motors, a vacuum system 
producing <3x10-7 Torr, and a turntable that can provide 
roller misalignment angles up to +/- 1.4 degrees. The 

output shaft roller is driven through a torque-limiting 
permanent magnet clutch. The clutch torque and the 
output shaft motor speed settings resulted in a net torque 
of 1 Nm transferred through the rollers’ contact and 
rolling slip of less than 2%. This closely approximated 
the roller contacts in the micro shutter mechanism that 
are essentially free rolling. A normal load sensor and a 
torque sensor were used to measure the force and torque 
between the rollers. A linear variable differential 
transformer measures shaft misalignment angle within 
0.08 degrees accuracy. The drive shaft and the driven 
shaft were instrumented with encoders that provided 
6,000 pulses/rev. A schematic of VRR is shown in 
Figure 1 and a schematic of the test rollers and 
measured forces is shown in Figure 2. The selected test 
conditions were normal load of 130 N, a shaft 
misalignment of 0.9 degrees, and test duration of 90,000 
revolutions. This provided a suitable accelerated life test 
for evaluating materials and coatings. 

 
Table 1 Ten roller material test combinations. 

Roller 
Pair 

Upper Roller Lower Roller 

1 440F, Annealed, 
Passivated 

Ti6Al4V, Anodized 

2 440C, Hardened, 
Passivated 

Ti6Al4V, Anodized 

3 Polyimide Ti6Al4V, Anodized 

4 
440C, Hardened, 
Passivated, Bonded PTFE 
Solid Lube 

Ti6Al4V, Anodized 

5 440C, Hardened, 
Passivated 

Ti6Al4V, PEO, Bonded 
Solid Lube 

6 440C, Hardened, 
Passivated 

Ti6Al4V, (WC)aC:H DLC 

7 440C, Hardened, Ti6Al4V 
(TiC)aC:H DLC (TiC)aC:H DLC 

8 
440C, Hardened, 
Passivated, 
Nanocomposite MoS2 

Ti6Al4V, Anodized 

9 
440C, Hardened, 
Passivated, 
Nanocomposite MoS2 

Ti6Al4V, Anodized, 
Nanocomposite MoS2 

10 
440C, Hardened, 
Passivated, 
Nanocomposite MoS2 

Ti6Al4V, anodized, 
Ultrasonic Smoothing, 
Nanocomposite MoS2 

   
3. RESULTS AND DISCUSSION 

All ten different roller pairs after the test were 
photographed and are shown in Figure 3. The 1st roller 
pair material combination matched the qualification test 
materials. Significant adhesive wear and plastic flow of 
material occurred throughout the test. After 78,000 
cycles high vibrations were occurring, and the test was 
stopped early of the targeted 90,000 cycles to avoid 
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damage to the test apparatus. The upper steel roller lost 
71 milligrams mass while the lower Ti6Al4V roller 
gained 59 milligrams mass. The 2nd roller pair showed 
significant adhesive wear after 25% of the test duration. 
Steel rollers lost mass and Ti6Al4V rollers gained mass, 
but the wear rate was greatly reduced as compared to 
the first roller pair. The 3rd roller pair showed a large 
amount of polyimide debris and the test was stopped 
after 38,000 cycles, much less that the intended 90,000 
cycles test. The 4th roller pair produced a great volume 
of powdery debris. The 5th roller pair had the lower 
Ti6Al4V roller treated by plasma electrolytic oxidation 
(PEO) and a bonded solid lubricant. The wear of the 
solid lubricant film created a mixture of powder and 
large flakes of film, and eventually significant adhesive 
wear occurred. The final condition of the rollers for this 
configuration appeared visually similar to that of the 
2nd roller pair. The 6th roller pair had the Ti6Al4V 
lower roller coated with a tungsten-containing diamond-
like carbon (DLC). Wear and debris formation occurred 
throughout the test. During the first 25% of the test 
duration, the rollers surfaces showed abrasive wear, but 
towards the test end rollers surfaces appeared to be 
primarily adhesive wear. The 7th roller pair had 
titanium-containing DLC coatings that changed the 
wear behavior compared to uncoated or solid film 
lubricated rollers. Early in the test the wear may have 
been abrasive in nature, but as the test progressed the 
wear appeared to be adhesive wear. The 8th roller pair 
had only the upper roller coated with nanocomposite 
MoS2. The results showed adhesive wear phenomenon 
was delayed and the overall wear rate was reduced as 
compared to tests without a solid lubricant film. The 9th 
roller pair used the same nanocomposite MoS2 coating 
as was used in the 8th roller pair but in this configuration 
both rollers were coated. The test results demonstrated 
good wear protection. Both rollers lost some mass with 
no net mass gain by adhesive wear for Ti6Al4V as had 
occurred for uncoated roller pairs. From visual 
assessments wear protection was excellent, but a debris 
collection pan collected many bright particles reflecting 
light and easy to see without aid of magnification. The 
10th roller pair was almost identical to 9th roller pair, 
except for an additional processing step of ultrasonically 
smoothening the rough Ti6AL4V rollers before 
sputtering the nanocomposite MoS2 coating. Results 
showed excellent wear protection. Six tests were 

conducted for this configuration to more than 87,800 
cycles for each test. Four of the tests provided excellent 
wear protection. Two of the tests, while slightly lesser 
performing, still provided very good wear protection. 
For one of the two lesser performing tests, the coating 
thickness was about one-half of the intended thickness 
because of a temporary problem with the coating 
process. The thinner film was likely at least partially 
responsible for the less-effective wear protection. The 
undetectable wear on the lower roller was a great 
contrast to the behavior of the lower Ti6Al4V roller of 
the 9th roller pair in which a distinct wear valley of 
1-micrometer depth was created. Many bright debris 
particles were seen without aid of magnification on the 
debris pan during testing of the 9th roller pair but were 
absent for the 10th roller pair. Average mass loss from 
the roller pairs for 10th roller pair configuration was 0.3 
milligram. The ultrasonic smoothing process provided a 
more favorable surface for avoiding wear.  

 

   
Figure 1 Schematic of the VRR, side view. 

 

 
Figure 2 Schematic of the test rollers and forces. 

 
 

  
          Figure 3 Photos of the 10 roller pairs after testing. 
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4. CONCLUSIONS 
(a) Changing annealed 440F roller with 440C steel 

hardened to 60 HRC resulted in a reduction of 
overall wear by a factor of two to three. 

(b) Use of a polyimide roller instead of a steel 
roller is not suited for this application. 

(c) While diamond-like-carbon coatings altered the 
wear behavior, large amounts of debris were 
created. 

(d) Application of a nanocomposite MoS2 
significantly reduced the wear and production 
of wear debris. 

(e) Application of the nanocomposite MoS2 film to 
both rollers provided better wear protection. 

(f) The best wear protection and least amount of 

visible debris was observed with the 
combination of hardened 440C, anodized 
Ti6Al4V smoothed by an ultrasonic process, 
and providing 1 micrometer thick 
nanocomposite coating to both rollers by 
sputtering. 
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ABSTRACT – Microfluidics pump technology 
characterized by the parameters of pump components and 
fluids at the submillimetre scale, has shown considerable 
promise for improving diagnostics and biology research. 
The main work of this paper is applying Box-Behnken 
design to optimize actuator model focuses on the flow 
rate in electromagnetic actuation pump. The objective of 
the current study is to develop an extraction method for 
assessing pump output parameters using response surface 
methodology (RSM) optimization. A three-level three-
factor Box-Behnken design (BBD) was applied for 
investigating the interactions between the critical 
variables including frequency, voltage and location to 
achieve the desired flow rate. Analysis of variance 
indicated that the proposed quadratic model successfully 
interpreted the experimental data with coefficients of 
determination of R2 = 0.55 and adjusted R2 = 0.15. 
Through this model, we can predict and control the flow 
rate output under different conditions. It may explain 
about biofluids interaction with vessels wall such as 
actuator, which give rise to the flow characteristic of the 
transport role and functionality. 
 
1. INTRODUCTION 

The circulatory system is a compound of blood that 
compromise blood vessels and heart that plays an 
important role in the human body. It is operated 
throughout of the body by transporting nutrients to the 
outlying parts and assists in inhalation of oxygen and 
exhalation of the waste products like carbon dioxide via 
lungs [1]. Once the circulation system fails, it will cause 
the rest of the organs in the body to malfunction. The 
primary part that will be affected is the heart. As a result, 
the chronic heart disease will lead to the heart failure. An 
importance of heart is a situation in which the heart 
unable to pump sufficient blood throughout the body [2]. 
This is because the pumping force of the heart is not 
enough to perform the circulatory operation. A heart 
transplants maybe the best option if all the conventional 
method fails. However, many patients died and suffered 
while waiting for heart transplant due to lack of donor 
[3]. In United States of America, there is only heart 
assists device namely as New Generation Heart Mate II 
that had been approved by the United States Food and 
Drug Administration to be applied as a temporary 
supporting system before heart donation process take 
place as well as for destination therapy or long-term [4]. 
Micropumps becomes an essential component of 
microfluidic transport systems from biology and 
medicine to space exploration and microelectronics 
cooling, drug delivery, such as the delivery of insulin, 

hormonal and pain management drugs [5]. Microfluidic 
transport requirements such as these can sometimes be 
met by taking advantage of passive mechanisms, most 
notably surface tension [6–9]. For other applications, 
macroscale pumps, pressure/vacuum chambers and 
valves provide adequate microfluidic transport 
capabilities [10–13]. Depending on the working 
principle, micropumps can be classified into 
displacement type and dynamic type [14,15] categories. 
This classification distinguishes the reciprocating 
micropump and the continuous flow micropump [16–18]. 
In terms of the micropump geometry, an additional 
classification distinguishes these devices into the 
categories that have and those that do not have a check-
valve [19], or those that are based on the design 
parameters, such as the size, rate, and power density 
[20,21]. The objective of the current study was to develop 
and validate an extraction method for assessing pump 
output parameters using response surface methodology 
(RSM) optimization. The RSM was first introduced to 
optimize chemical reaction conditions and process 
parameters, and it has been successfully used as an 
optimizing technique in analytical method development 
[22,23].  
 
2. METHODOLOGY 

RSM designs allows us to estimate interaction and 
even quadratic effects, and hence give us the idea of the 
(local) shape of the response surface under investigation. 
Box-Behnken design is having the maximum efficiency 
for an RSM problem involving three factors and three 
levels. Also, the number of runs required is less compared 
to a central composite design. The proposed Box-
Behnken design requires 15 runs for modeling a response 
surface. Randomization ensures that the conditions in one 
run neither depend on the conditions of the previous runs 
nor predict the conditions in the subsequent runs. 
Randomization is essential for drawing conclusions from 
the experiment, in correct, unambiguous and defensible 
manner. Process parameters for the study had three levels 
given as Voltage (V), Pinch location(mm) and Frequency 
(Hz). The levels were ranged based on the preliminary 
experiment-trial and sourced from the available 
literatures. Adopting Box–Behnken designs can sharply 
reduce the number of experimental sets without 
decreasing the accuracy of the optimization compared 
with traditional factorial design methods.  

Details of the experimental runs with the set of input 
parameters that were conducted are given in Table 1. 
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Table 1 Experiment input parameters. 
Part Parameter 

Elastic tube 

Outer Diameter, mm 30.0 
Thickness, mm 1.0; 3.0 
Length, mm 200; 260 

Actuator 
Length, mm 150.0 
Diameter, mm 10.0 
Thickness, mm 10.0 

Electrical DC 
motor available Voltage, V 2.0 to 6.0 

 
The material and equipment of the experiment were 

set up and connected as shown in Figure 1. Then the 
elastic tube of 200mm long and 1mm thickness is joined 
into the circuit. The water pipe was completely filled into 
the whole circuit via T-tubing barb. The pincher location 
was set placed about 20mm from the left side of the 
elastic tube. Before started the experiment, the voltage of 
DC motor was set up to 2.0V. The electrical power supply 
was switched on to let the pincher press the elastic tube. 
When the pincher presses the elastic tube section, the 
water inside the rigid tube will flow through the flow 
meter. The flow rates of the flow meter were recorded. 
After that, repeat the step using of 3mm thickness of 
elastic tube with different applied voltage of 3.0, 4.0, 5.0 
and 6.0 V respectively. Lastly, the steps are repeated by 
using 260mm length of elastic tube. 

 

 
Figure 1 Experimental setup. 

 
3. RESULTS AND DISCUSSION 

Analysis of variance results for acquired model. 
Experiments were performed using the Box–Behnken 
experimental design. The predicted value (P-Value) is 
shown along with the experimental conditions in Table 3. 
Based on the model analysis in the first part, a quadratic 
model was chosen to fit the data. The relationship 
between the flow rate and the three chosen factors is 
shown in Eq. 1:  
Regression Equation in Uncoded Units 
Flow rate = 221 - 0.35 X2 - 161 X1 + 0.209 X3 
+ 0.00632 X2* X2+ 40.1 X1* X1 - 0.000069 X3* X3 
- 0.504 X2* X1         + 0.000321 X2* X3 - 0.0615 X1* X3
                   (1) 

A normal plot of residuals between the normal 
probability (%) and the internally studentized (resulting 
from the division of a residual) residuals was also 
obtained. In this way, the residuals can be checked to 
determine how well the model satisfies the assumptions 
of ANOVA, and the internally studentized residuals can 
be used to measure the standard deviations separating the 
experimental and predicted values. Figure 2 shows the 

relationship between the normal probability (%) and the 
internally studentized residuals. The straight line means 
that no response transformation was required and that 
there was no apparent problem with normality.  

 

 
Figure 2 Normal plot of residuals showing the 
relationship between normal probability (%). 

 
4. CONCLUSION 

Box Behnken design was successfully adopted and 
the experiments were designed choosing the input 
variables for the levels selected. With minimum number 
of experiments, data was collected, and the models were 
developed. Response Surface Models evolved for 
responses show the effect of each input parameter and its 
interaction with other parameters, depicting the trend of 
response. A quadratic model was proposed to describe the 
relationship between the flow rate and three input 
variables. Analysis of variance indicated that the 
proposed quadratic model successfully interpreted the 
experimental data with coefficients of determination of 
R2 = 0.55 and adjusted R2 = 0.15. With reduced number 
of experimental runs, fairly convincing, logical and 
acceptable results have been obtained, which can be 
followed for getting solution to the desired requirements. 
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ABSTRACT – By an atomic force microscope (AFM), 
friction tests of DLC films were conducted against Al2O3 
spherical tip with a radius of 2.5 Pm. The running-in 
process was decomposed through the controllable single-
asperity contact provided by this microscopic method. 
Two sharp drops of friction coefficient were observed. 
The first is due to the formation of the transfer film on 
the Al2O3 microsphere and the second is attributed to the 
removal of oxygen layer. 
 
1. INTRODUCTION 

As one of the most common superlubricants, the 
macroscopic friction and wear properties of diamond-like 
carbon (DLC) films have been extensively studied. 
Before the friction coefficient reaches a stable value, 
there is always a short running-in stage [1]. Transfer film 
was thought to play an important role in the transition 
stage. By an in-situ observation equipment, researchers 
found that when the transfer film formed, the friction 
coefficient decreased [2-3]. Moreover, Kim et al showed 
that the sample with thicker oxide layer needed longer 
time to achieve low friction coefficient, so low friction 
coefficient may be related to the removal of oxide layer 
[4-5].  Even though, the running-in stage of DLC films is 
still not fully understood. Friction and wear tests at 
microscale will be helpful to explore the running-in 
mechanism of DLC films at macroscale.  
 
2. METHODOLOGY 

In this study, highly hydrogenated diamond-like 
carbon (H-DLC) films were deposited on silicon 
substrate using plasma-enhanced chemical vapour 
deposition (PECVD) method. The films with the 
thickness of 1 μm were derived from the mixed gases of 
methane and hydrogen. As shown in Figure 1, the AFM 
line-scanning mode was used to measure friction force 
between tips and DLC films under an applied normal 
load of 4 μN and a sliding length of 2 μm (the frequency 
was 2 Hz). The tips were the Al2O3 tips (Navoscan, 
American) with curvature radius of 2.5 μm.  

 

 
Figure 1 Microscale friction test. 

3. RESULTS AND DISCUSSION 
The friction coefficient decreased significantly with 

the increase of the number of cycles in vacuum. 
Meanwhile, the friction coefficient shows two steps’ 
decrease in the running-in stage, as shown in Figure 2. 
During the first 500 sliding cycles, the friction coefficient 
decreased from about 0.3 to 0.1. Interestingly, a few 
hundred cycles after the first drop, the friction coefficient 
falls again, from 0.1 to 0.05. 

 

 
Figure 2 The run-in process in vacuum. 

 
In the AFM experiments, the adhesion force is an 

important parameter to evaluate the contact state between 
AFM tip and the sample. The adhesion forces between 
tips and DLC samples were measured before wear and 
after the first decline. Before wear, the adhesion force 
between probe and sample was about 600 nN. After the 
first decline, the value decreases to near 100 nN, as 
shown in Figure 3. The results also show that the 
adhesion force of the modified tip on the wear track was 
similar to that on the original surface. Hence, the first 
decline of friction coefficient should be attributed to the 
surface change of AFM tip, such as the formation of the 
transfer layer. To verify this speculation, the probe 
morphology was detected by AFM. We could find that 
the microsphere was smooth before wear. After 500 
sliding cycles, the debris was attached to the microsphere. 
The in-situ observation of macroscopic experiments 
showed that the friction coefficient decreased with the 
formation of transfer layer. Hence, the first decline of 
friction coefficient in microscale friction tests should be 
due to the formation of transfer layer. 
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Figure 3 The change of adhesion force before and after 

wear. 
 
To understand the reason for the second drop, the 

average oxygen content of the contact area was 
calculated. Figure 4 shows the change of oxygen content 
with depth of DLC film. Further experiments showed that 
wear depth corresponding to the second drop was about 
1.2 nm, which is close to the thickness of oxide layer on 
the surface of DLC film. As a result, the second decline 
may be related to the removal of oxide layer. Since the 
macro experiments always were severe, the removal of 
the oxide layer and the formation of the transferred film 
occur simultaneously. Therefore, this phenomenon did 
not appear in macro experiments. 

 

 
Figure 4 The AES result: the change of oxygen content 

with depth of DLC film. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. CONCLUSIONS 
In the present work, running-in behavior of DLC 

film at microscale was investigated. The following 
conclusions can be drawn: 

(a) Two sharp drops of friction coefficient were 
observed in the microscale friction tests. During 
the first 500 sliding cycles, the friction 
coefficient decreased from about 0.3 to 0.1. A 
few hundred cycles after the first drop, friction 
coefficient falls again, from 0.1 to 0.05. 

(b) The first drop of friction coefficient is because 
of the transfer film formed on the Al2O3 
microsphere and the second is due to the 
removal of surface oxide layer. 
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ABSTRACT – Molybdenum dithiocarbamate 
(MoDTC) has received notable attention as an anti-
friction additive in engine oil. However, it has wear 
accelerating effects on the sliding contact of DLC and 
steel under boundary lubrication condition. MoDTC is a 
degradable material and can change its structure into 
MoS2, MoO3, Mo2C and Mo during friction test. 
Whether MoDTC itself enhances the wear or its by-
products materials has still been unknown. Therefore, it 
is important to clarify which elements actually give 
severe effects on the wear acceleration. This paper 
focuses on the wear properties of Si-DLC coatings and 
SUJ2 ball with MoDTC and Mo2C particles as additives 
in engine oil under boundary lubrication condition. It 
shows that Mo2C gave severe effect on the wear 
properties of Si-DLC coatings. 
 
1. INTRODUCTION 

Since decades ago, the control of friction and wear 
in the automotive engine system has been captured 
attention by many researchers. Low friction coefficient 
under boundary lubrication that leads to a vital 
decrement of fuel consumption, and also increment of 
life expectancy and durability are the main goals of 
those researches.  

Diamond-Like Carbon (DLC) coatings is one of 
the potential candidates to give low friction and long 
life span due to its high hardness and chemical inert 
properties [1]. It is now being prominently used in 
industry as coating materials and also as lubricant 
additives. Its resistance to friction and wear, chemically 
inertness and high hardness make it very suitable to use 
both in sliding and rolling contact condition. The low 
friction property of DLC under boundary lubrication is a 
paramount factor on the sliding parts of automobile 
engine especially on piston ring and cylinder liner. 

 In automotive industry, the effect of lubricant 
additives to DLC coatings on the contact parts is 
extensively being studied in order to get the optimum 
operating condition under lubrication regimes. These 
recent years, molybdenum dithiocarbamate (MoDTC) 
has received noticeable attention as an anti-friction 
additive in automobile lubrication.  

MoDTC is very proficient in reducing friction 
coefficient between steel-DLC contact surfaces under 
boundary lubrication [2]. However, the MoDTC 
lubrication resulted in wear rate’s increment of DLC 
[3]. MoDTC is an easy degradable material. Therefore, 
it can simply change its physical and chemical 
structures.  

It is often assumed that intermediate and final 
products from the degradation of MoDTC as the wear 
acceleration material. These elements increase the wear 
and scratch both DLC and the counterpart surfaces. 
There are several by-products elements from the 
MoDTC degradation has been discovered; which are 
MoO3, Mo2C and Mo. However, which sub-element 
mainly accelerates the wear has still been unknown. 

Thus, it is very essential to have concrete 
clarification on each sub-element behavior and which of 
them affect the most on the DLC wear. This complex 
condition is quite critical especially in automotive 
components as the wear will shorten the lifetime of 
DLC. Therefore, further analyses are required.  

This paper focused on the clarification of the wear 
acceleration mechanism of MoDTC and its sub-element, 
Mo2C between steel-DLC contact surfaces under 
boundary lubrication.  

 
2. METHODOLOGY  

The friction test was conducted using Ball-on-Disc 
friction tester as shown in Figure 1. It has leaf springs 
with strain gauge as the load and friction force sensor. 
The counter materials being used are Si-DLC disc 
against 8mm stainless steel SUJ2 ball. The oil additives 
are MoDTC and Mo2C particles, being dispersed into 
poly-alpha-olefin (PAO) base oil with several weight 
percentages. The experimental parameters are listed in 
Table 1. 

 

 
Figure 1 The schematic image of Ball-on-Disc friction   

tester. 
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Table 1 Experimental parameters. 

Parameter Value 
Normal load W, N 1 
Sliding speed V, m/s 0.05 
Duration time t, min 15 
Additives MoDTC, Mo2C 
Ball SUJ2 (Ø8mm) 
Disc Si-DLC 
Additives amount wt.% 0, 0.005, 0.01, 0.05, 0.1 
Temperature T, ºC 23 

 
3. RESULTS AND DISCUSSION  

The specific wear rate results of Si-DLC with 
MODTC and Mo2C particles under PAO lubrication are 
shown in Fig. 2. Both additives showed increment of 
specific wear rate proportionally to the particles amount. 
This result showed that Mo2C, as the intermediate 
product of MoDTC, contributes to the wear acceleration 
of DLC.  

This statement was also proven by the SEM 
images of Si-DLC disc and counter material SUJ2 ball 
surfaces. As shown in Fig. 3, the DLC coating peeled-
off from the disc surface after the friction test with PAO 
and 0.1 wt.% MoDTC. On the other hand, there was 
wear debris on the ball surface. 

Meanwhile, Fig.4 showed the friction test effect of 
PAO with 0.1 wt.% Mo2C. Spalling and scratches took 
place on the Si-DLC surface while transfer film was 
assumed to be occurred on the SUJ2 ball.  

Therefore, these images showed that Mo2C 
particles gave severe abrasive effect to the Si-DLC disc 
and SUJ2 ball compared to MoDTC particles. 
 

 
Figure 2 Specific wear rate of Si-DLC against SUJ2 ball 

in PAO with MoDTC or Mo2C. 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 3 SEM image of Si-DLC and SUJ2 ball surface 

after friction test in PAO with 0.1 wt.% of MoDTC. 
 
 

 
Figure 4 SEM image of Si-DLC and SUJ2 ball surface 

after friction test in PAO with 0.1 wt.% of Mo2C. 
 

4. CONCLUSION 
 Both MoDTC and Mo2C accelerate wear on Si-
DLC coatings in the PAO base oil under boundary 
lubrication condition. Mo2C showed more severe wear 
effect compared to MoDTC. It was proven by the 
increment of specific wear rate which proportional to 
the dispersion of particles amount. This analysis was 
also supported by the formation of wider wear track, 
spalling and scratches took place on the DLC surface 
and transfer film covered the SUJ2 ball surface. It was 
interesting that MoDTC was not the main factor of wear 
acceleration in Si-DLC coating, but its by-product 
Mo2C from the degradation resumes the wear ability 
effect.  
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ABSTRACT – Thermocapillary migration is a typical 
lubricant loss mechanism in the space lubrication. This 
paper presents experimental investigations on the effects 
of the physical and chemical properties of solids and 
liquids on the migration performance. It is found that the 
polytetrafluoroethylene (PTFE) surface has a strong anti-
migration capacity, while the ionic liquid (IL) and 
polyethylene glycol (PEG) lubricants can hardly migrate 
on all tested surfaces. This study provides a guidance of 
the anti-migration strategies for tribology systems 
encountered with thermal gradients. 
 
1. INTRODUCTION 

Liquid lubrication has been widely employed in 
mechanical systems with moving surfaces to decrease the 
friction and wear rate for centuries. A process involving 
friction is always accompanied by a dissipation of energy, 
which generates heat and forms a thermal gradient on the 
rubbing surfaces [1]. Usually, as the liquid lubricant 
placed on a surface subject to a thermal gradient, it can 
be driven to migrate from high temperature to low 
temperature regions freely in the absence of external 
forces. It is because the interfacial tension of a liquid is 
in inverse proportion to its temperature, which indicates 
that the temperature differences can induce a surface 
tension gradient on the liquid, providing a driving force 
for the migration. 

This thermal flow is widely encountered in many 
industrial products such as miniature rolling bearings, 
piston rings and hard disk, in which the migration of 
lubricant films has strong effects on the device 
performance. Especially in space devices, the extremely 
large temperature range (-150 – 150 C) will drive the 
liquid lubricants away from the rubbing area [2]. In some 
situations, the migration is beneficial since it promotes 
the lubricant wetting on rubbing surfaces. In others, one 
may desire to limit the migration to ensure adequate 
lubrication present where it is needed [3]. Therefore, 
investigations on the migration mechanism, especially on 
how to hinder it, is vital to ensure effective lubrication. 

The existing literature contains rich volumes of 
correlational researches devoted to the anti-migration 
strategies [4]. Modifying liquid lubricants properties, 
such as increasing the viscosity, adding lubricant 
additives or designing new lubricants can hinder the 
migration [5]. Surface topography also has a strong 
influence on the liquid action. Surface with higher 
roughness, grinding scars, or patterns of micro-grooves 
or micro-dimples have been proven to be effective ways 
to prevent migration [6]. 

Although abundant researches have been done in 
this research topic. Limited information exists on the 
systematic investigation on the effects of different 
surfaces and liquid lubricants on the migration 
performance, which makes it difficult to understand the 
nature of thermocapillary migration and design suitable 
anti-migration strategies in real operating model. 

Therefore, in this paper, different surfaces and 
liquid lubricants are employed for migration test. Special 
attention is paid to the wetting properties of solid surfaces 
and surface tensions of liquid lubricants. This study gives 
a clearly insight into the internal relationship between the 
physical and chemical properties of solids and liquids on 
the migration performance, moreover, provides a 
guidance of the anti-migration coating strategies for 
lubrication systems encountered with thermal gradients. 
 
2. METHODOLOGY 

Surface with metallic and non-metallic coatings, 
including gold (Au), titanium (Ti), silicon (Si), and 
polytetrafluoroethylene (PTFE) are prepared in this study. 
Two major categories, non-polar and polar liquid 
lubricants of paraffin oil, sebacic acid diester (diester), a-
olefinic hydrocarbon synthetic oil (PAO4), silicone oil, 
polyethylene glycol (PEG) and ionic liquid (IL) are 
employed in this study and shown in Table 1. 

 
Table 1. Lubricants used in this study. 

Category Lubricant Molecular 
formula 

Non-
polar 

synthetic 

a-olefinic 
hydrocarbon 
synthetic oil 

NA 

Silicone oil [C2H6OSi]n 

mineral 
paraffin oil-I 

NA 
paraffin oil-II 

ester Sebacic acid 
diester C26H50O4 

Polar 
synthetic Polyethylene 

glycol 
H(OCH2CH2)nO
H 

melting 
salt Ionic liquid C8H11O4N3S2F6 

 
Figure 1 shows the experimental apparatus 

designed for this study. The substrate with dimensions of 
76 mm  30 mm  3 mm was attached to the heating and 
cooling elements, and migration experiments were 
performed on it. Via controlling the temperatures of 
heating and cooling elements, a thermal gradient was 
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generated on the surface. The thermography conformed 
the uniform thermal gradient. The dynamic migration 
process was monitored by a digital video camera, and via 
extracting the frames, the migration distance and velocity 
could be calculated. 

 

 
Figure 1 Schematic diagram of the apparatus. 
 

3. RESULTS AND DISCUSSION 
Figure 2 shows a typical result of migration 

processes of diester droplets (5 L) on surfaces of Au, Ti, 
silicon and PTFE. As expected, the droplets migrate from 
warm to cold regions under a thermal gradient of 2.2 
C/mm. It is interesting that migration occurs at varying 
levels on different surfaces, and on the PTFE surface, the 
droplet remains stationary during whole test time. 

 

 
Figure 2 Detailed migration processes of a diester 

lubricant on different surfaces. 
 
The average migration velocities during 30 s and 

contact angles of diester droplets on these surfaces are 
exhibit in Figure 3. It can been clearly seen that the Au 
surface yields a fastest migration velocity about 0.6 mm/s 
and the contact angle on that surface is about 11. 
Migration velocities on Ti and silicon surfaces decrease 
marginally, and the contact angles on these surfaces are 
basically same as that on Au surface. However, on the 
PTFE surface, the migration velocity is nearly zero while 
the contact angle is as high as 40. 

In most cases, the surface tension of liquid is much 
lower than that of solid, the adhesion work between 
lubricant molecules and the metal surface could be higher 
than the internal cohesive work of lubricant molecules. 
Contact angle reflects the interaction between the liquid 
and solid. It is believed that on different material surfaces, 
the smaller the contact angle is, the stronger interaction 
between the liquid and the solid will be. That’s the reason 
why migration on the PTFE surface is lower than others. 

Figure 4 shows a comprehensive comparison on the 
migration capacity of different lubricants on Au surface, 
and the surface tension of lubricants are also shown in 

this figure. Generally, under the effect of thermal gradient 
(2.2 C/mm), all the non-polar lubricants migrate on Au 
surface while polar lubricants of PEG and IL remain 
stationary. Meanwhile, the surface tension of polar 
lubricants is higher than these of non-polar ones. It 
indicates that a polar lubricant is a well performance anti-
migration lubricant. 
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Figure 3 Average migration velocities and contact 

angles on different surfaces. 
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Figure 4 Migration velocities of different lubricants on 
Au coating surface and the surface tensions of 

lubricants. 
 
4. CONCLUSIONS 

The primary conclusions drawn from this study are 
as follows: 

(a) The utilisation of PTFE coating is an effective 
way to prevent migration. 

(b) Polar lubricants, such as polyethyleneglycol 
(PEG) and ionic liquid (IL) have a strong anti-
migration capacity. 
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ABSTRACT – An experimental investigation was 
conducted to explore the thermal and heat flow 
characteristics of polyol esters with different molecular 
structures by using simultaneous thermal gravimetric 
analysis (TGA) and differential scanning calorimetry 
(DSC) measurement. A significant difference in onset 
temperature between the developed esters and mineral 
oil was observed. The comparison of oxidative stability 
of polyol esters and mineral transformer oil revealed 
that polyol esters are oxidatively stable up to >370°C 
while for mineral oil it was <300°C. As oxidative 
degradation starts at a lower temperature than thermal 
degradation, determination of oxidative stability is more 
important to study the potential the ester to be used as 
dielectric fluid. 
 
1. INTRODUCTION 

Mineral oil has been widely used as dielectric fluid 
in transformers many decades ago. They are cheap, 
easily flow (low viscosity), has excellent cooling and 
electrical properties and there are quite stable. However, 
mineral oil is not biodegradable, not renewable and 
most importantly they are highly toxic. Thus the effects 
of mineral oil spillage are undoubtedly detrimental 
especially if the oil leaked to the soil, waterways and 
drainage. Several alternative liquids have been 
developed to solve mineral oil problems. There has been 
an increasing interest in developing natural ester oils as 
potential substitute in the recent decades. Sunflower, 
rapeseed, linseed, soybean, cotton, safflower, corn and 
olive seeds are among the vegetable oils that have been 
tested for transformer oil application [1]. Despite their 
excellent biodegradability and electrical characteristic, 
vegetable oil suffers certain limitations such as poor low 
temperature properties and thermal oxidative. 
Oleochemical polyol esters which are produced from 
the reaction between methyl ester of vegetable oil and 
polyols are often characterized as having high thermal 
and oxidative stability compared to vegetable oil. 
Because of growing practical demands on synthetic 
esters, more and more investigations are carried out 
with regard to their synthesis, physiochemical and 
electrical properties. For this purpose, the recent study 
will be focusing on the oxidative degradation of polyol 
esters and the effect of molecular structure on it.  

 
 

2. METHODOLOGY 
2.1 Transesterification of esters 
 The polyol esters were synthesized by 
transesterifying methyl esters (C8/C10, C12, C18) with 
either NPG or TMP alcohol to produce NPGD C8/C10, 
NPGD C12, NPGD C18, TMPTE C8/C10, TMPTE C12 
and TMPTE C18. The experimental setup for 
transesterification reaction was similar to that in earlier 
work by [2]. For each ester, the reactions were carried 
out at particular molar ratio, temperature and pressure as 
shown in Table 1. All the reactions were performed in 1 
hour with 1wt% concentration of sodium methoxide as a 
catalyst. The produced esters were compared with 
mineral transformer oil and palm oil. 
 

Table 1 The polyol esters properties 
Type of 
ester 

Molar ratio  
(ME/alcohol) 

Tempera-
ture (°C) 

Pressure 
(mbar) 

NPGE 
C8/C10 

3:1 90 0.6 - 2 

NPGE 
C12 

2:1 140 0.6 - 2 

NPGE 
C18 

2:1.3 180 0.6 - 2 

TMPE 
C8/C10 

3.5:1 120 2 - 5 

TMPE 
C12 

3.9:1 140 0.6 - 2 

TMPE 
C18 

3.9:1 120 8 - 10 

 
2.2 TGA/DSC analysis 

The TGA-DSC determinations were carried out 
simultaneously on Mettler TGA/DSC IHT (Mettler 
Toledo, Columbus, OH, USA). All measurements were 
made between 25°C and 600°C at a heating rate of 10 
K/min. For this study, the analyses were conducted 
under air at 50 ml/min. In TG analysis, the sample 
weight loss which can be related to volatility or 
decomposition is measured over a temperature change. 
The exothermic or endothermic peak corresponds to the 
heat flow difference which indicates the physical or 
chemical change in the material is recorded in DSC 
scan. 
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3. RESULTS AND DISCUSSION 
Figure 1 illustrated the thermogram of TMPTE 

C18 sample for example. The three curves correspond to 
TGA plot (weight loss), DTGA plot (derivative of 
previous TGA plot) and DSC plot (heat flow). TGA 
plots in Figure 1 and data in Table 1 revealed that all 
synthesized esters are oxidatively stable at least up to 
377°C, while mineral oil and palm oil were stable up to 
297°C and 408°C, respectively. 

 

 
Figure 1 Thermogram of TMPTE C18 under air. 
 
TMPE C18 or high oleic TMPE is the most stable, 

showing no degradation at temperature as high as 300°C 
and a total of 50% weight loss is only reported at 448°C. 
The onset temperature of 435°C is much higher than 
previously reported by [3] and [4] with only 221°C and 
180°C, respectively. By comparing the data obtained 
from this experimental study and previous studies, in 
terms of either esterification or transesterification 
reaction applied, it can be observed that the stability of 
esters produced from transesterification is much higher 
than esterification. Another possibility is the synthesized 
ester in this study has higher partial ester contents as 
compared to previous studies. According to [5], the 
oxidative stability has been proven to increase with 
increasing composition of partial esters. This can be 
associated with the increase in hydroxyl group in partial 
esters which will confine the acidic species formed 
during oxidation. 

From the results presented in Table 2, it can be 
seen that the weight loss onset temperature increased 
with increasing acyl chain length and alcohol branching. 
However, the effect of the latter is more pronounced 
than the former and this finding is consistent with [3]. 
[3] reported that for the same polyol, acyl chain length 
had little effects on the degradation under air. The 
increment is not as significant as compared to different 
polyols of similar acyl length. 

Mineral oil was found to have a lower onset of 
oxidation temperature relative to polyol esters and palm 
oil. This is expected as this is naphthenic based oil and 
it contains aromatic compound which reduce its 
oxidative stability [6]. The presence of low molecular 
weight components in mineral oil structure contributes 
to its high volatility characteristic which also indicates 
the low oxidative stability [7].  

The DSC plots demonstrate that all esters, mineral 
and palm oil have clear peaks. All peaks correspond to 
endotherms reaction which showed that volatilization 
happened and there was a weight loss. The endothermic 

effect is the result of the expansion from the formation 
of gas. All C8/C10 and C12 plots indicate two 
endotherm peaks which relates to different esters of 
different fatty acid acyl length. For example, in C8/C10 
esters, the C8 component, having lower molecular 
weight than C10 component, will have higher volatility 
and melting point compared to C10. 

 
Table 2 Onset temperature of oxidation and weight loss 

of all samples under air. 
Sample name Onset temperature 

NPGD C8/C10 377 

NPGD C12 414 

NPGD C18 424 

TMPTE C8/C10 390 

TMPTE C12 430 

TMPTE C18 435 

Mineral oil 297 

Palm oil 408 
 
4. CONCLUSION 

The oxidative stability of polyol esters is found to 
be superior to mineral and palm oil.  
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ABSTRACT – This paper presents a study on the 
characterization of lubrication films with various 
lubricant quantities. Experiments were conducted with an 
optical slider-bearing test rig. Under limited lubricant 
supply, there exists a critical speed beyond which the film 
thickness will no longer increase with increasing speeds 
due to starvation at the inlet. The critical speed depends 
significantly on the lubricant quantity, as well as 
lubricant viscosity and load. Comparison between 
experimental and calculated results indicated that the 
starvation area with fragmented films has certain load-
carrying capacity but very small viscous resistance. 
Friction does not show much deviation for different 
lubricant quantities.   
 
1. INTRODUCTION 

The great concerns of environment and non-
renewable petroleum-based oils promote the idea of 
minimizing lubricant consumption [1]. Industrial 
engineers have shown that the most effective way of 
lubricant supply is small amounts over frequent intervals 
[2]. This approach can be found in oil/air lubrication [3]. 
The challenge of using less lubricant is how to maintain 
efficient lubrication since most of the lubricant is 
naturally diverted out of the lubrication track during 
operation. On the other hand, thin liquid film lubrication 
is a promising approach for the lubrication of miniature 
devices, and the quantity of supplied lubricant has to be 
just right. Limited lubricant supply is also found in 
elastohydrodynamic lubricated contacts (EHL) under 
starvation conditions, which has been well studied in past 
decades [4-7]. Starvation in EHL is the result of the 
competition between lubricant depletion and 
replenishment. Conformal contacts are not uncommon in 
industrial practices, and its lubrication behaviors could be 
different from EHL under limited lubricant supply. In this 
study, film thickness and friction in a small slider-on-disc 
contact were measured, and the film building behavior 
was characterized under different lubricant volumes. 

 
2.  APPARATUS  AND SPECIMENS 

An optical slider-bearing test rig [8] used in the 
present study is schematically shown in Figure 1, where 
the lubricated contact consists of a stationary steel slider 
and a rotating glass disc. The test rig features a constant 
slider inclination angle D under different speeds and 
loads. The slider surface is polished to high-precision 
finish with a size of 4 mm u 4 mm. The disc is coated 
with a thin Cr layer at the bottom and a SiO2 layer on the 

top (referred to as Beam splitter in Fig.1) to facilitate 
interferometry measurement of the lubricating film 
thickness h0 at the outlet.  

 

 
Figure 1 Illustration of the optical slider-bearing test rig.  

 
The lubricant volume ranging from 0.5 - 3.0 PL was 

employed. Lubrication track radius which was counted 
from its centre line was 43 mm. The slider inclination was 
kept constant (D = 5.75×10-4). Experiments were carried 
out at ambient temperature (20 - 21 qC). The lubricants 
used include PAO4 and PAO10.  
    
3. RESULTS AND DISCUSSION 

Figure 2 presents a typical interferogram of 
lubricating films generated by the slider-on-disc contact. 
Under limited lubricant supply, an area with fragmented 
/rippled fringes appears at the inlet of the contact, 
indicating incomplete oil supply (labelled as Starvation 
area in Figure 2).  

 

 
Figure 2 Interferogram of a slider-on-disc contact under 
limited lubricant supply (PAO10, load = 4 N, lubricant 

volume = 1 PL, ud = 20.79 mm/s). 
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Figure 3 Film thickness vs. speed for different lubricant 

quantities (PAO10, 4 N). 
 

Figure 3 gives the measured film thickness vs. 
speed for different lubricant quantities. Low speeds for 
different lubricant quantities present similar film 
thickness. At high speeds, the increase in film thickness 
slows down. Further on, the film thickness remains 
largely unchanged with speed. 
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Figure 4 Friction vs. speed for various lubricant 

quantities (PAO10, 4 N). 
 

On the contrary to the increase in film thickness 
with the quantity of lubricant supplied, friction does not 
change much. Figure 4 depicts the variations of friction 
against speed for various quantities of lubricant used in 
the tests. The size of the full-lubricated area (the 
complement of the starvation area as shown in Fig. 2) was 
measured. The starved hydrodynamic lubricating films 
were assumed to have a constant nominal viscosity, 
which was thus calculated based on the boundary 
conditions of the carrying load and the measured film 
thickness. The calculated viscous friction force is found 
well correlated with the experimental measurements. The 
magnitude of the nominal viscosity of the starved films 
is quite small, i.e. an order of magnitude less than that of 
the specimen lubricant. Hence, the viscous friction of 
starved lubricating films is small.  

With the measured film thickness and zero pressure 
in the starvation area, numerical calculations present a 
theoretical load in the full film region. When starvation 
occurs, this theoretical load is smaller than the actual 
applied load, which indicates that the starvation area has 
certain load-carrying capacity. Figure 5 gives the 
calculated load-carrying capacity of the starvation area 
for two lubricant volumes.   
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Figure 5 Load capacity of starvation area vs. speed for 

different lubricant volumes (PAO4, 4 N). 
 
4.  SUMMARY 

This work studies the influence of lubricant quantity 
on lubricating film building in a conformal slider-on-disc 
contact. The film thickness presents obvious dependence 
on the lubricant quantity, and the friction, on the other 
hand, does not. The starved (fragmented/rippled) 
hydrodynamic lubricating films at the inlet have certain 
load-carry capacity but very small viscous friction.  
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ABSTRACT – CNx (Carbon Nitride) coating coating 
shows super low friction coefficient (μ<0.01) in dry ni-
trogen gas. However, CNx coating shows high friction 
coefficient in dry oxygen gas. It is not clarified the effect 
of environmental gas on CNx coating. In this research, 
we considered environmental gas effects on the top sur-
face of CNx coating, we measured surface energy of CNx 
coating after friction test in some environmental condi-
tion. From results, surface energy of CNx coating de-
creased and approached surface energy of graphite when 
it became low friction. It suggests the top surface of CNx 
coating became like graphite. 
 
1. INTRODUCTION 

Low friction is essential property for reducing en-
ergy loss and extending life span of mechanical parts. In 
non-lubrication condition, carbonaceous hard coating has 
great properties, such as high wear resistance and super 
low friction. Especially, CNx(Carbon Nitride) coating 
showed super low friction coefficient (μ<0.01) when 
CNx coating slid to Si3N4 ball in dry nitrogen gas [1] and 
friction properties are changed by environmental gas. But 
mechanisms about effects of environmental gas on CNx 
coating has not clarified yet. 

Adhesion force on top surface, which is related to 
surface energy, influences friction properties under non-
lubrication [2]. We need to develop in-situ measurement 
of surface energy during friction to clarify the effect of 
environmental gas. 

In 2001, Umehara et al. reported new method of 
measuring surface energy by using ESEM [3]. In this new 
method, we can observe tiny drop (~µm order) con-
densed in ESEM. We can measure surface energy on mi-
cro area like wear track by using ESEM method. In 2016, 
Nakao et al. have made friction tester in ESEM chamber 
and we can conduct in-situ measurement of surface en-
ergy during friction [4]. 

 In this paper, we conduct friction tests in some 
atmosphere gas and measure surface energy in wear track 
of CNx. We clarify the effect of surface energy and at-
mosphere gas on friction property about CNx coating by 
using friction tester and in-situ measurement of surface 
energy in ESEM. 
 
2. METHODOLOGY 
2.1 Friction tester in ESEM chamber 

Friction tester in ESEM chamber consists of driving 
part and measuring part. Figure 1 shows driving part and 
Figure 2 shows measuring part. Driving part is recipro-
cated by linear actuator and it has specimen stage and 

cooling stage. Specimen stage is set upper part of cooling 
stage and it is inclined 30 degrees to the vertical. Meas-
uring part measures load and friction force by strain gage 
on leaf spring. The friction ball is in tip of leaf spring and 
it is inclined 30 degrees to the vertical like specimen 
stage. 
 
2.2 Measurement of contact angle 

Cooling stage containing Peltier element can cool 
solid specimen. Environmental gas in ESEM chamber 
condenses as tiny drop on the surface of cooled solid 
specimen. We calculate contact angle by using sessile 
drop method from ESEM images. 

 

 
Figure 1 Driving part of friction tester. 

 

 
Figure 2 Measuring part of friction tester. 

 
2.3 Calculation of surface energy 

We calculate surface energy from contact angle 
value by using equation (3). Equation (3) is derived by 
equation (1) (Young equation) and equation (2) (Owens 
equation). There are two parameters, dispersion force 
component and hydrogen bonding force component of 
surface energy, in this equation. We calculate surface en-
ergy by using two contact angle values (water, diiodome-
thane). Table 1 shows surface energy of water and diio-
domethane. 
γLV cos θSL = γSV − γSL                                               (1) 

γSL = γSV + γLV − 2√γSdγLd − 2√γShγLh                         (2)    

cos θSL = 2√γSd (
√γL

d

γL
) − 2√γSh (

√γL
h

γL
) − 1                    (3) 
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2.4 Test condition 
In this study, we conducted friction test 5000 cycles 

in nitrogen gas, oxygen gas and a vacuum. Pressure of 
nitrogen and oxygen gas are 2500 Pa to 4000 Pa. Normal 
load is 0.2 N. Counterpart material is Si3N4 ball. We 
measured surface energy after friction test. 

 
Table 1 Surface energy of liquid specimen. 

 
 
3. RESULTS AND DISCUSSION 
3.1 Friction test 

Figure 3 shows the result of friction test in gas pres-
sure under 3000 Pa. There are differences at the initial 
friction coefficient, but friction coefficient reduced to 
0.05 at the end of friction cycles in any environmental 
conditions. 

 

 
Figure 3 Friction coefficient under 3000 Pa. 

 
Figure 4 shows the result in gas pressure beyond 

3000Pa. In nitrogen gas, friction coefficient reduced to 
0.03 at the end of friction cycles. In oxygen gas, friction 
coefficient was increasing during friction cycles and be-
came beyond 0.16. 

 

 
Figure 4 Friction coefficient beyond 3000 Pa. 
 

3.2   Surface energy  
Figure 5 shows friction coefficient as a function of 

surface energy. Gray zone in Figure 5 means surface en-
ergy of graphite [5].  In oxygen gas, surface energy 

increased, and friction coefficient increased. In nitrogen 
gas, surface energy decreased, and friction coefficient de-
creased. It suggests environmental gas effects on surface 
energy on CNx coating and CNx coating becomes low 
friction by decreasing adhesion force related surface en-
ergy.  Moreover, surface energy of CNx coating ap-
proached one of graphite when it became low friction. 
This suggests the top surface of CNx coating becomes 
graphite. 

 

 
Figure 5 Friction coefficient vs. surface energy. 
 

4. CONCLUSION 
To clarify the effect of environmental gas on friction 

property of CNx coating, we measured surface energy af-
ter friction test.  As a result, in oxygen gas, surface energy 
of CNx coating increased and friction coefficient in-
credecreased,nitrogen gas, surface energy decreased and 
friction coefficient decreased. These shows oxygen gas 
effects on increasing surface energy of CNx coating, and 
nitrogen gas effects on decreasing surface energy. More-
over, surface energy of CNx coating approached one of 
graphite when it was low friction. This result suggests the 
top surface of CNx coating becomes graphite by friction 
in nitrogen gas. 
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ABSTRACT – A novel coating process based on semi-
solid state casting of zinc-tin alloy was developed to form 
solid lubricant thin film on an aluminum cast alloy. 
Resulting surface morphology was consisted of the 
dispersed molybdenum disulfide and sliver fine particles 
fixed with the tin-zinc alloy. Tribological properties were 
evaluated with a ring on disc type testing apparatus using 
a cast iron ring as the counter specimen in lubricated 
condition.  Results showed that the friction coefficient of 
the coating surface was low and stable. Furthermore, the 
addition of silver into the film seemed to be effective 
means to shorten the running-in distance.  
 
1. INTRODUCTION 

It is well recognized that soft metal such as lead, tin 
and silver acts as self-lubricating film on a hard substrate 
because of their low shear strength and melting 
temperature [1-3]. From above mentioned, lead has been 
widely applied as an overlay for journal bearings of 
internal combustion engines. As well as lead, tin has been 
used as the self-lubricant overlay and was previously 
coated on the piston skirt surface. However, polymer film 
containing solid lubricants such as molybdenum disulfide 
(MoS2), graphite and PTFE performs lower friction 
properties and has been applied as the overlay 
substituting the soft metals.   

Because of the poor solubility and the wet ability 
between the interfaces, various process such as sintering 
[4], sputtering [5] and cold spraying [6] were applied to 
compose solid lubricates with metals. The solid lubricant 
is generally damaged by heating and the processing 
temperature is restricted depending on the material.  
During the sintering process, the existence of the liquid 
phase results in semi-solid state and plays role of 
densification below the melting temperature of the metal. 
Therefore, it is expected that the application of the semi-
solid state for the composing process is possible to coat 
the solid lubricant containing soft metal film at low 
temperature. 

The present study describes tribological properties 
of solid lubricant dispersed soft metal coating on an 
aluminum cast alloy.  Tin (Sn) –zinc (Zn) alloy and 
molybdenum disulfide (MoS2) was used for the matrix 
and the solid lubricant for coating elements.  An 
applicability of the developed coating process as the 
surface modification for internal combustion engine 
components was evaluated.   

 

2. MATERIAL 
An aluminum cast alloy disc (the outer/inner 

diameter of 44/20 mm and the thickness of 7 mm) was 
used for the substrate materials. Sn-Zn alloy system was 
used as brazing material for an aluminum alloy because 
of the higher oxidation reduction properties of Zn, the 
eutectic alloy with small solubility and lower 
solidification temperature of 200 degree Celsius. Sn (80 
wt. %)-Zn alloy was melt on the aluminum alloy disc 
surface at 250 degree Celsius. The melting and 
solidification temperature of the Sn-Zn alloy system was 
approximately 270 and 200 degree Celsius. Therefore, 
the alloy system was semi-solid state at the settled 
temperature.  

 

 
Figure 1 SEM image of Ag (left), MoS2 (middle) and 

mixed (right) powder. 
 

A SEM image of silver (Ag), molybdenum disulfide 
(MoS2) and mixed powder was shown in Figure 1. Ag 
and MoS2 was mechanically mixed with a pestle and a 
mortar. The size of Ag and MoS2 powder was 5-10 Pm 
and became slightly smaller after the mixing. The 
objective of Ag addition is to raise the solidification 
temperature and to enhance lubricity of the matrix alloy.  
The semi-solid alloy system was spread on the aluminum 
alloy surface using mechanical means and the mixed Ag- 
MoS2 powder was injected into the alloy system then was 
mixed.   After cooling, the coating thickness was adjusted 
at a range of 5-10 Pm by polishing. The coating film 
without Ag and MoS2 was also prepared. A SEM/EDX 
image of the coating surface was shown in Figure 2. Sn 
and Zn were dispersed almost uniformly on the surface. 
Ag, Mo and S dispersion was scattered: This suggested 
that Ag and MoS2 was distributed without alloying or 
decomposition. The hardness of the coating surface was 
20 Hv for Sn-Zn alloy and 30-40 Hv for Ag- MoS2 
contained Sn-Zn alloy.  
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Figure 2 SEM/EDX image of Ag-MoS2 containing 

coating film. 
 

3. RESULTS AND DISCUSSION   
Tribological properties were evaluated with a ring 

on disc type testing apparatus mated with a gray cast iron 
ring (I40× I30×h15mm). The testing surface was 
mirror finished less than 0.01Pm Ra. The testing 
condition was 300 N of an applied load (=1.04 MPa of 
contact stress), a sliding speed of 0.5m/s. An engine oil 
(0W-8) without friction modifiers were used as the 
lubricant.  

Friction coefficients as a function of the sliding 
distance were shown in Figure 3. The friction coefficient 
of the Sn-Zn coating was 0.03-0.04 at initial stage and 
decreased to 0.02 with the increase in the sliding distance. 
The friction coefficient further decreased with the 
addition of Ag–MoS2 and was approximately 0.01 after 
100 m of the sliding distance. In addition, the running-in 
distance became smaller.  

An optical micro scope image of the surface after 
the friction experiment was shown in Figure 4. There was 
no significant difference of the coating surface and only 
small amount of the wear loss was found.  
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Figure 3 Friction coefficient of coating surface as a 
function of sliding distance. 

 
Figure 4 Optical micro scope image of wear surface. 

 
4. SUMMARY 

Tribological properties of Sn-Zn coating process 
using semi-solid state on an aluminum cast alloy was 
evaluated. Results showed that the friction coefficient of 
the coating surface was low and stable. Further reduction 
of the friction coefficient and the sliding distance for 
running-in was obtained with addition of silver and 
molybdenum disulfide powder. 
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ABSTRACT – In order to study the effect of spatial 
arrangement of surface texture on the elastic 
deformation of slider bearings, the deformed surface 
textured with two typical spatial arrangements of dimple 
in soft elastohydrodynamic lubrication (EHL) contacts 
is observed by using optical interferometry. The results 
show that the spatial arrangement of the dimple has a 
significant influence on the distribution of 
interferograms, i.e. elastic deformation. Owing to the 
existence of the surrounding dimples, the influence 
sphere of a single dimple is severely compressed. And 
the influence of surrounding dimples closely depends on 
their relatively spatial locations.  
 
1. INTRODUCTION 

Surface texture has long been proven to be an 
effective method to improve tribological properties of 
lubricated sliding surfaces. The contacting surfaces 
made of metals and ceramics are usually assumed to be 
rigid both in experiment and simulation, because the 
elastic deformation of the textured surface is usually 
tiny to be ignored [1-2]. However, the situation becomes 
significantly more complicated with respect to soft 
tribo-contacts, such as joint prosthesis and elastic 
sealing rings. Under these circumstances, the elastic 
deformation of textured surface has been numerically 
found to impact the tribological properties significantly 
[3-5]. 

To date, there are few researches works about 
experimental study on the elastic deformation of 
textured surfaces. Observation of the deformed surface 
around the single dimple was realized by using optical 
interferometry in our previous study [6]. However, 
surface texture is usually applied in arrayed form in 
practice [7], future experimental study is needed to 
investigate the effect of spatial arrangement of dimple 
on the elastic deformation of the soft surface. 
 
2. METHODOLOGY 

In order to investigate the deformation of textured 
surface, a simple and low-cost chemical deposit 
approach was applied to form a thin reflective layer of 
silver on the surface of polydimethylsiloxane (PDMS) 
substrate. A BK7 glass disk was driven to rotate against 
the substrate of PDMS. The observation on the 
deformed surface around the dimple in soft-EHL 
conformal contacts was realized and conducted 
systematically under a simple sliding condition with 

constant loads by using optical interferometry (Figure 1). 
 

 
Figure 1 Schematic diagram of the slider-on-disc setup 

using optical interferometry. 
 

The designed configuration of the micro-dimple 
with diameter d=600 μm and interval L=1200 μm is 
shown in Fig.2(a), while Fig.2(b) show the morphology 
of the micro-dimple measured with a while-light 
interfering 3D profilometer and the image of the 
original PDMS slider sample used in this experiment. 

 

 
(a) Designed configuration model of the round patterns. 

 

 
(b) Morphology of textured PDMS slider. 

Figure 2 Model and 3D profile of textured surface. 
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3. RESULTS AND DISCUSSION 
The typical interferogram obtained in dimpled 

soft-EHL contacts with different spatial arrangements 
under the condition of light load and the corresponding 
sketch of deformed surface are presented in Figure 3. In 
these and the following figures, the inlets of the contacts 
are on the left of the figure and the flow direction of the 
lubricant is labelled by a yellow arrow in the 
interferograms. 

The fringes around the centre dimple regardless of 
the spatial arrangement pattern keep similar, i.e. the 
fringes bending upstream at the trailing edge of the 
dimple indicate the PDMS slider surface nearby 
becomes convex. However, the sphere of the influence 
of the centre dimple in pattern (Ⅰ) is sharply 
compressed by surrounding dimples compared with that 
in pattern (Ⅱ). 

 

 
(a) Typical interferograms. 

 

 
(b) Corresponding sketch of pattern (Ⅰ). 

Figure 3 Typical interferogram and corresponding 
sketch of deformed surface with light load F=6.86 N 

and U=7.854 mm/s. 
 

The typical interferogram obtained in dimpled 
soft-EHL contacts with different spatial arrangements 
under the condition of heavy load and the corresponding 
sketch of deformed surface are shown in Figure 4. 

The feature of crescent-shaped and mushroom-
shaped fringes around the dimple in pattern (Ⅱ) present 
obviously and integrally, while those in pattern (Ⅰ) 
become indistinct and merge together with adjacent 
fringes. The regions occupied by the mushroom-shaped 
fringes around the center dimple present positive 
surface deformation. Special attention deserves the fact 
that the surface under the crescent-shape fringes 
becomes protuberant (negative deformation) owing to 
the stacking of materials caused by the shear strain, just 
as shown in the sketch. 

 

4. CONCLUSION 
The spatial arrangement of dimple has a significant 

influence on distribution of interferograms, i.e. elastic 
deformation, in soft-EHL contacts. Owing to the effect 
of the surrounding dimples, the influence sphere of a 
single dimple, especially when dimples evenly 
distributed as square array, is severely compressed. 

The influence intension of surrounding dimples 
closely depends on their relatively spatial locations, the 
influence of the spatial arrangement of the dimples 
mainly comes from the dimples which stay at dead 
astern or ahead in the sliding direction. 

The effect of the spatial arrangement of the dimple 
on elastic deformation becomes increasingly obvious 
along with the growth of the applied load. 

 

 
(a) Typical interferograms. 

 

 
(b) Corresponding sketch of pattern (Ⅰ). 

Figure 4 Typical interferogram and corresponding 
sketch of deformed surface with heavy load F=18.62 N 

and U=7.854 mm/s. 
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ABSTRACT – The wear behavior of three laser cladded 
high speed steel (HSS) alloys and one conventional spun 
cast HSS alloy was investigated by using a pin on disc 
tribometer at room temperature as well as at 500°C. Due 
to higher hardness and refined microstructure, laser 
cladded HSS alloys showed superior wear resistance and 
steady coefficient of friction at room temperature. But at 
500°C, the casted HSS alloy showed the best wear 
resistance due to the rapid development of a stable oxide 
tribofilm. Among the laser cladded HSS alloys, the alloy 
with greater carbide volume fraction showed superior 
wear resistance at 500°C. 
  
1. INTRODUCTION 

High speed steel (HSS) alloys are key engineering 
materials showing an excellent combination of strength, 
hardness, wear and corrosion resistance [1]. Due to 
exceptional material properties, these alloys are used 
largely in variety of applications such as hot rolling, hot 
stamping, cutting tools and high speed machining [2]. 
Conventional casted HSS received greater attention, 
although these are composed of networks of coarser grain 
boundary carbides with grain size ranging from 20-
200µm [3]. To improve the fatigue strength and crack 
propagation, further refinement of the microstructure is 
necessary which can be achieved by laser cladding 
process due to high cooling rates [4-5]. The laser 
cladding process is a manufacturing technique, which 
uses absorbed laser energy as a heat source to deposit 
clad layers of advanced properties onto the substrate [6].  

In the past, limited work was done on the wear 
behaviour of laser cladded HSS coatings, further limiting 
these investigations to only thin deposits [7–9]. However 
Hashemi et al. investigated thick HSS deposits at various 
sliding speeds for the oxidative wear [3]. The current 
investigation addresses the wear characterization of thick 
HSS laser clads both at room temperature and at 500°C 
by taking into account the effect of oxidation. 

  
2. EXPERIMENTAL 

A CSEM high temperature pin on disc tribometer 
was used for friction and wear characterization of one 
spun cast HSS alloy and the three laser cladded HSS 
alloys. Laser cladding of HSS alloys was performed by 
using a 4.0 kW TRUMPF Nd:YAG laser source. Laser 
cladding was performed on 42CrMo4 cylindrical 
substrate of 50mm diameter. The maximum multilayer 
laser clad thickness was 20mm. Pins of 10mm diameter 
were machined from the casted and laser cladded HSS 

samples by a wire Electric Discharge Machine (EDM). 
Wear testing were performed at room temperature and at 
500°C under a constant applied load of 5N for a sliding 
distance of 2000m. Low carbon steel discs of 50mm 
diameter were used as counter surface. The composition 
of major alloying elements of HSS alloys is listed in 
Table 1.  

 
Table 1 Major alloying elements for HSS alloys (Wt.%). 

Materials Cr V W Mo Co 
Cast HSS 4.5 4-6 - 5 - 
LC1 4.3 3-5 5.6 4.6 - 
LC2 4.1 3-5 5.6 4.6 3-5 
LC3 4.3 3-5 4-7 4-6 - 

 
A KEYENCE VHX-5000 optical microscope was 

used for the measurement of the wear diameter of pins. A 
JEOL JSM-7200 field emission Scanning Electron 
Microscope (SEM) equipped with Energy Dispersive X-
ray Spectroscopy (EDS) sensors was used for 
microstructural and elemental analysis of the HSS alloys 
and the wear tracks. The wear rates were calculated from 
the volume loss of the pins based on the wear diameters 
[10–12]. 

 
3. RESULTS AND DISCUSSION 
3.1  Microstructure and hardness 

The microstructure of the spun cast HSS alloy 
consists of primary MC and eutectic M2C carbides along 
with dark secondary precipitates of Vanadium rich 
carbides. For laser cladded HSS alloys, the 
microstructure consists of continuous network of fine 
eutectics of VC and M2C carbides. While the refined 
martensitic matrix is enriched with M23C6 carbides along 
with the nano size secondary precipitates of complex 
carbides. In addition, LC2 contains 3-5% of Co which is 
homogenously distributed within the matrix. Addition of 
Co provides strength to the matrix at high temperature. 
SEM micrographs of four HSS alloys are shown in 
Figure 1 and micro hardness (HV) of these alloys is listed 
in Table 2. 

 
Table 2 Micro hardness (HV0.5) of HSS alloys. 

Materials Hardness (HV0.5) 
Cast HSS 660±10 
LC1 710±15 
LC2 780±10 
LC3 810±12 
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Figure 1 SEM micrographs (BSE) of (a) LC1 (b) LC2, 

(c) LC3 and (d) Cast HSS. 
 

3.2  Friction and wear characterization 
The mean coefficient of friction of cast HSS is 

slightly higher at room temperature (0.6 at 25°C) when 
compared to the laser clad HSS alloys (0.55 at 25°C), but 
at 500°C all four HSS alloys exhibited the same stable 
friction behaviour with a mean value of 0.6 as shown in 
Figure 2 for LC1. 

  

 
Figure 2 LC1 friction coefficient plots at 25°C & 500°C. 

 
The cast HSS showed a higher wear rate at the 25°C 

as compared to the laser cladded HSS alloys, see Figure 
3. The highly refined microstructure of laser cladded HSS 
alloys provided strength to the matrix to resist the 
abrasive wear (third body abrasion) which was dominant 
at room temperature. The highest wear rate of the cast 
HSS and the low values for laser cladded HSS alloys are 
justified by the lowest and highest hardness respectively.  

Oxidative wear was the dominant wear mechanism 
at 500°C and third body abrasive particles combination 
of oxide & carbides debris, wore the matrix. Although 
carbides cracking was observed in the case of cast HSS 
but it still showed exceptional wear resistance as 
compared to the laser cladded HSS alloys at 500°C which 
is perhaps due to the formation of a very stable oxide 
layer on the matrix, see Figure 4. During the contact, 
larger carbides provided the mechanical support, i.e., 
load bearing capability, helping in the formation of the 
oxide layer on the matrix. 

 

 
Figure 3. Wear rate of HSS alloys at 25°C. 

 

 
Figure 4 SEM and EDS plots of cast HSS (a & c) and 
LC1 (b & d) showing wear and oxidation respectively. 

 
Due to the presence of Cr23C6 and complex nano 

carbides with in the matrices of LC1, LC2 and LC3, only 
partial oxidation is observed. As a result, the laser 
cladded HSS alloys showed poor wear resistance at 
500°C and the matrix wore off due to the oxide and 
carbide debris. Discontinuous networks of M2C carbides 
in laser cladded HSS alloys were easily peeled off due to 
poor anchorage, adding to the third body abrasion, see 
Figure 4. Among the laser cladded HSS alloys, LC3 
showed improved wear resistance due to greater carbide 
volume percentage contributing to a higher average 
hardness. Presence of Co in the matrix of LC2, added no 
significance difference in the wear performance at 
500°C. 

 

 
Figure 5 Wear rate of HSS alloys at 500°C.
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4. CONCLUSIONS 
(a) Highly refined microstructure of laser cladded 

HSS alloys reduced the abrasive contribution to 
wear at room temperature when compared to 
the cast HSS. 

(b) Cast HSS showed greater wear resistance at 
500°C than laser cladded HSS alloys due to 
rapid and stable oxidation of the matrix. 

(c) For laser cladded HSS alloys, matrix was 
partially oxidized at 500°C due to the presence 
of Cr rich carbides and complex nano carbides 
with in the matrix. 

(d) LC3 showed less wear at 500°C when 
compared to LC1 and LC2 due to higher 
carbide volume fraction. 
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ABSTRACT – In the present work studies the influence 
of technological regimes on wear resistance of coating 
formed on Ti-6Al-4V by Plasma Electrolytic Oxidation 
(PEO). The coatings were synthesized in alkaline-
aqueous solution containing 40 g·l-1 sodium aluminate 
(NaAlO2) by alternative current (AC) and controlled IK to 
IA ratio. It was established that wear resistance of the 
TiAl2O5-based coatings is greatly affected by the amount 
of α-Al2O3 (corundum). 
 
1. INTRODUCTION 

For more than 20 years, aluminium alloys with 
coatings have been used as a material for friction couples 
of mechanical seals of compressors for pumping natural 
gas, ammonia, freons etc. Although, aluminium alloys 
demonstrate several disadvantages, in particular, large 
value of the thermal expansion coefficient, low 
mechanical properties, limited temperature range of use, 
that restrict the area of application. 

Another material such as carbide ceramics for 
producing friction pairs is widely used abroad. However, 
in this case, an expensive complex production technique 
is applied [1]. 

These drawbacks can be eliminated using titanium 
alloys with wear-resistant coatings. 

Thanks to high specific strength, low density, high 
corrosion resistance and thermal stability, widely used 
industrial Ti-6Al-4V titanium alloy was selected for the 
research. 

Plasma electrolytic oxidation (PEO) is the most 
promising method of hard, wear-resistant coating 
formation on light metals and alloys [2].  

It is known, that coating growth on Ti-6Al-4V is 
realized by mechanisms: i) migration and diffusion of Ti-
cations though the coating (mechanism 1); ii) deposition 
of tetrahydroxoaluminate anoins (Al(OH) -

4) with further 
thermochemical treatment of deposed (electrolysis) 
aluminum oxide and components of the electrolyte 
(mechanism 2); iii) oxidation of the metal substrate at the 
bottom of the coating pores.  

It is possible to obtain TiAl2O5 and TiO2-based 
coatings with high amount of α – Al2O3 (corundum), due 
to realization of the second mechanism [3,4]. 

If the deposition is realised by mechanism of 
electrolysis of tetrahydroxoaluminate anoins, then it is 

certainly possible to control the amount of TiAl2O5 and 
α-Al2O3 by changing current form (IK to IA ratio), and, 
consequently, control the wear resistance of the coatings. 

The primary objective of this work was therefore to 
investigate the influence of the composition of the 
alkaline aqueous solution containing various 
concentrations of NaAlO2 and form of current on the 
phase composition and wear resistance of coatings 
obtained on Ti-6Al-4V by PEO. 

 
2. METHODOLOGY 

The coatings with the thickness approximately 60 
μm were obtained on Ti-6Al-4V using modernized 
bipolar capacitive power supply by predetermined anodic 
current density set at 5 A∙dm-2 in alkaline-aqueous 
solution (pH≈12.2) containing 20÷70 g·l-1 NaAlO2. 
Although, the coatings were obtained by various IK to IA 
ratio (IK/IA=0.8÷1.2) and the current density of anodic 
part of the AC current remained the same. 

The tribological performance of the coatings 
obtained on the alloy was researched using the disk-on-
disk test machine SMT-1, Figure 1. 

The volume wear rate Iv was used as wear resistance 
criterion, Equation (1). 

v
WI
T

=
   (1) 

Where W – volume of coating loss, mm3; T – test time, 
min. 

Two plate disks with follow dimensions were used 
for testing: outer diameter 50 mm, inner diameter 25 mm, 
thickness – 10 mm. Tests were carried out in water. The 
load (N) on the sample was 50 N. The sliding velocity 
was about 0,5 m·s-1. The test time was 90 min.  

The pin-on-disc test was carried out using automatic 
machine friction high-temperature Tribometer (CSM 
Instruments, Switzerland). The alumina (corundum) ball 
6 mm in diameter was used as a counterface. A 
counterface was fixed at the end of the mechanical tube 
and the sample was fixed perpendicular to the tube. The 
load (P) applied to the tube was 10 N. The table speed 
was 10 sm∙s-1. Air humidity was about 65% at room 
temperature. To determine the wear rate of these 
materials, the profile of worn scar was measured using 
the contact profilometer SJ-402 (Mitutoyo Corp., Japan). 
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Figure 1 Kinematic scheme of disk-on-disk test machine 

SMT-1. 
 
The wear rate of the materials was calculated using 

the Equation (2). 
1 12V R A P l − −=        (2) 

Where π - transcendental number (3.1415); R - radius of 
the worn scar - 3.4 mm; A - worn scar cross-sectional area 
of the sample, mm2; P - load, N; l - the sliding distance 
traversed by the ball - 300 m. 

To estimate the volume and weight percentage of 
the phases that were included in the coatings with a 
known structure, a unique X-Ray diffractometer (XRD) 
D5000 (Siemens) with monochromatic CoKα radiation 
and Rietveld refinement were used. 

Surface morphology was evaluated on cross-section 
fracture micrographs by scanning electron microscopy 
(model Jeol JSM-6610LV with energy dispersive 
analyzer «INCA SDD X-MAX» software INCA Energy. 

 
3. RESULTS AND DISCUSSION 

Tribological experimental data pointed out that the 
coatings formed by IK/IA=0.8 (Table 1, coating №1) 
demonstrate the highest wear resistance. The volume 
wear rate is Iv=0.080±0.011 mm3·min-1 that is almost 
more than 2 times lower than this of the coatings №3 
obtained by IK/IA=1.2. 

High wear resistance of the coatings is caused by 
minimum porosity and relatively high content of 
corundum (Table 1). 

The amount of corundum reaches 41% in the 
coatings №1, while the coating №3 contains 16%.  

The mechanism of polyanions deposition 
(electrolysis) on the working electrode is confirmed by 
these data. 

The pin-on-disc test data indicate that at the load of 
10N the average wear rate of the coatings №1 is 
V=5.3±1.5∙10-4 mm3·mm-1·N-1, that is more than 1.7 
times lower than this of the coatings №3. 

Thus, the results of pin-on-disk test completely 
correlate with the data of the disk-on-disk test by 
tribological performance tests of the PEO coatings.  

 
 
 

Table 1 Tribological data of the coatings formed on Ti-
6Al-4V by PEO. 

№ IA/IK-
ratio 

Content 
of α – 
Al2O3 
phase, % 

βv 
Volume wear 
rate Iv, 
mm3·min-1 

Wear rate 
V∙104, 
mm3·mm-

1·N-1 
1 0.8 41 15.5 0.080±0.011 5.3±1.5 
2 1 34 17.1 0.142±0.011 6.8±1.8 
3 1.2 16 53.6 0.162±0.047 8.8±2.5 

 
4. CONCLUSION 

Dependency of wear resistance and technological 
regimes of PEO treatment of Ti-6Al-4V was established. 
It is demonstrated, that the wear resistance of coatings 
obtained by IK/IA=0.8 is for 1.7…2 times higher than that 
of the coatings formed by IK/IA=1.2.  
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ABSTRACT - In the present study, 8 experiments were 
conducted in dry cutting and compressed air using full 
factorial design. The controlled parameters are the 
cutting speed (20-40 m/min), the feed rate (0.1-0.2 
mm/tooth) and the fixed depth of cut (0.1 mm), 
respectively. The result depicted that the duration of tool 
life can be extended up 46.3 min with lowest Ra value 
of 0.8 µm by adopting the compressed air. Besides, the 
optimum cutting force is 5.32 N.  
 
1. INTRODUCTION 

Basically, Inconel 718 broadly applied in 
aerospace industry due to its excellent mechanical 
properties such as good corrosion resistance, strong 
creep resistance and high fatigue strength and it covered 
approximately about 45-50% of engine component 
airframes [1-3]. This nickel based alloy has been 
generally known as a hard material to be machine, that 
becomes a major factor leads to difficulties during 
machining process. Most of common problem arise 
during machining Inconel was a flank wear, notch wear, 
crater wear [2]. These wear frequently obtain during the 
machining process and will causing a deterioration of 
the cutting tool that will change cutting geometry. 
Regarding to Liao and Shiue [3], the formation of build-
up edge will be making the cutting performance 
becomes worse by increasing the flaking formation and 
also notch wear. All these formations were 
unpredictable problems that will occur during 
machining process and obviously can lead to the 
premature tool failure [4]. The aim of this study is to 
control the responses that usually affected by the 
parameters used such as duration of tool of life, surface 
roughness of the workpiece and also the cutting force 
during the machining of Inconel 718.  
 
2. METHODOLOGY 

The specimens used to conduct in this experiment 
activity include the coated carbide insert tool with 
(TiAlN) and the work piece which is Inconel 718 
material. Inconel 718 grade AMS 5663 material will be 
used in this experiment conducted. This block having a 
dimension of 154mm x 52mm x 105mm (l x w x h). 
During conducting this experiment, the block does not 
undergo any of heat treatment process. There will be 8 
experiments will be conduct during this research by 
using certain parameters value and there will be 3 
output of responses. This experiment was being divided 
into two condition weather running in dry machining or 

by using a compressed air system. The parameters range 
study based on the suggestion from Hardmetal Division 
[5]. The material removal process will undergo along 
the path that having a length of 154 mm. The machining 
of the Inconel 718 will indicate the progression insert 
wear until the value reach of 0.3 mm as stated based on 
the ISO 8688-2. The insert wear are measure each time 
after time to time for each run of the experiment. The 
lower tool wear will indicate prolong in tool life.  The 
analyses of the data collected from the experiment is 
then to be done on the Design expert 7.0 software (trial 
mode). Then the results between the both different 
cutting conditions are comparing to justify the optimum 
performance are preferable on machining the Inconel 
718 workpiece.   

 
3. RESULTS AND DISCUSSION  

Figure 1 indicates the progression wear of dry and 
chilled air machining condition. Figure 2 and Figure 3 
shows the microscopic image flank wear for both dry 
and chilled air condition. It can be notified that the flank 
wear aggressively occurred during dry condition and the 
worn region obviously can be identified. The image 
shows the coating eroded significantly under dry 
condition compare to cutting tool under chilled air 
where there is some region was fully worn but there was 
also a part of partially worn coating can be seen (Figure 
4). From the experimental results, it can be concluded 
the most of process that running in air surrounding 
produced a long tool life. The findings is significant 
with Su and his team who had conducted a comparative 
of three cooling systems (dry machining, MQL and cold 
compressed air) in a high speed milling using Nickel-
base alloy. As main conclusion that the cold compressed 
air was able to extend the tool life up 78% compare with 
the dry and it was slightly better than the system of 
MQL [6]. 

In fact, there are some author mentioned, 
advantages were no found when working at low cutting 
speeds but, at high cutting speeds the tool wear was 
significantly reduced. Therefore, compressed air system 
seems to be a good alternative for machining high-speed 
[7]. By referring to the experiment that run in high 
cutting speed, 40 m/min with feed rate of 0.1 mm/tooth, 
when the comparison made between the dry and air 
process, there can be seen a high difference of tool life 
produced from the air process versus the dry. The 
method that using an air system provide a long tool life 
during the face milling process of Inconel 718. 

https://scholar.google.com/citations?view_op=view_org&hl=en&org=12957982442865144863
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Figure 1 Wear progression of dry and chilled air 

condition. 
 

 
Figure 2 SEM image of flank wear of cutting tool 

during dry condition. 
(vc 20 m/min, fz 0.1 mm/tooth, ap 0.1 mm) 

 

 
Figure 3 SEM image of flank wear on cutting tool 

during chilled air condition. 
(vc 20 m/min, fz 0.1 mm/tooth, ap 0.1 mm) 

 

 
Figure 4 Magnification image of progressive flank wear 

cutting tool during chilled air condition. 

4. CONCLUSION 
Through variance analysis that has been 

conducted, it was found that all factors which are 
cutting speed, feed rate and also the cutting conditions, 
significantly affect the responses as well which are the 
tool life of coated carbide insert with (TiAlN), surface 
roughness of Inconel 718 and also the cutting force used 
during the face milling process of the workpiece. 
Among that these three factors, it was found that feed 
rate (fz) was the factor that most affects the responses. 
As the feed increase, the heat will generate in the 
cutting zone that will cause the deformation of cutting 
tool edge and significantly the tool will start to wear 
rapidly. In addition, the use of compressed air as an 
alternative of coolant system, it will reduce the high 
temperature in the cutting zone area and at the same 
time control the temperature from generate more heat 
that will cause a plastic deformation of the cutting tool 
edge.  
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ABSTRACT – Dimple structure has been known to act 
as a lubricant reservoir, generating hydrodynamic 
pressure and load-carrying capacity to help reducing 
friction for sliding surface. In this paper, a three-
dimensional CFD analysis was done on a simplified 
model resembling a piston skirt surface textured with 
dimple. The influence of dimple area ratio (𝜶𝒓) on 
pressure distribution in hydrodynamic lubrication was 
investigated. Largest contribution can be seen for 𝜶𝒓of 
8.1% by which an increase of 102% in load carrying 
capacity was obtained as compared to untextured surface 
with 0% area ratio.  
 
1. INTRODUCTION 

Various studies have been done by researchers to 
highlight the benefit of surface texturing. Experiment 
using test rig shown that texturing help in reducing 
friction up to 30% for either plane or ring surface [1]. 
Another experiment by the same group also obtained a 
friction reduction up to 40% [2]. Meanwhile, experiment 
using a pin on a disk test discovered that for all loads 
tested, textured surface was found to help avoid the 
transition from hydrodynamic to mixed or boundary 
lubrication, leading to friction reduction up to 75% [3].  

To clarify on how surface texturing improves 
friction and lubrication performance, numerical 
simulation was also done.  A two-dimensional CFD 
analysis on parallel sliding surfaces was studied by 
Sahlin et al. [4]. By introducing micro groove on one of 
the surfaces, a net pressure buildup and positive load 
carrying capacity were obtained thus increasing the 
separation between surfaces. A three-dimensional 
analysis was later conducted involving hemispherical 
dimple [5]. Pressure curve was shown to be asymmetric 
across the domain, with peak pressure at the dimple 
periphery which results in net pressure build up to help 
the separation and friction reduction between surfaces.  

Surface texturing come in various sizes and shapes, 
in which different parameter is opted for different 
condition. According to review by Gropper et al. [6], 
texture density also known as 𝛼𝑟 are one of the most 
influencing parameter in designing dimple texture. It is 
given by the ratio of dimples to surface area. The 
optimum area ratio of surface texturing in a reciprocating 
automotive component was analytically explored by 
Ronen et al. [7], and found to be between 5% to 20%. 
Review on previous researches by Wang et al. [8] 
suggested that for oil lubricated component, 𝛼𝑟 is 
between 5% to 13%. However, the area ratio is highly 
operation dependent, and need to be study according to 
specific condition.  

In this study, CFD method will be used to 
understand the effect of 𝛼𝑟 towards pressure distribution 
and load carrying capacity for textured piston skirt 
surfaces. As the study will focus on the fluid mechanic 
effect of different dimple parameter, other effect 
including cavitation and body forces are not yet 
considered. 

 
2. METHODOLOGY 

Numerical simulation using CFX 15.0 was used to 
solve the incompressible, steady, laminar and isoviscous 
Navier-Stokes as well as continuity equation which can 
be given by Equation (1) and Equation (2) respectively. 
𝜌(𝐮. ∇)𝐮 = −∇𝑝 + 𝛻∇2𝐮 (1) 
∇. 𝐮 = 0 (2) 
Whereby 𝜌 is fluid density which is 883 kg/m3, u is fluid 
velocity which follows sliding speed of 0.39 m/s, 𝑝 is 
fluid pressure and 𝜇 is the viscosity of lubricant which is 
0.01298 Pa.s. All fluid properties are based on real engine 
lubricant. Due to small film thickness relative to cylinder 
radius, effect of curvature can be neglected [9]. The 
surfaces of piston and cylinder is thus approximated as 
two parallel planes with no slip condition which is shown 
in Figure 1. 
 

 
Figure 1 Schematic of fluid model. 

 
Following real skirt parameter in the symmetrical, 

fluid model was set to 18.25mm and 15.5mm of length in 
x and y direction respectively while film thickness was 
0.34mm. Dimple parameter was based on a machining 
process by Dali et al. [10]  which was proven viable to be 
fabricated on piston surfaces. The dimple was simplified 
to ellipse shape with major axis of 3.2616mm, minor axis 
of 0.3968mm and depth of 63.43𝜇m.  

Grid study was done on single dimple with 
maximum 𝜶𝒓 of 9.5% and projected to the multiple 
dimples. Mesh of 584981 element was found sufficient 
to capture pressure generation with error below 5% with 

U 
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respective mesh. Projected to multiple dimple, the 
maximum mesh size is around 4.5million element. 

For this simulation, 5 cases will be simulated, which 
involve 𝛼𝑟 of 0% (untextured), 5.4%, 7.5%, 8.1% and 
maximum of 9.5% for case 1-5 respectively. The pressure 
distribution on the upper liner wall was then compared. 
Load carrying capacity, Fz was obtained directly by CFD 
solver. It was solved by area weight integral of pressure 
on the upper wall [5]. 

 
3. RESULTS AND DISCUSSION  

Figure 2 shows the pressure contour on piston 
surfaces for cases 5 and 1 respectively. 

 

 
(a) 

 

 
(b) 

Figure 2 Pressure contour for (a) 𝜶𝒓 = 9.5% and  
(b) 𝜶𝒓 = 0%. 

 
From Figure 2, higher pressure contour can be seen 

for textured surface as compared to untextured surface, 
especially at the dimple periphery. This is in accordance 
with the study by Jing et al. [5]. To give better visual on 
influence of area ratio towards pressure generation, 
pressure distribution on the midplane of sliding wall was 
plotted along y-direction for all cases simulated as shown 
on Figure 3. For convenient presentation, pressure on the 
inlet and outlet was set to 0 Pa [4].  

 
Figure 3 Pressure distribution for different area ratio. 

 
From Figure 3, it can be observed that all cases with 

dimple generate asymmetric pressure distribution. Case 
4 (𝜶𝒓 = 8.1%) shown the highest positive net pressure 
compared to other cases. This indicate that there exists an 
optimum area ratio which not need to be the maximum 
𝜶𝒓 possible. For case 2 and case 3, negative pressure is 
dominant compared to positive pressure, showing how 
surface texturing may be detrimental, if designed wrong. 
Table 1 present the effect of these pressure distribution 
towards load carrying capacity on the upper liner wall. 

 
Table 1 Load capacity related to area ratio. 

Case 𝜶𝒓 (%) Load Capacity 
1 0 -1.1907e-5 N 
2 5.4 -2.0463e-4 N 
3 7.5 -7.7924e-4 N 
4 8.1 5.8503e-4 N 
5 9.5 2.3497e-4 N 

 
From Table 1, it was observed that for Case 1 with 

untextured surface, load capacity was the lowest as a 
result of linear pressure distribution indicating no 
positive load support. Similar result was obtained for 
case 2 and 3, in which negative load support was 
obtained, as a result of negative pressure distribution. 
Meanwhile, case 4 with 8.1% area ratio shown the 
highest load carrying capacity from all cases. 
 
4. CONCLUSION 

CFD simulation study on the effect of the dimple 
area ratio towards pressure distribution and load carrying 
capacity for sliding surfaces resembling piston skirt 
found that the ar of 8.1% resulted in the largest positive 
net pressure distribution and the highest load capacity, 
which is the optimum value of the area ratio within the 
simulation range in the present study.  
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ABSTRACT - In our study, the effect of disk rotational 
speed on abrasive wear coefficients of solution treated 
Al-Mg-Si and Al-Zn alloys was evaluated. The abrasion 
tests were done at rotational speeds of 50-200RPM. A 
constant load of 10 N was applied. The grit size of 
abrasive sheet (emery paper) was 100µm.The tests were 
conducted on 60mm and 120mm Track diameters. The 
volume loss and dimensional wear coefficients were 
calculated and plotted with respect to rotational speeds. 
In the present set of experiments, as the rotational speed 
increases, the volume loss increased for both the alloys, 
wear coefficients slightly increased for Al-Mg-Si alloy 
and wear coefficients slightly decreased for Al-Zn alloy. 
 
1. INTRODUCTION 

The wear of alloys and composite materials have 
been studied especially in sliding and abrasion conditions 
since decades. It was noted that the abrasive wear was a 
most frequent wear mechanism along with sliding action 
in automobile engines, as it would ultimately affect the 
efficiency in process of combustion [1-4]. Many 
investigative studies ranging from material development 
to generation of wear mechanisms were done at different 
test conditions in the process of improving the wear 
properties [1-6]. 

Recently, Kaushik et al. [5, 6] reported on the types 
of independent and dependent variables in the abrasive 
wear process. The discussion on the interaction between 
pin surface and abrasive grit during wear was noticed. 
The parameters would affect the wear phenomenon 
positively or negatively depending on their combination 
adopted. It was further noted that limited attempts were 
made in the effect of rotational speed in the abrasive wear 
process. Hereby, an attempt has been made in this study 
to understand the effect of rotational  
speed on abrasive wear characteristics of solution treated 
alloys.  
 
2. METHODOLOGY 

The 10mm diameter cylindrical rods of Al 6061 
alloy (Al-Mg-Si alloy) and Al 7075 alloy (Al-Zn alloy) 
having densities of 2.70 and 2.81 g/cc respectively were 
chosen for the present study. The rods were machined to 
cylindrical pin samples of 27mm length and 8mm 
diameter. These obtained samples were subjected to 
solution treatment as per ASTM standards. The solution 
treatment procedure consisted of pin sample heat 
treatment followed by quenching in water at room 
temperature. The adopted heat treatment temperature for  

 

Al 6061 alloy was 530 ̊C, 3 hours and for Al 7075 
alloy was 490 ̊C, 3 hours. After water quenching, the 
samples were polished to ~1µ surface finish prior to 
abrasive wear testing. The Vickers hardness of 6ST and 
7ST samples were measured to be 97 and 173 HV 
respectively at 100g indentation load. 

The abrasion wear tests of samples were conducted 
on the modified pin-on-disk machine at 10 N applied 
load, 50-200 RPM rotational speeds (RS), track diameter 
(TD) of 60 mm & 120 mm and time duration of one 
minute. The samples were made to slide against P150 SiC 
emery paper (of grit size ~100 µm) bonded on the disk 
for each wear test. The volume loss and dimensional wear 
coefficient i.e. specific wear rate was calculated from 
weight loss (initial and final weight of sample during 
wear test) obtained. The results were represented in 
graphs which was discussed briefly in the next section. 

 
3. RESULTS AND DISCUSSION 

The influence of disk rotational speed on obtained 
volume loss and wear coefficient results of solution 
treated aluminum alloys were briefly reported in this 
section. Figures 1(a) and (b) indicate the dimensional 
wear coefficients of samples tested at 60 mm and 120 mm 
TD respectively. A change is the wear coefficient at 
different rotational speeds is shown. For 6ST alloy the 
wear coefficient vs rpm graph was observed to be 
parabolic in nature. At same 150 rpm rotational speed 
minima of 0.051 mm^3/Nm was seen at 60 mm TD and 
maxima of 0.065 was seen at 120 mm TD. Similar results 
were obtained for 7ST alloy with minima of 0.022 
mm^3/Nm and maxima of 0.048 mm^3/Nm at the same  

test conditions. This could be attributed to the 
dissimilar changes in rate of grit particles becoming blunt 
and distance abraded by the particles. However further 
investigation needs to be done on the surface of the emery 
sheets used. It was observed that the 6ST samples 
underwent more wear than 7ST samples at same test 
conditions. This behavior can be consolidated due to the 
higher hardness of 7ST alloy. This observed trend was in 
line with Archard’s wear equation [8]. 

Figures 2(a) and (b) are the worn surface images of 
the samples tested at 120 mm TD and 50 rpm. It was 
noted that continuous parallel groves formed over the pin 
surface in the direction of sliding during abrasive wear 
process. The wear tracks formed due to abrasion indicate 
the plastic flow of the material. At initial stages of the 
wear the grit particles penetrate deeper into the pin 
material. The digging phenomenon cases the formation 
of grooves on the pin surface. The progression of wear 
depends on the formation, propagation and depth of the 
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groves formed during the process. The presence of peaks 
and valleys lead to a highly non-uniform pin surface due 
to which localized friction forces arise. Due to the 
deterioration of abrasive particles during wear process 
their cutting efficiency decreases. Hereby, it is noted that 
the initial few seconds of interaction of pin surface with 
the fresh grit paper decides the cutting efficiency of the 
abraders. As time progresses the sliding of the pin on the 
emery paper releases the wear debris which tend to stay 
between the valleys of pin surface and emery paper. The 
abrasive grits on the emery paper would act as micron 
sized cutting tool and the orientation of the cutting edges 
decides the material removal during wear process [6,7].  
 

 
(a) 

 

 
(b) 

Figure 1 Variation of dimensional wear coefficients of 
Al 6061 and Al 7075 alloys at various rotational speeds 

and track diameters of (a) 60 mm and (b) 120 mm. 
 
4. SUMMARY 

(a) The abrasive wear tests were performed to 
understand the influence of the rotational speeds 
on the wear coefficients.  

(b) The wear coefficients of 6ST alloy were higher 
than those of 7ST alloy samples at all test 
conditions. This is due to higher hardness of 7ST 
alloy than 6ST alloy. 

(c) With increase in rotational speeds, the 
dimensional wear coefficients slightly increased 
for Al 6061 alloy and slightly decreased for Al 
7075 alloy.  

(d) The change in wear behavior was observed at 
150 RPM at both track diameters. 

(e) The cutting and digging efficiency of the 
abrasive grit depends on the orientation of the 
grit particles over emery paper surface. 

 
(a) 

 

 
(b) 

Figure 2 Worn surface images of (a) 6ST (b) 7ST 
samples tested at 120mm TD and 50 rpm rotational 

speed. 
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ABSTRACT – The sintered stainless steels of the 
different microstructure (austenitic, ferritic and duplex) 
were laser alloyed with different carbides (SiC, Si3N4) 
and powders (Cr, FeCr, FeNi) to obtain complex steel 
microstructure on the surface with improved corrosion 
and wear resistance. Laser alloying processing conditions 
on the material erosion resistance was evaluated. 
Different strategies for introducing alloying powder 
during laser alloying were applied: direct feeding to the 
molten metal pool during alloying and filling grooves 
machined on the sample surface by powder, and then 
laser surface melting. 
 
1. INTRODUCTION 

Sintered stainless steel provides excellent 
advantages for traditional manufacturing routes like 
milling for small size components of complex shape 
produced in large series, i.e. for automotive applications. 
Sintered stainless steels are cost effective and offer 
adequate corrosion resistance, oxidation resistance and 
mechanical strength. However, when compared to 
wrought stainless steels with the similar chemical 
composition the sintered materials show lower 
mechanical properties due to inherent porosity of powder 
metallurgy (PM) components. The laser surface 
treatment (remelting, alloying, cladding, etc.) shows 
many possibilities to improve PM stainless steel 
properties, like the corrosion resistance, cavitation 
erosion resistance and wear resistance. Different 
strategies of laser surface treatment can be adopted for 
such improvement. One of the most promising is the laser 
alloying with hard particles (carbides, nitrides, borides) 
or their compound with the addition of passive state 
improving elements [1,2]. 
 
2. METHODOLOGY 

Three types of sintered stainless steel were sintered. 
The austenitic 316LHD powder of 16.4%Cr, 13.0%Ni, 
2.5%Mo, 0.9%Si, 0.1%Mn, 0.02%C. The ferritic 
stainless steel 410LHD of 11.9%Cr, 0.15%Ni, 0.8%Si, 
0.08%Mn, 0.09%C. The third one was produced using 
410LHD as starting base powder and then mixed with 
addition of alloying element powders, such as Fe-Cr, Ni 
and Mo in the right quantity to obtain chemical 
composition similar to duplex stainless steel - 22.72Cr, 
8.1%Ni, 2.0%Mo, 0.70%Si, 0.06%Mn, 0.03%C - 
corresponding to duplex stainless steel X2CrNiMo22-8-
2 acc. to EN designation system.  

Prepared powders were compacted at 700MPa and 
sintered in a vacuum with Ar backfilling at 1250-1260°C 

per 60 min. The laser surface alloying was done using 
Rofin DL 020 (HPDL) laser with rectangular laser beam 
spot of 1.8-6.8mm at Ar atmosphere with the laser beam 
power of 0.7 kW, 1.4 and 2.1 kW. The surface of sintered 
stainless steel was alloyed with different powders: Cr, 
FeCr, FeNi, SiC, Si3N4 using different strategies: the 
powder injection directly into the molten metal pool by 
the feeder applied on the surface by filling the parallel 
grooves (depth of 0.5 and 1.0 mm of a triangular shape) 
machined on the sample surface.  

The erosion tests were performed to determine the 
erosion rate by solid particle impingement in a gas 
stream. The solid particles used for the erosion tests were 
natural angular alumina sands with a size of 80 μm. The 
erodent particle velocity was 70 m/s, and the feed rate of 
the erosive sand was 2.0 g/min. The distance from the 
nozzle tip to the tested surface was kept at 10.0 mm. The 
angle of the particle impingement on the surface was 90°. 
The erosion test duration was 10 min. The samples were 
weighed before and after the erosion test to calculate 
weight loss. 
 
3. RESULTS ANS DISCUSSION 

The erosion tests of laser alloyed stainless steels 
with different alloying strategies, where the Cr powder 
(feed directly to the molten pool) and FeCr, FeNi (feed 
directly to the molten pool and alloyed by filling the 
parallel grooves machined on the samples) and carbides 
SiC and nitride Si3N4 filled into parallel grooves 
machined on the samples, shows a relative weight loss in 
the wide range from 0.08 to 0.7 ‰ (Figs. 1, 2).  

In the case of non-laser treated stainless steels (as 
sintered conditions) the lowest relative weight loss was 
found for 410LHD ferritic steel, which was 0.09 ‰, 
while for austenitic 316LHD and duplex X2CrNiMo22-
8-2 steel was 0.10 and 0.11 ‰ respectively. The sintered 
stainless steels in as sintered conditions, without laser 
surface treatment, show a lower relative weight loss of 
material during the erosion test compared to most of the 
laser alloyed samples. This phenomenon can be 
explained by the low hardness of the sintered material, 
and high plasticity and porosity, which during the erosion 
test undergoes plastically deforms by erodent 
impingement and causes its local densification, thus not 
causing the observed loss of material weight. The erosion 
resistance of stainless steel surface layers after laser 
alloying was made for an erosive angle of 90°, for which 
the material is consumed as a result of spalling out of 
micro-sized hardened material particles, exhibiting 
brittle-type behaviour, characteristic for brittle materials. 
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The results of erosion tests depend on the amount of 
alloying material delivered to the liquid metal pool 
during alloying. Basing on relative weight loss after 
erosion test, it was found that the increase of the laser 
power during alloying of the austenitic steel 316LHD 
with Cr and FeCr powders introduced to the liquid metal 
pool by the feeder reduces the erosion rate of the surface 
layer. In the case of ferritic steel 410LHD alloyed with 
FeNi powder also introduced to the alloying zone by the 
feeder, the lowest relative weight loss of 0.08 ‰ was 
obtained for alloying with a 2.1 kW laser beam power 
(Fig. 1a). The results of alloying using the powder feeder 
are strongly related to applied laser beam power. In 
general, the use of a maximum laser beam power of 2.1 
kW increases the resistance to erosion of the alloyed 
surface of studied stainless steels. For samples with 
milled grooves filled with alloying powder and then 
remelted, it was found that the higher resistance to 
erosion wear shown alloyed layers obtained on the 
surface where 2 grooves of 1.0 mm were prepared (Fig. 
1b). 

 

 
Figure 1 The relative weight loss in erosion test of 
stainless steels alloyed with a) Cr, FeCr and FeNi 

powders feed directly to the molten metal pool and 
alloyed with different laser beam powers, scanning rate 

0.5 m/min, b) FeCr and FeNi powders filled into 
grooves machined on the surface, laser beam power 2.1 

kW, scanning rate 0.3m/min. 
 
Figure 2 presents the relative weight loss after the 

erosion test for austenitic 316LHD, ferritic 410LHD and 
duplex X2CrNiMo22-8-2 steel, alloyed with SiC and 
Si3N4 powders, where the powder filled grooves milled 
on the surface sample. The SiC alloyed surfaces (Fig. 2a) 
shows the lowest weight loss for a surface with 3 grooves 
with a depth of 0.5 mm. The SiC alloying of 410LHD 
ferritic steel with 3 grooves of 1.0 mm increases the 
relative weight loss of the samples to 0.7 ‰, which is the 
maximum value compared to the other tested samples. In 
this case, numerous cracks in the alloy layer and porosity 
were observed in the area of erosion crater. Such low 
resistance to erosive wear results from high saturation of 
the surface layer in carbon, which created many 
precipitates of hard carbides and silicides which break 
brittle under the influence of the erodent and accelerate 
the weight loss of the surface in an expedited manner. 

In the case of laser surface alloying with Si3N4 

(Fig. 2b), the relationship between surface preparation 
technology by milling grooves and resistance to erosive 
wear was not disclosed. For austenitic and ferritic steel 
alloyed with Si3N4 powder, filled into 3 grooves with a 
depth of 0.5 mm in areas of erosion crater test various 
porosities were observed, which testify an intensive 
spalling of micro-sized material volume because of 
surface fatigue during the test. The lowest relative weight 
loss of 0.36‰ was registered for duplex steel grade 
where the powder filled two grooves of 1.0 mm. 
 

 
Figure 2 The relative weight loss in erosion test for 

austenitic, ferritic and duplex stainless steels alloyed 
with a) SiC powder, b) Si3N4 powder filled into grooves 

machined on the surface, laser beam power 2.1 kW, 
scanning rate 0.3m/min. 

 
4. CONCLUSION 

The erosion resistance of the tested steels slightly 
deteriorates depending on the applied surface laser 
treatment conditions with respect to as the sintered state. 
Sintered stainless steels without laser alloying undergo 
local compaction during perpendicular striking of 
erodent to the surface, but after they have been laser 
alloyed, thus hardened, starts to brittle breaks and 
crumbling in an accelerated manner of successive layers 
of hardened material. The erosion wear is lower for Cr, 
FeCr, FeNi laser alloying, where powders were dissolved 
in the microstructure, and hard phases were not 
precipitated – introducing powder directly to the molten 
metal pool. The erosion wear at the incidence angle of 
90° of the erodent is high for hard and therefore brittle 
surface layers obtained as a result of alloying by hard 
particles (SiC, Si3N4). On this basis, it can be expected 
that at lower incidence angles close to 45° their erosion 
resistance can be higher. 
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ABSTRACT – In recent years, there is a growing interest 
in the application of Nano-composite coating on the 
cutting tools to increase the wear resistance and high 
thermal stability. To reduce the friction and enhance the 
wear resistance, the hard Nano composites Yttria-
Stabilized Zirconia (YSZ), Silicon carbide (SiC) and 
Aluminum oxide (Al2O3) show high performance 
capabilities. This article attributes a specific study of the 
application of YSZ, SiC and Al2O3 hard nanocomposite 
coatings which have been deposited on a carbide tool by 
electrostatic spray coating (ESC) technique. The coatings 
have been tested for wear and friction behavior by using 
a pin-on-disc tribological tester using a Ti-6Al-4V disc 
and hard nanocomposite coated carbide tool (pin) at 
ambient atmosphere. The electrostatic Nano-composite 
coated tools performed better and the outcome is 
expected to be useful in various industrial applications. 
 
1. INTRODUCTION 

For several decades, the refractory metal nitrides 
such as CrN and ZrN have been considered as hardening 
layers for cutting and forming tools due to their 
exceptional mechanical and tribological properties [1]. 
Hard nitride coatings were largely used in various types 
of cutting tools, which enhance the tool life, increase 
productivity and improve surface finish. [2]. Despite the 
fact of their outstanding properties, they were still 
inadequate for high temperature applications. During 
machining of titanium alloy, basic challenges such as 
high heat stress, variation of chip thickness, spring back, 
high pressure loads, residual stress and high machining 
costs were confronted. They acquire biological 
compatibility, excellent corrosion resistance, high 
strength to density ratio corresponding to other metals. 
However, their mechanical and chemical properties lead 
to poor machinability [3]. Titanium alloy is a poor 
conductor of heat, thus most of the heat produced by the 
cutting action is intensified on the tool rake (about only 
50% of the heat developed is consumed into the tool 
when machining steel) [4], which in turn rises the 
temperature at the tool workpiece interface which affects 
the tool wear. Thus, in order to machine the Ti-6Al-4V 
alloy the tool material must have adequate hardness at 
high temperatures. Unfortunately, the increase in 
hardness is accomplished generally at the expense of 
strength and fracture toughness which makes the tool 
prone to chipping. To subdue these issues, an efficient 
approach is crucial for the successful application and 
sophistication of modern cutting process. 

The current study emphasizes the role of coating the 
tool materials by means of Electrostatic Spray Coating 

(ESC) technique to enhance the cutting tool life. The 
friction behavior and wear mechanism were investigated 
by using the pin on disc tribological tester. The tungsten 
carbide pin (tool) was coated with nanostructured YSZ, 
SiC and Al2O3 thin film produced by ESC technique and 
the disc material being titanium alloy. In this article 
efforts have been made to perceive the effectiveness of 
the YSZ, SiC and Al2O3 coating on the tool wear. ASTM 
G99 standard pin on disc tribometer was used to perform 
tribological tests. Substantial resistance to wear on the 
pin was observed by the YSZ coating. 
 
2. METHODOLOGY 
2.1 Electrostatic spray coating (ESC) 

Electrostatic spray coating is a process where nano 
particles are deposited electrostatically onto a conducting 
earthed substrate. The coating material (nano particles) 
were charged in a corona charger (nozzle) which is 
connected to a high voltage generation unit. The charged 
particles are transferred to the substrate which is under 
the influence of electrostatic force. The particles adhere 
to the substrate mainly due to coulomb attraction between 
the nano particles and the charges created on the 
substrate. 
 
2.2 Dry sliding wear 

Pin on disc tribometer was used to perform the dry 
sliding tests on Ti-6Al-4V alloy disc and tungsten carbide 
pin. The test was performed at ambient temperature with 
a relative humidity of 36%. For friction and wear test the 
following conditions were tested, as follows. 

(a) Dry sliding of Titanium alloy disc specimen 
against uncoated tungsten carbide pin. 

(b) Dry sliding of Titanium alloy disc specimen 
against YSZ, SiC and Al2O3 coated tungsten 
carbide pin. 

Table 1. Experimental conditions 
Process parameters Value 
Disc rotation speed [rpm] 
Sliding speed [m/s] 
Normal load [N] 
Test duration [min] 

500  
0.75, 1.25, 1.75, 2.25, 2.75  
20  
30  

 
3. RESULTS AND DISCUSSION 

Tribological tests were conducted under two 
conditions (Coated and Uncoated) to investigate the 
performance of the ternary coating under dry sliding 
condition. In this study, frictional force, wear rate and 
temperature at contact interface were investigated. 
Notable reduction in the wear rate and frictional force 
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were observed during dry sliding contact interface with 
coated pin. 

The impact of hard coating on the pin specimen 
under dry sliding condition and wear of the pin material 
were examined. 

 

 
(a) 

 
(b) 

Figure 1 Tribological characteristics (a) Wear rate 
against sliding speed and (b) coefficient of friction 

against sliding speed. 
 

Figure 1(a) depicts the results through various 
experimental conditions, it can be summarized that the 
uncoated pin specimen exhibited considerable adhesion 
and resulted in significant material removal. The lower 
wear rate with hard coating is possibly due to the brittle 
nature of the ceramic material. It is apparent from figure 
1(b) that the introduction of hard nano composite coating 
significantly reduces the friction as the sliding speed and 

temperature increase. Increased sliding speed of coated 
pin probably promotes the resistance of wear and 
subsequently decreases the frictional force even at high 
temperatures.  
 
4. CONCLUSION 

The wear behavior of YSZ, SiC and Al2O3 coated 
tungsten carbide tool material subjected to dry sliding 
condition was investigated to analyze the effects of 
sliding speed. The results revealed that as the sliding 
speed increases the frictional force between the contact 
surfaces decreases and exhibited better surface finish in 
the presence of hard nano composite coating. The 
tungsten carbide tool material coated with YSZ, SiC and 
Al2O3, showed a good thermal shock resistance due to its 
low thermal conductivity and chemical inertness. The 
predominant wear mechanism transpired high wear in the 
absence of hard nano composite coating due to high 
adhesion and plastic deformation at the contact interface 
as the sliding speed increased. The wear mechanism for 
dry sliding along with hard nano coating on the tool 
material, which increases the tool persistence and 
estimate the operating conditions that ensure high 
performance both in machine elements and cutting tools. 
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ABSTRACT – The advance of Rapid Prototyping 
technology especially Fused Deposition Modeling 
(FDM) has significantly improved the process of 
preparing a biomodel using Computer-Aided Design 
(CAD) and data from medical imaging. There are many 
factors are implicated in the accuracy of the 3D 
model. However, fabricated for hip and pelvis 
orthopedics surgical model has relatively inferior 
surface quality, majorly suffer from rough, uneven and 
coarse surface texture which effects the dimensional 
accuracy even for basic part geometries. In the present 
paper, poor surface texture is mainly influenced by 
tessellation of the original CAD model and image 
segmentation from CT scan data during the 
manufacturing process. Surface analyze was carried 
out by using Scanning Electron microscope (SEM). 
Coordinate Measuring Machine (CMM) was used to 
measure the dimensional accuracy of 3D model and 3D 
virtual model was measured by using Invesalius 3.0 
software. However, the results have shown that theFDM 
3D model is considered acceptable for hip and pelvis 
orthopedics surgical. 
 
1. INTRODUCTION 

Since this RP technology is still new in Malaysia 
and its application is still not widening in various 
sectors, hence this research will provide better view of 
the RP technology and process especially in medical 
sector which are related to the surgery procedure. 
Therefore, this study will focus on the steps of 
processing the 3D biomodel by using the rapid 
prototyping technology based on the CT scan data 
starting with conversion of 2D image of CT scan to 3D 
model by using specified software. The RP technique 
used in this research is Fused Deposition Modeling 
(FDM), since this technique is simple which involve 
with no loss of material and no requirements need to the 
environment of the machine.  

The statistic of general road accident data in 
Malaysia a total of 521,466 accidents were recorded in 
2016, an increase from 489,606 in 2015 [1]. Effects of 
these road accidents, more than thousand people die 
each year, and some of them may suffer with serious 
injuries such as broken legs, dislocation of ball joint of 
femur, bone fractured and many more. As a result, 
surgery must be done in order to repair a defect of the 
fractured bone. However, the plan on surgery must be 
done accordingly before any operation on the fractured 
bone is performed [2-4]. The 3D biomodel replica of 
this part will be needed by surgeon in order to analyze 

the fracture occur on the bone. Therefore, this research 
study focused on the CT scan data of road accident 
victim. This data is evaluated and analyzed in order to 
identify the proper solution on the fracture bone. 
 
2. FUSED DEPOSITION MODELING (FDM) 

Nowadays, Fused Deposition Modeling Rapid 
Prototyping (RP) technology has become popular and 
widely used not only in manufacturing industries but it 
has been extensively used in medical applications, for 
instance its ability to produce physical model of 
anatomic structure which has given numerous benefits 
to the surgeon in the process of diagnosis, surgery 
planning and to manufacture the custom implants [2-5]. 
 
3. METHODOLOGY 

Figure 1 shows the general procedure that has been 
conducted for creating the model of hip and pelvis part 
taken from CT scan data. Coordinate Measuring 
Machine (CMM) is a 3D device used for measuring the 
physical geometrical of biomodel replica of hip and 
pelvis part. The dimension is measured by touching the 
mechanical probe at the point of interest. 

 

 
Figure 1 procedure for creating medical models. 

 
4. RESULTS AND ANALYSIS 

Figure 2 shows Scanning Electron microscope 
(SEM) was used to examine the microstructure from 
surface view image of 3D model. It is found that there 
many voids air gap that occurs on the structure.  

As shown in Figures 3 and 4 the dimension value 
of both 3D replica and virtual model is measured and 



Yusoff et al., 2018 

381 
 

the value is recorded for each part. 3D replica model is 
measured by using Coordinated Measuring Machine 
(CMM), whereas for 3D virtual model, the dimension of 
each part is calculated through measure distance 
function in Invesalius 3.0 software. Table 1 shows the 
evaluation on the percentage errors generated during 
fabrication process of hip and pelvis part is carried 
out.A comparison between linear measurements of eight 
landmarks on the virtual model of bone and its replica is 
conducted. The virtual model is measured by using 
Invesalius 3.0 software, whereas the replica model is 
measured by using CMM. Based on the Table 1 above, 
the data show that the range of the percentage error 
between Invesalius3.0 software and CMM is between 
1%-8.88%. Supposedly, CMM can give more accurate 
value. The main reason is Invesalius 3.0 software is 
normally used for visualization purpose and it is not 
suitable for segmentation the image. As a result, poor 
and rough image segmentation from CT scan data; it 
cannot be cleaned and smooth before converting into 3D 
image which cause rough surface texture. Secondly, 
FDM fabricates part layer by layer which causes the 
effects of stair steps on surface texture as show in 
Figure 2.  

 

 
Figure 2 Microstructure from surface view 

 

 
Figure 3 Measured value using Invesalius 3.0. 

 

Figure 4 Measured value using CMM. 
 

Table 1 The percenatge error. 

 
 

Thirdly, the nature of anatomic structure of hip and 
pelvis shapes caused it is difficult to measure the actual 
point on desired area, particularly during setting the 
reference axis. The recommendation for developing this 
research in the future is to use MIMICs software for 
image segmentation, thus the surface of CT scan image 
can be cleaned, and the prototype can be produced with 
good quality surface finish. It is suggested touse 
different techniques, then compare the results in terms 
of accuracy, material, cost, and build time can be 
evaluated to distinguish which RP techniques is most 
suitable for producing prototype. 
 
5. CONCLUSION 

Using Rapid Prototyping technology, the 
fabrication process of the biomodel is much 
convenience and its brings much benefit in terms of 
time, cost and material usage. Furthermore, with the 
used of rapid prototyping it enables surgeon to carry out 
preoperative planning and at the same time provide 
selection for corrective design implant. 
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ABSTRACT – Journal bearing is one of the major 
components especially for the equipment dealing with 
continuous rotating speeds and heavy load. Lubricant 
also plays an important role to determine the 
performance of journal bearing. In this study, the 
pressure distribution of Palm Mid Olein (PMO) 
lubricant was investigated along the bearing 
circumferences and compared with Mineral oil based 
lubricant (SAE 40) using journal bearing test rig. It was 
found that at lower load, PMO presented higher 
maximum pressure compared to SAE 40. It was also 
observed that the increase in radial load caused an 
increase in maximum pressure. However, the position of 
maximum pressure has not changed with increasing 
radial loads.  
 
1. INTRODUCTION 

As the machinery technology is keep expanding all 
over the world, the very high efficiency of machining 
operation is crucial to achieve optimum desired output. 
The competition is becoming more interesting as 
technologist nowadays coming out with brilliant ideas 
to provide tremendous improvement over the years [1]. 
Journal bearing is one of the machine elements that 
contribute high impact to the machine optimization 
itself. It has been revolution in many years and playing 
a big role in machining industry especially in rotating 
equipment. Nowadays industry is demanding high 
efficiencies of rotating equipment and less energy 
consumption [2]. Journal bearing consists of two major 
parts known as shaft or journal and bearing or bushing. 
As a fundamental, the shaft is freely moving inside the 
bearing and transmits the power to the other mechanism 
in the system for various purposes [3]. Commonly 
journal bearing is operated in hydrodynamic lubrication 
regime. This is the condition where the load carrying 
surface of the bearing is separated by the thick film 
lubricant to avoid metal to metal contact thus reduce 
coefficient of friction [4-6]. Generally, the pressure 
profile distribution of fluid film is one of the main 
criteria to evaluate the bearing performance.  

The investigation on journal bearing performance 
usually started from the basic Reynolds equation. It has 
been used by researchers as fundamental concept for 
further derivations. The Reynolds basic equation 
compromises the relation of pressure, velocity and 
friction [7]. The general equation for pressure 
distribution throughout the bearing circumferential 
given by Reynolds is as follow: 

𝑑
𝑑𝑥

(
ℎ³
𝜇
𝑑𝑝
𝑑𝑥

) = 6𝑈
𝑑ℎ
𝑑𝑥

 

 
However, a few assumptions have been made to 

comply with this equation as followed: 
(a) The lubricant is Newtonian 
(b) The flow is laminar 
(c) The lubricant is incompressible 
(d) No changes in viscosity throughout the bearing 
(e) The fluid’s inertia is neglected 
(f) Constant pressure in axial direction 
In this study, Palm Mid Olein was used as 

lubricant in journal bearing test rig. The aim of this 
study is to investigate the performance of Palm mid 
Olein by evaluating the pressure profile along the 
bearing circumference with respect to the changes in 
applied radial load.   
 
2. METHODOLOGY 

    The journal bearing test rig was used in the 
experiment as shown in Figure 1. The tested bearing 
was equipped with 12 pressure sensors installed on the 
bearing circumference with interval of 30°. The 
lubricant was contacted to the diaphragm sensors 
through 0.5mm holes drilled on the inner surface of the 
bearing. The bearing was then mounted on the shaft 
axially. The pressure sensors inverted the signal and 
gave the real time pressure reading. 

During the test, journal speed was maintained at 
200 rpm while load was applied at 10 kN and 20 kN. 
The length to diameter ratio of the bearing was 0.5 with 
clearance of 52μm. Palm Mid Olein (PMO) and Mineral 
Engine Oil (SAE 40) were used in this study as 
lubricant. The kinematic viscosities of PMO and SAE 
40 at 40°C were 0.0299 Pa.s and 0.0897 Pa.s 
respectively. 

 

      
Figure 1 Journal bearing test rig. 
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3. RESULTS AND DISCUSSION 
The graph of pressure distribution along the 

bearing circumference was plotted as illustrated in 
Figure 2. With the same operating condition, it was 
found that the maximum pressure was observed at 195° 
for both SAE 40 and PMO. The PMO exhibited higher 
maximum pressure than SAE 40 at 6.440 MPa while 
SAE 40 had shown the pressure of 5.682 MPa. The 
higher the pressure represented, the higher the ability of 
the lubricant to counter the forces either from the radial 
load, changes in viscosity or other factors. This is so 
important to remain the film thickness of the lubricant 
to prevent journal and bearing from being contacted. 
The reduction in film thickness would lead to asperities 
contact and increase the coefficient of friction.  
 

 
Figure 2 Pressure distribution at load of 10kN. 

 
Figure 3 Pressure distribution at load of 20kN. 

 
As the radial load increased, the maximum 

pressure also increased as shown in figure 3. These 
results were expected as the theory had described that 
the applied radial load is directly proportional with 
maximum pressure. It was observed that at higher load, 
the maximum pressure of PMO is higher than SAE 40 
but the difference was not significant. PMO recorded 
the maximum pressure of 8.867 MPa while SAE 40 
showed 8.854 MPa. The position of maximum pressure 
remained at the same location of angle 195°. 
 
 
 
 
 
 
 
 

4. CONCLUSION 
From the results, it can be concluded that PMO 

demonstrated higher maximum pressure compared to 
SAE 40 at lower radial load. The maximum pressure 
was increased parallel to the increasing of load. There 
was no significant difference on maximum pressure 
between PMO and SAE 40 at higher load. The position 
of maximum pressure was not changed with respect to 
the increase of radial load. 
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ABSTRACT – Cryogenic applications use in the harsh 
conditions such as the heavily load, high speed and low 
temperature. This research has constructed a tribo-test 
bench, it can operate under cryogenic environment. 
Through this experiment performed friction test with the 
cryogenic fluid, it came out the relationship the traction 
behavior with interacting in coated bearing components. 
Solid lubricants (silver, polytetrafluoroethylene) were 
shown the reasonable traction behavior under the 
cryogenic environment (low traction coefficient, rarely 
wear phenomenon). In addition, this work can discussion 
the overall trends of the solid films because it has a wide 
slip speed range (0.2 – 3.0 m/s). 
 
1. INTRODUCTION 

The rolling bearings in the space rocket engine 
operate under the extreme environment. For successful 
operation of the rocket engine, durability of rolling 
bearings is one of the important technologies. However, 
the conventional bearings have failure in the cryogenic 
environment (below about -180 ℃) because the materials 
and lubrication have influenced at the low temperature. 
To solve this problem, solid lubrication is used it has low 
friction and high wear resistance.  

Good experience was investigated in the ball 
bearing test rig for the Liquid hydrogen rocket engine 
system [1], this research was considered through the 
result the dynamics of ball bearing under the low 
temperature. However, the study had limitation to 
consider the tribology behavior the solid lubrication in 
the rolling bearings. Therefore, many researchers had 
investigated the friction and wear test of solid lubricants 
useful under the cryogenic environment. It is well known 
that the solid lubricant of PTFE (polytetrafluoroethylene) 
and it based composites are strongly temperature-
dependent [2-3]. A consequence of this is the change in 
wear mechanism of the polymers at low temperatures. 
While at ambient temperature adhesive wear dominates, 
abrasive wear is observed at low temperatures [3, 4]. This 
paper describes experimental apparatus and the results 
carried out the traction behavior of solid lubricant under 
the cryogenic environment. This study would be adapted 
for a simulation of the rolling bearing operated in the 
cryogenic applications. 
 
2. BALL-ON-DISK UNDER THE CRYOGENIC 

ENVIRONMENT 
This experiment was carried out with a ball-on-disk 

configuration in the cryogenic chamber described in 
Figure 1. This apparatus is cooled by a coolant directly 
connected liquid nitrogen (LN2, T=77 K /-196 ℃) tank.  

 

 
Figure 1 A photograph of test-rig during experiment 

with cryogenic fluid. 
 

This experiment referred from ASTM G99-95 [5]. 
It recommend test procedures and materials to wear test 
with a type of pin-on-disk apparatus. We constructed a 
test rig like the type of pin-on-disk. In addition, It can 
change pin part (this test rig can be assembled a real 
bearing ball or pin) and experiment in the room 
temperature and the cryogenic temperature. The 
operating speed has the wide range to acquire the traction 
behaviors on the various slip velocities.  

 
3. TEST APPARATUS 

Whole system is constructed a driving part, an 
experimental part and the part of installed sensors for the 
data acquisition. In order to apply a static load on the test 
specimens, a pneumatic cylinder connect the rod arm. It 
is for acquisition the traction force between the ball and 
disk, and put pre-load on the ball. The temperature and 
pressure of liquid nitrogen is measured to check the phase 
of fluid. The chamber has the window which can be 
noticed the level of the coolant during the experiment. 
While experiment, the test specimens are merged in 
cryogenic fluids. 

Figure 2 shows a crossed schematic view inside the 
experimental part. To measure the temperature inside the 
chamber, the T-type thermocouple is assembled.  

 
4. EXPERIMENT PROCEDURES AND 

MATERIALS 
Table 1 and Figure 3 show the main design 

parameters of the test specimens, ball and disk. The fixed 
ball is assembled the end side of load arm and the disk 
can rotating with assembled on the top of the rotor system. 
As mentioned, it has a changeable system about the real 
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bearing ball or pin. The substrate material is used 
SUS440C. Because this austenitic stainless steel is not 
embrittlement in the cryogenic environment, therefore, it 
can adaptable as the test substrate. 

 

 
Figure 2 Crossed schematic view of test rig. 

 
Table 1 Design Parameters of ball-on-disk specimens. 

Test specimens  
Disk diameter, Dd [mm] 138 
Ball diameter, Dp [mm] 5 
Wear Track diameter, Dt [mm] 66.3 
Disk width, Wd [mm] 5 
Materials 
Disk and ball SUS440C 
Solid lubricants (coated on disk) Ag / PTFE 
Operating conditions 
Slip velocity [m/s] 0.2 – 3.0 
Contact stress [GPa] 1.114 
Coolant type Liquid nitrogen(LN2) 

 
The experiment was performed in difference 

configurations. The three type test were investigated. 
First, the experiment was constructed by the steel ball on 
the steel disk. Secondly configuration was the steel ball 
on the silver (Ag) 7 um coated disk. The other one was 
the steel ball on the PTFE 7 um coated disk. These design 
and configurations were decided to can simulate the 
effect of solid lubrication in the rolling bearing.  
 

 
Figure 3 Schematic view of test specimens combined 

ball on disk. 
 

The operating speed is considered at the contact 
point to drag the friction coefficient against slip velocity. 

Finally, by using this test rig, it can observe the 
tribology behavior of the solid lubricant, commonly 
using on the rolling bearings operated under the 
cryogenic environment. 

5. RESULTS AND DISCUSSION 
The device for traction behavior were operated 

successfully under the cryogenic environment and 
acquired the data as well to investigate the tribology 
behavior. Each point (Figure 4) of the slip velocities was 
acquired the traction coefficient against the operating 
time. And then, selected the state-steady range, it 
calculated the average value of real-time data. 

After experiment, all traction coefficients show 
below 0.5 under the cryogenic environments. Especially, 
in case of the steel ball on the PTFE coated disk shows 
the low coefficient and has remained the lowest quantity 
debris by wear. Through the results, this study can 
investigate the traction behavior of each interactions of 
the rolling bearing like cage-races, cage-balls and races-
balls under the cryogenic environment. 

 

 
Figure 4 Traction behaviors in the tribo-test (traction-

slip curve), the point results are calculated using 
average method. 

 
ACKNOWLEDGEMENT 

This research was supported by Basic Science 
Research Program through the National Research 
Foundation of Korea (NRF) funded by the Ministry of 
Science, ICT & Future Planning (NRF-
2017R1A2A1A17069515). 

 
REFERENCES 
[1] Nosaka, M., Oike, M., Kikuchi, M., Kamijo, K., & 

Tajiri, M. (1993). Tribo-characteristics of self-
lubricating ball bearings for the LE-7 liquid 
hydrogen rocket-turbopump. Tribology 
Transactions, 36(3), 432-442. 

[2] Theiler, G., Hübner, W., Gradt, T., Klein, P., & 
Friedrich, K. (2002). Friction and wear of PTFE 
composites at cryogenic temperatures1. Tribology 
International, 35(7), 449-458. 

[3] McCook, N. L., Burris, D. L., Dickrell, P. L., & 
Sawyer, W. G. (2005). Cryogenic friction behavior 
of PTFE based solid lubricant 
composites. Tribology Letters, 20(2), 109-113. 

[4] Bozet, J. L. (1993). Type of wear for the pair 
Ti6A14V/PCTFE in ambient air and in liquid 
nitrogen. Wear, 162, 1025-1028.  

[5] ASTM. (2000). Standard test method for wear 
testing with a pin-on-disk apparatus. 

[6] Gupta, P. K. (2012). Advanced dynamics of rolling 
elements. Springer Science & Business Media. 



Proceedings of Asia International Conference on Tribology 2018, pp. 386-388, September 2018 

__________ 
© Malaysian Tribology Society 

 

A study of micropolar lubricated conical undulated journal bearings 
Arvind Kumar Rajput1,*, Satish C. Sharma2, Nathi Ram3 

 
1) Department of Mechanical Engineering, SOE, Shiv Nadar University Greater Noida, 201314, Uttar Pradesh, India. 

2) Department of Mechanical and Industrial Engineering, Indian Institute of Technology Roorkee,  
Uttarakhand 247667, India. 

3) Department of Mechanical & Automation Engineering, Indira Gandhi Delhi Technical University for Women, 
Kashmere Gate, Delhi-110006, India. 

 
*Corresponding e-mail: arvind.mechei@gmail.com 

 
Keywords: Conical journal; undulated journal; micropolar lubricant; orifice 

 
 

ABSTRACT –The present work examines the effect of 
circumferential undulations on journal the performance 
of orifice compensated conical hybrid journal bearing 
operated with micropolar lubricant. To govern the flow 
of micropolar lubricant in clearance space of conical 
journal bearing, the modified Reynolds equation is 
derived by using Eringen’s theory of micropolar fluids 
and solved by using FEM. Numerically simulated 
results indicate that the undulations on journal 
significantly affect the performance of conical journal 
bearing operating with either of Newtonian and 
micropolar lubricant. Further, the use of micropolar 
lubricant results in better bearing performance than 
Newtonian lubricant. 
 
1. INTRODUCTION 

In recent years, the area of conical bearings 
received worth attentions of researchers due to its 
important features viz. ability to support both radial and 
axial load, adjustability of clearance space in bearing 
system etc. 

The studies related to conical hydrostatic journal 
bearings are mainly related to effect of wear, effect of 
micropolar lubricant, effect of semicone angle etc. [1-3].  

Manufacturing process may result in several form 
of irregularities in machine element. Likewise, different 
geometric irregularities may exist during manufacturing 
of journal. These irregularities usually result in 
degradation in the bearing performance [4-5].  

 

.  
Figure 1 A Schematic of four pocket conical hybrid 

undulated journal bearing system. 

The bearing performance is mainly depending on 
the lubricant. Different types of additives are blended in 
the base oil to improve the performance of lubricant. 
Such lubricant no longer behaves as a Newtonian 
lubricant. The Eringen’s theory of micropolar fluid [6] 
gives the best descriptions of the non-Newtonian fluids 
containing additives substructures. This class of fluids 
exhibit special properties to support couple stress and 
body couple due to their microstructure and micro-
rotational inertia at microscopic level. There are many 
physical examples of micropolar fluids as ferrofluids, 
blood flows, bubbly liquids, liquid crystals [7]. 

In view of the above, the present study is aimed to 
examine the influence of undulation of journal in 
conjunction with the influence of micropolar lubricant 
on the performance of four pocket conical hydrostatic 
journal bearings system as shown in Figure 1. 

 
2. ANALYSIS 

To govern the flow of micropolar lubricant in 
clearance space of conical journal bearing, Eringen’s 
theory of micropolar fluid is used. Using the suitable 
non-dimensional parameters, the modified Reynolds 
equation is obtained in non-dimensional form as follows 
[3]. 
𝑺𝒊𝒏𝟐𝜸
𝜷

𝝏
𝝏𝜷
[𝜷𝚽(𝐍,𝐥,̅�̅�)

𝟏𝟐�̅�
𝝏�̅�
𝝏𝜷
] + 𝟏

𝜷𝟐
𝝏
𝝏𝜶
[𝚽(𝐍,𝐥,̅�̅�)

𝟏𝟐�̅�
𝝏�̅�
𝝏𝜶
] = 𝟏

𝟐
𝜴 𝝏�̅�

𝝏𝜶
+ 𝝏�̅�

𝝏�̅�
(1) 

 
For the values of the micropolar parameters 

parameter, Coupling number N=0 and characteristics 
length �̅� = ∞, the modified Reynolds equation (1) 
reduces to the general form of Reynolds equation 
governing the flow of Newtonian lubricant in a conical 
journal bearing system. 

For a conical journal bearing system having 
circumferential undulation in journal, the fluid-film 
thickness between bearing and journal yieldsas [3-4] 
ℎ̅ = (1 − �̅�𝐽𝑐𝑜𝑠𝛼 − �̅�𝐽𝑠𝑖𝑛𝛼 + 0.5�̅�. sin(n𝛼 + 𝜉)) cos 𝛾     (2) 

The flow rate of lubricant through fixed flow 
restrictors in non-dimensional form yield as follows. 
𝑄𝑅 = 𝐶𝑠2√(1 − 𝑝𝑐)                                                                          (3) 

The governing Reynold equation is solved by 
using Galerkin’s technique. The fluid film domain is 
discretized by using four noded isoparamtric element. 
Globalization of elemental equations as per the 
connectivity of elements, the following algebraic system 
equation is obtained in Matrix form [2-3]. 
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[𝐹]{𝑝} =  {𝑄} + Ω{𝑅𝐻}+ �̇�𝐽{𝑅𝑋𝐽} + �̇�𝐽{𝑅𝑍𝐽}            (4) 
 
3.    RESULTS AND DISCUSSION  

Incorporating the usual boundary conditions, the 
system equation (4) is solved in conjunction with the 
restrictor flow equation (3). Newton Raphson Method is 
used to linearize the non-linear flow equation of an 
orifice restrictor.  Based on methodology illustrated, a 
computer program is developed to obtain the 
characteristics parameters of the bearing system.  The 
geometric and operating parameters of the bearing 
system are selected as per the literature [1-5]. 

Figure 2 depicts the variation of ℎ̅𝑚𝑖𝑛with respect 
to �̅�r. The value of ℎ̅𝑚𝑖𝑛 gets decreased with an 
increase in the value of semi cone angle. The 
undulations on journal results in a significant decrease 
in the value of ℎ̅𝑚𝑖𝑛  vis-à-vis ideal journal. The use of 
micropolar lubricant in place of Newtonian lubricant 
results in a further increase in the value of ℎ̅𝑚𝑖𝑛. The 
variation of lubricant flow rate (Q̅) with �̅�r is depicted 
in Figure 3. Undulation results in a significant increase 
in the flow requirement. The use of micropolar lubricant 
results in a decrease in flow requirement. Figure 4 
shows that undulation results in a marginal reduction in 
the value of stiffness coefficient. 

 

 
Figure 2 Variation of ℎ̅𝑚𝑖𝑛 with �̅�r. 

 
 
4.      CONCLUSIONS 

The numerically simulated results reveal that 
circumferential undulations on journal results in a 
significant deterioration in the performance of conical 
bearing system viz. minimum oil film thickness, 
lubricant flow rate and stiffness coefficients. This 
deterioration may be compensated by using smaller 
semi cone angle and micropolar lubricant instead of 
Newtonian lubricant. 

 

 
Figure 3 Variation of Q̅ with �̅�r. 

 

 
Figure 4 Variation of S̅𝑧𝑧 with �̅�r. 
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ABSTRACT – A numerical simulation of a one-
dimensional Rayleigh step bearing with chamfered 
edges under thin film lubrication has been carried out. 
The one-dimensional Reynolds equation considering 
piezo-viscous effect of the lubricant and the elastic 
deformation of the bounding surfaces has been solved 
iteratively using Progressive Mesh Densification (PMD) 
Method. Chamfering of inlet edge results into pressure 
growth in no pressure zone present at inlet. The load 
capacity of the bearing increase due to chamfering of 
the edge. Bearing with chamfering at inlet and at step 
edges have lower load capacity compared to that having 
chamfered edges at inlet only.   
 
1. INTRODUCTION 

Recent studies have shown that the lubrication is 
influenced by two major physical effects: the elastic 
deformation of the bounding surfaces under applied 
load, and the change of fluid viscosity with pressure. 
Also, under high load and high speed less viscous 
lubricants are preferred because they are very much 
efficient.  Due this fact thin film lubrication has become 
an important area of research.  

During operations, pressure of several gigapascals 
acts on the bearing which leads to the film formation 
due to elastic deformation of bounding surfaces [1] and 
piezo-viscous effect on fluid as classified by Johnson 
[2]. In previous studies Yagi & Sugimura [3] have 
focused on thin film lubrication of one dimensional 
Rayleigh step bearings without chamfering. Higginson 
[4], Malvano & Vatta [5] found that elastic deformation 
of the surfaces caused significant drop in pressure in 
thin films. 

Kawabata et al. [6] and Nakamura et al. [7] 
showed that inlet profile of thrust bearings plays 
important role in pressure generation. However, so far 
there has not been any significant study on the physical 
geometry of Rayleigh step bearings. In the present study 
(Figure 1), an elasto-hydrodynamic simulation has been 
carried out for one dimensional Rayleigh step bearing 
with chamfering on the leading edge and step edge. The 
obtained results have been compared with those of 
bearing without chamfering for various performance 
parameters. 
 

 
Figure 1 Schematic representation One Dimensional 

Rayleigh Step Bearing with chamfering. 
 
2. METHODOLOGY 

The one-dimensional Reynolds equation is 
expressed as follows: 

 
𝑑
𝑑𝑥
(
𝜌ℎ3

𝜂˳
𝑑𝑝
𝑑𝑥
) = 6𝑢

𝑑(𝜌ℎ)
𝑑𝑥

                                               (1) 

 
The film thickness h, with consideration given to 

the elastic deformation δ of the two surfaces and 
chamfering is expressed as follows: 

 

ℎ =

{
 
 

 
 
 
 
 
 
 
  

 

𝛿 = −
4
𝜋𝐸′

∫ 𝑝(𝑠) log|𝑥 − 𝑠| 𝑑𝑠                                     (3)
𝑙

0
 

2
𝐸′
=
1 − 𝜈12 
 𝐸1

+
 1 − 𝜈22 
𝐸2 

                                                    (4) 

The density and viscosity of the lubricant are 
expressed as follows: 
𝜌
𝜌˳
=
0.59 × 109 + 1.34 × 𝑝

0.59 × 109 + 𝑝
                                           (5) 

𝜂
𝜂˳
= exp(𝛼𝑝)                                                                      (6) 

The load carrying capacity per unit length of the 
bearing is obtained by integrating the pressure over the 
contact area as follows: 

𝑤 = ∫ 𝑝
𝑙

0
𝑑𝑥                                                                         (7) 

𝑊 =
ℎ12𝑤
6𝜂˳𝑢𝑙2

                                                                        (8) 

W is the dimensionless load. 
 

h2+ch+δ 
h2+ δ 
h1+ch+ δ 
h1+ δ 
 

0 ≤ x < cl 
cl ≤ x < l2                              (2) 
l2 ≤ x < l2+cl 
l2 ≤ x < l 
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3. RESULTS AND DISCUSSION 
Table 1 shows the basic parameters that have been 

used in solving the above equations. In the present 
study, chamfering has been done on the step edge and 
the leading edge with chamfering height and length as 
ch and cl respectively. The effect of chamfering on 
pressure distribution over entire contact area has been 
shown in Figure 2. The effect of chamfering on load 
capacity is shown in Figure 3, 4 and 5. 

 
Table 1: Basic Parameters 

Properties Values 
Width of the slider, l 10 mm 
Equivalent elastic modulus, E’ 230 GPa 
Viscosity of the lubricant, 𝛈˳ 0.01 Pa s 
Pressure-Viscosity coefficient, α 10 GPa-1 

Sliding speed, u 0.05 m/s 
Density of the lubricant, 𝛒˳ 846 Kg/m3 
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Figure 2 Variation of Pressure with X at h1 = 200 nm, 

step ratio L = 0.7. 
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Figure 3 Variation of W with K for different h1 at step 

ratio     L =  0.7 for Rayleigh step bearing without 
chamfering. 

 
The change in W due to chamfering at inlet and 

step have been compared to non-chamfered bearing and 
is shown in Table 2. 
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Figure 4: Variation of W with K for different h1 at step 
ratio L = 0.7 for Rayleigh step bearing with chamfering 

at inlet edge, with ch = 100 nm and cl = 0.5mm. 
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Figure 5 Variation of W with K for different h1 at step 

ratio L = 0.7 for Rayleigh step bearing with chamfering 
at inlet and step edge, with ch = 100 nm and cl = 

0.5mm. 
 

Table 2 Percentage change in W with chamfering 
compared to non-chamfered bearing. 

h1 Chamfering at inlet Chamfering at inlet 
& step 

1000 0.22 0.08 
800 0.40 0.27 
600 1.65 0.56 
400 1.88 0.97 
200 7.37 3.6 
 
4. CONCLUSIONS 

         The following conclusion can be drawn from 
the results generated in this study: (a) On chamfering, 
pressure gets developed in the no-pressure zone (as 
shown in Figure 2). (b) Due to chamfering the load 
capacity of the bearing increases. This increase is more 
in bearing with chamfering at inlet edge only compared 
to that having chamfering at inlet and step edge. (c) At 
very small film thickness (h1=200 nm), the % increase 
in load capacity is more (about 7.5%) in case of bearing 
with inlet chamfering compared to bearing with no 
chamfering. 



Kumar et al., 2018 

391 
 

REFRENCES 
[1] Dowson, D. (1967). Elastohydrodynamics. 

Preceedings of the Institution of Mechanical 
Engineers, 182(6), 157-167. 

[2] Johnson, K. L. (1970). Regimes of 
elastohydrodynamic lubrication. Journal of 
Mechanical Engineering Science, 12(1), 9-16. 

[3] Yagi, K., & Sugimura, J. (2013). 
Elastohydrodynamic simulation of Rayleigh step 
bearings in thin film hydrodynamic 
lubrication. Tribology International, 64, 204-214. 

[4] Higginson, G. R. (1965, June). Paper 1: The 
Theoretical Effects of Elastic Deformation of the 
Bearing Liner on Journal Bearing Performance. 
In Proceedings of the Institution of Mechanical 
Engineers, Conference Proceedings (Vol. 180, No. 

2, pp. 31-38). Sage UK: London, England: SAGE 
Publications. 

[5] Malvano, R., & Vatta, F. (1986). 
Elastohydrodynamic lubrication in a plane slider 
bearing. Meccanica, 21(3), 134-139. 

[6] Kawabata, S., Iwanami, S., Hotta, T., Itoigawa, F., 
& Nakamura, T. (2012). Hydrodynamic lubrication 
effects of multiple circular bump pattern for a 
thrust sliding bearing of a scroll 
compressor. Tribology Online, 7(1), 13-23. 

[7] Nakamura, T., Lakawatana, P., Matsubara, T., 
Itoigawa, F., & Kojima, Y. (1999). Isoviscous-EHL 
mechanism of parallel slide-way with oil 
groove. Japanese journal of tribology, 44(2), 141-
151. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Proceedings of Asia International Conference on Tribology 2018, pp. 392-393, September 2018 

__________ 
© Malaysian Tribology Society 

 

The effect of nanoclay additive on pressure profile in journal bearing 
test rig 

I. H. Abdul Razak1,2, K.S. Shahrudin2, M.A. Ahmad2,*, S. Kasolang2, M.A.A. Bakar2, N. Manap3 
 

1) Universiti Kuala Lumpur – Malaysia France Institute,  
Seksyen 14, Jalan Teras Jernang, 43650 Bandar Baru Bangi, Selangor, Malaysia. 

2) Faculty of Mechanical Engineering, Universiti Teknologi MARA, 40450 Shah Alam, Selangor, Malaysia. 
3) Faculty of Mechanical Engineering, Universiti Teknologi MARA (Terengganu),  

23200, Dungun, Terengganu Malaysia. 
 

*Corresponding e-mail: mohama9383@salam.uitm.edu.my 
 

Keywords: Palm oil; hydrodynamic lubrication; test rig; bio-lubricant 
 
 

ABSTRACT – Malaysia is well known for their 
production of palm oil and makes them the third in 
place in ranking for the whole world that produces palm 
oil. This palm oil has lots of benefit and can be used in 
many ways. The depletion of the world crude oil 
reserve, increasing crude oil prices and issues related to 
conservation has brought about renewed interest in the 
bio-based materials. Emphasis on the development of 
renewable, biodegradable, and environmentally friendly 
industrial fluids, such as lubricants has resulted in the 
use of natural oils and fats for non-edible purposes. In 
this study, the effect of nanoclay as additive in palm oil 
lubricant to oil pressure profile in journal bearing test 
rig were investigated. Palm oil bio-lubricant with 
nanoclay was mixed using an ultrasonic mixer. Result 
obtain were compared with commercial mineral oil 
lubricants. 
 
1. INTRODUCTION 

A lubricant is a material used to facilitate the 
relative motion of solid bodies by minimizing friction 
and wear between interacting surfaces. In addition to the 
primary purposes of reducing friction and wear, 
lubricating oils are also required to carry out a range of 
other functions, including the removal of heat, corrosion 
prevention, and the transfer of power [1]. 

Nowadays, palm oil (PO) has been identified as a 
biodegradable lubricant. This causing high demand in 
making the palm oil as the replacement for the mineral 
oil that been used for many years. This is due to the 
characteristics of the palm oil which is non-toxic, 
biodegradability, and renewable base stocks. They can 
be products from fatty acids from fats and oils, reacted 
with synthetic alcohols to produce esters. Not only that, 
natural vegetable oils can be treated through several 
processes to produce modified products that is 
renewable and biodegradable [2,3]. 

Nanoclay is nanoparticles of layered mineral 
silicates that belong to a wider group of clay minerals. 
Having nonmetric thickness and diameter of 50–200 
nm, the clay minerals may simply be described as fine-
grained with sheet like structure stacked over one 
another [4]. Due to the availability and environmentally 
friendly properties, nanoclays have been adopted in 
numerous applications as performance improver, yet 
only few efforts been placed to study the potential as 
lubricant performance enhancer. Hence, in the present 

work, nanoclay has been used as the additives in palm 
oil bio-lubricant. The palm oil bio-lubricant with 
suitable composition of nanoclay was tested to observe 
pressure lubricant profile in journal bearing test rig. 
 
2. METHODOLOGY 

In current study, palm cooking oil from the shelf 
was mixed with nanoclay as additive. Ultrasonic mixer 
was used to ensure the additive evenly dispersing with 
nano-particles in liquids.     

The Journal Bearing test rig in Figure 1(a) was 
used in this experiment. The U5100 series of pressure 
transducers were used to measure the pressure 
distribution inside the bearing. Twelve units of digital 
stainless steel pressure sensors were fixed on the front 
face of the bearing as shown in Figure 1(b). It was 
tightened to the bearing with BSP ¼” thread at 30ᵒ 
interval. A pneumatic bellow is used to apply the 
required load. The maximum speed of the journal test 
rig is 1000 rpm. The speed values used for testing were 
300, 400 and 500 rpm. 

 

 
(a) 

 

 
(b) 

Figure 1 (a) Journal bearing test rig diagram and (b) 
pressure transducers assembly. 
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The tests were conducted at load 10 kN. Oil 
pressure inlet supply remained in the range of 180 to 
200 kPa. Details of test bearing dimensions, lubricant 
properties and operating parameters are given in Table 
1. 
 
Table 1 Bearing Dimensions, operating parameters and 

sensor specifications. 
Parameter Values 
Journal bearing, D 
Bearing length, L 
Radial clearance, c 
Load, W 
Journal speed 
Pressure sensor 

Model 
Range 
Accuracy 

Lubricant Nanoclay 
concentration 

100 mm 
50 mm 
52 µm 
10 kN 
300, 400 and 500 rpm 
 
MEAS (M5156) 
10 MPa 
0.001± 1% MPa  
0.07%wt 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the oil pressure profile of journal 
bearing at 10 kN for different lubricants at different 
speeds.  

 

 
Figure 2 Pressure profiles of mineral oil,palm oil in and 
palm oil with Nanoclay at 10 kN for different speeds. 

 

It was observed that changing the speed were not 
affected the pressure profiles. Nanoclay as additive has 
less effect in hydrodynamic lubrication. Different type 
of lubricant (different viscosity) mineral and palm oil 
show provide a similar trend of pressure profiles.   
 
4. CONCLUSION 

From the results, it can be concluded that pure 
palm oil has less different in pressure profile for 
different speeds compared to mineral oil.  Nanoclay 
additive has less significant effects to the pressure 
profiles. 
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ABSTRACT – The widespread use of grease lubrication 
in high-speed spindle bearings has been limited by its 
insufficient life. An extended grease life is required to 
meet the increasing demand of machine tool applications. 
Dominant grease properties are determined to attain 
longer life at higher speeds for spindle bearings. Part of 
the process includes rheological pull-off and oil bleeding 
tests, defining active grease reservoirs. The validation has 
been successfully carried out in a series of angular 
contact ball bearing (ACBB) grease life tests. The 
selected grease that fits the defined parameters has shown 
long life at speed factor, 2 million ndm.  
 
1. INTRODUCTION 

Recent developments in the machine tool industry 
has strived for high-speed technology in order to increase 
cutting efficiency. Improved reliability is not the sole 
focus as the global trend moves towards environmentally 
friendly and energy-saving measures as previous study 
[1]. The use of lubricating grease in high-speed spindle 
bearings offers maintenance-free operation, thus meeting 
the industry needs. With the right amount of the right 
grease, the bearing is typically “sealed for life”, ensuring 
long operation without relubrication. 

Greased bearings have however a limited life to 
meet the demanding increase in spindle speed. Lugt [2] 
stated that severe lubricant starvation is responsible for 
the limited life in greased bearings. This view is widely 
accepted, though there is no consensus on the grease 
lubrication mechanisms. Due to its Non-Newtonian 
nature, the understanding of grease flow inside the 
bearing is rather complex. Franken et al. [3] found that 
the (in) active grease reservoirs in high-speed super 
precision angular contact ball bearings can be detected by 
means of fluorescence spectroscopy (also known as 
spectrofluorometry). These findings contribute to 
improved understanding of lubricant migration inside the 
bearing, in particular, for high-speed spindles.  

Our focus in the present work is to identify the 
dominant grease properties to act as active grease 
reservoirs. Active, in this context, refers to the ability to 
form stable grease reservoirs, to subsequently release 
sustained oil to the contacts. The introduction of the right 
grease in the critical bearing locations results in long life 
at high speed. 
 
2. METHODOLOGY 

Lugt [4] stated that the ability to form stable grease 
reservoirs is often characterised by its tackiness, which 
can be defined into two parts: cohesion and adhesion. 
Cohesion refers to the intermolecular attractive forces to 

remain together as a single mass while adhesion 
represents the attraction between two substances. The 
latter relates to the grease ability to remain on the 
surfaces to be lubricated.  

The most widely used technique, pull-off test, is 
applied to measure tackiness by means of a commercial 
rheometer. A defined layer of grease (250 µm) is applied 
in-between two plates of a defined material. Once the 
specified gap is reached, the plates are immediately 
pulled apart while measuring the normal force. The 
experimental setup is illustrated in Figure 1. 

d = diameter of geometry 
h = thickness of grease sample 
 

 
Figure 1 Experimental setup for tackiness test. 

 
Next, the lubricant feed mechanism to the rolling 

tracks is evaluated by means of static and dynamic oil 
separation tests. DIN 51817 [5] stated that static oil 
bleeding is measured by applying a known weight (100 
g) on top of a cup filled with grease, where the oil is 
slowly pressed out through a sieve at the bottom side. The 
mass of the separated oil from the grease is measured. 
Dynamic oil bleeding is measured by the in-house test 
method as previous study [4][3].  

The dominant grease properties are then validated 
in a series of bearing life test. A pair of angular contact 
ball bearing (i.e., SKF 7008 CE/HCP4A) is mounted in a 
horizontal cartridge in a back-to-back configuration 
under an axial pre-load of 310 N. The speed factor equals 
to approximately 2 million ndm, which is a product of the 
rotational speed at approximately 37,000 rpm and 
bearing mean diameter, dm of 54 mm.  

 
2.1 Materials 

In total, four grease candidates are selected as 
described in Table 1.  

A varied composition of thickener and base oil is 
chosen to verify the dominant grease properties. Three of 
these are commercially labelled as high-speed greases, 
characterised by a low base oil viscosity at 40°C. As a 
comparison, one commercial non-high-speed grease with 
10 times higher base oil viscosity at 40°C is also tested. 

  

d
h
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Table 1 Grease candidates for high-speed spindle. 

Name 
Base oil 
visc.  
40°C  

Thickener 
type 

Base oil 
type 

NLGI 
class 

HSS-1 25 Lithium 
complex 

PAO + 
Ester 2 

HSS-2 23 Barium 
complex Ester 2 

HSS-3 22 Polyurea PAO + 
Ester 2 

HSS-4 220 Polyurea PAO 2 
 

3. RESULTS AND DISCUSSION 
Due to the large centrifugal forces acting on the 

grease in high-speed operation, grease is often pushed 
away from the contacts. Therefore, grease needs to 
stabilise and remain as reservoirs, determined by its 
cohesive and adhesive properties. Achanta et al. [6] found 
that cohesion within the grease network is mainly 
dictated by the thickener.  

Adhesion, on the other hand, is not only governed 
by grease composition, but also by the surface 
counterpart. For this reason, tackiness is measured using 
two different surfaces, aluminium and steel. Only the 
results on steel surfaces are shown in Figure 2 as these 
are the most relevant for bearings.  

 

 
Figure 2 Pull-off force vs. time on steel plates. 

 
HSS-1 grease shows higher tackiness, indicated by 

the largest force required over time to separate the grease 
from the mating surfaces. The non-high-speed HSS-4 
grease is second.  

Next, the ability of the grease reservoirs to release 
oil is studied. Figure 3 shows the separated oil from the 
grease when subjected to centrifugal forces over time.  

 

 
Figure 3 Dynamic oil bleeding (centrifugal force). 

 
 
 

These greases have been successfully tested on 
high-speed test rig as shown in Figure 4.  

 

 
Figure 4 Test duration in high-speed test rig. 

  
HSS-1 ran longer than other high-speed greases, 

which can be attributed to its high tackiness and 
controlled bleeding behaviour. Despite of having a high 
base oil viscosity, HSS-4 showed comparable long time 
to HSS-1, indicating that this parameter may be less 
dominant than tackiness and oil bleeding properties. In 
this case, high oil bleeding helps to provide sufficient 
film thickness. 
 
4. CONCLUSION 

The combination of rheology and oil bleeding tests 
led to an understanding of key grease properties. Grease 
with high tackiness and controlled oil bleeding has been 
successfully validated to attain longer test duration at 
high speeds. The base oil viscosity might have less 
dominating impact on grease life for high speed. 
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ABSTRACT – Magnetic fluids (MFs) are one of 
functional materials, which compose single-domain 
magnetic nanoparticles dispersing in a carrier liquid. 
When a drop of MFs covering on an annular magnet, a 
closed liquid ring can be formed. The MFs ring seals to 
encapsulate a pocket of air, which can carry a load. Thus, 
the tribopairs can be separated completely to achieve 
low friction even at very low sliding speed. 

 
1. INTRODUCTION 

Magnetic fluids (MFs) are one of functional 
materials, which compose single-domain magnetic 
nanoparticles dispersing in a carrier liquid [1]. And it is 
an intelligent material, exhibiting normal liquid 
behaviour coupled with superparamagnetic properties. 
Since the properties and the location of these fluids can 
easily be influenced by a magnetic field, MFs have 
recently attracted many scientific, industrial and 
commercial applications. 

Lubrication is one of the most important 
applications for MFs [2]. The main advantage of MFs as 
lubricant, over the conventional oil, is that the former 
can be retained at the desired location by an external 
magnetic field and still possesses flowability at the same 
time. From the basic physical point of view, MFs are 
interesting because they can interact with a magnetic 
field to produce a controllable magnetostatic force on 
the fluid [3]. The magnetostatic force can carry a load, 
which is expected for lubrication.  

Besides the magnetostatic supporting, MFs seal 
may provide the other kind of load carrying capacity. As 
shown in Figure 1, a drop of MFs covers on an annular 
magnet, forming a closed liquid ring. If the bottom of 
the magnet is bonded with a glass substrate, a load 
carrying capacity might be expected by the air, which is 
encapsulated and pressurized by the MFs seal. When the 
force is larger than the supporting element, then the 
arrangement can cause it to float, which are highly 
desirable in lubrication system. The gas bearing 
property would be significant for solving the “cold 
welding” as well as the “creep” phenomenon at low 
speed, especially in precise sliding mechanism. 

In this paper, the supporting force based on MFs 
seal was studies and the lubrication properties of the 
supporting system were tested. 

 

 
Figure 1 (a) A drop of MFs covering on an annular 
magnet and (b) shematic diagram of the bearing. 

2. EXPERIMENT 
To measure supporting forces, a series of 

experiments are conducted. NdFeB annular magnets 
()16mm*)12mm*6mm) with different magnetizations 
in axial direction were chosen. The bottom of the 
magnet is connected with a glass without any gas leak. 

The load carrying capacity of the MFs bearing was 
measured using a tensile force testing platform with a 
resolution of 0.001 N. The tribological performances of 
the supporting system were tested using a reciprocating 
sliding tribometer (Sinto Scientific, JAP). 

 
3. RESULTS AND DISCUSSION 

Figure 2 presents the load capacity (𝐹) plotted as 
function of the height (h). For the bottom unsealed 
bearing, the supporting force only originates from the   
magnetostatic force of MFs. While the bottom sealed 
one, the force produces from the magnetostatic and the 
sealed gas supporting forces together.   

As expected, the supporting forces both increase 
with the decrease of the height. And the maximum load 
carrying capacity of the bottom sealed bearing is about 
1.05 N, which is about 2 times than the magnetostatic 
force. It means the sealed gas supporting plays the 
dominate role.  

 

 
Figure 2 Dependence of the load carrying capacity (𝐹) 
on the height (h) (lines—the experimental data, dots—

theoretical ones) 
 
Figure 3 shows the effect of surface magnetic 

strength on the supporting force. Three NdFeB annular 
magnets with different surface magnetic strengths were 
used and the bottoms of the magnet were all bonded 
with a glass substrate. As can be seen, the force 
increases with the increase of the surface magnetic 
strength. 

javascript:void(0);
javascript:void(0);
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Figure 3 Dependence of the load carrying capacity (𝐹) 

on the surface magnetic strength (h) 
 
When gravity and surface tension of MFs are 

ignored, the induced magnetic pressure gradient (𝛻𝑝) in 
the fluid can be written as [4]: 
𝛻𝑝 = 𝜇0𝑀𝑠𝛻𝐻                                          (1) 

 
Thus, the limiting pressure difference across the 

MFs seal (pi − p0) can be calculated as follow [4]: 
𝑝𝑖 − 𝑝0 = 𝜇0𝑀𝑠 ∫ 𝛻𝐻 ∙ 𝑑𝐻 = 𝜇0𝑀𝑠(𝐻𝑖 − 𝐻0)𝐻𝑖 

𝐻0
 (2) 

 
Where 𝜇0  is the magnetic permeability of free 

space, 𝑀𝑠 is the magnetization of the MFs and 𝛻𝐻 is the 
magnetic field gradient between the interface of the 
MFs. Therefore, the bearing capacity could be written as: 
𝐹 = ∫ (𝑝𝑖 − 𝑝0) ∙ 𝑑𝐴𝐹 = 

𝑆 𝜇0𝑀𝑠(𝐻𝑖 − 𝐻0)𝐴𝐹       
 (3) 

 
Where 𝐴𝐹  is the load carrying surface area. 

As can be seen, the bearing capacity mainly 
depends on the MFs seal. And the initial factors related 
to the sealing capacity are the magnetic properties of the 
magnet and the MFs as well as the geometry of the 
bearing. Moreover, the viscosity of the MF is also an 
influencing factor. During the press process, the 
magnetic field becomes stronger, which cause the 
increasing of the viscosity. The higher viscosity of MFs 
may contribute the supporting force. 

The supporting of the numerical simulation was 
given in figure 2 and the corresponding description of 
the numerical model was shown in Figure 1. Compared 
with the experimental curves, the theoretical data 
present a similar variation trend. However, the 
calculated load capacity (𝐹 ) according to Eq. (3), is 
lower than that of the experimental result, which may 
have caused by the MFs supporting part. 

Figure 4 shows the friction curve of the MFs 
supporting system at low sliding speed (0.1mm/s). The 

normal load is fixed at 0.7N, which is between the 
supporting forces of the bottom unsealed and sealed 
conditions (see Fig.2). Compared with the dry friction, 
the coefficients decreased when lubricated with MFs. 
For the bottom unsealed one, the normal load (0.7N) is 
higher than its highest bearing capacity (0.45N), and the 
coefficient is about 0.05. However, for the bottom 
sealed condition, the load is lower than its supporting 
force (1.05N), and the friction surfaces could be 
separated directly by the lubricant. That’s the reason 
why the coefficient is close to zero. 

 

 
Figure 4 Friction curve of the MFs supporting system. 

 
4. SUMMARY 

In this paper, a kind of gas support bearing 
generated by the MFs seal is investigated experimentally. 
The effects of cavity volume and surface magnetic 
strength of the magnet on the supporting force were 
discussed. In addition, low friction coefficient can be 
achieved when the normal load is less than the bearing 
capacity even at very low sliding speed.   
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ABSTRACT – This research aims to demonstrate how 
a spatiotemporal mapping analysis on tribo-data is 
effective to analyze repeated sliding phenomena. 3 
extremely different sliding conditions; dry sliding of 
copper, dry sliding of austenitic stainless steel and oil 
lubricated sliding of austenitic stainless steel were 
performed using a pin-on-disk apparatus and the 
spatiotemporal mapping analysis was applied for data of 
friction force and pin displacement perpendicular to the 
sliding surface. Fundamental physical mechanisms of 
adhesive wear in early stage of sliding i.e. 
accumulation, transfer, over-riding, rolling, etc. were 
successfully identified regardless of the sliding 
conditions. 
 
1. INTRODUCTION 

Elucidating tribological phenomena based on 
understanding of fundamental physical mechanisms is 
important to enable theoretical prediction of phenomena 
and providing necessary information deductively for 
design of machines, which are basic requirements for 
engineering. However, the elucidation is not yet 
satisfactory in tribology field partially due to difficulties 
in observing the phenomena. The difficulties are 
attributed to the small size and dynamic characteristics 
of the phenomena and that the phenomena take place at 
interface between sliding subjects. Spatiotemporal 
mapping analysis of tribo-data [1], which is also known 
as tribo-scopy [2], was developed to overcome the 
difficulties and enabled observation of the phenomena 
using dynamic tribo-data such as friction force. In this 
paper, sliding phenomena under severe to mild sliding 
conditions are analysed by the spatiotemporal mapping 
technique to show that (a) fundamental adhesive wear 
mechanisms [3,4] are common for wide range of sliding 
conditions and (b) spatiotemporal mapping analysis is 
effective to detect occurrences of fundamental adhesive 
wear mechanisms. 
 
2. EXPERIMENTAL METHOD 

Self-mated sliding tests of Oxygen Free High-
conductivity Copper (OFHC) and austenitic stainless 
steel: JIS SUS316 were conducted. 3 sliding conditions 
i.e. a) OFHC dry sliding, b) SUS316 dry sliding and c) 
SUS316 oil lubricated sliding were selected as a) most 
severe, b) medium and c) mildest conditions. Detailed 
experimental conditions are summarized in Table 1. 

Figure 1 shows a schematic drawing of a pin-on-disk 
apparatus used in this research. The sliding test part of 
the apparatus is covered with a small chamber with 
humidity controlled air supplier for dry sliding 
conditions a) and b). For sliding condition c), the 
chamber was removed and lubrication oil was supplied 
as shown in Figure 1. Data of friction force and pin 
displacement perpendicular to the sliding surface are 
collected and analysed as dependent variables in this 
research. 

 
Table 1 Experimental conditions. 

Variables Value 
Sliding speed, m·s-1 0.0628 
Load, N 10 
Sliding distance, m 126 

Environment 
(a) and (b): air with relative 

humidity 50% 
(c): ISO VG32 base oil 

 
Figure 1 Pin-on-disk apparatus. 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the spatiotemporal maps of the pin 
displacement data for the 3 sliding conditions. Although 
3 maps show somewhat similar appearances with each 
other, need to take note that full ranges for displacement 
are 300, 100 and 30 µm for a), b) and c), respectively. In 
the maps, gradual increase in pin displacement 
corresponds with “accumulation” mechanism [3, 4] with 
which an adhesive substance gradually grows at sliding 
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surface on pin. Sudden decrease of pin displacement, 
which appears as suddenly ended white horizontal line 
in the maps usually corresponds with “transfer” [3, 4] 
mechanism of the adhesive substance from pin to disk. 
The combination of sudden increase and decrease of pin 
displacement at particular position on disk, which 
appears as vertical white line in the maps, corresponds 
with “over-riding” [3,4] mechanism. These mechanisms 
are commonly observed in the 3 maps. One of 
differences between the maps is the period of 
“accumulation” which is relatively short for dry sliding 
a) and b) while long in oil lubricated condition c). As 
the result, for c), “accumulation” does not appear as line 
but as dark to bright graduation for many rotations of 
disk. Another difference between maps is the frequency 
of “accumulation” to “transfer” processes and this is 
supposed to be attributed to the different period of  
“accumulation” in each sliding conditions. One 
mechanism particularly found for a) dry sliding of 
OFHC is “rolling” [4] mechanism of the adhesive 
substance on disk surface, which appears as diagonal 
white lines in Figure 2 a). Although the “rolling” 
appears similar to the “over-riding” on the map, its 
location on disk moves frontward pin sliding direction 
for certain distance by each pin sliding. The occurrence 
of “rolling“ mechanism is verified by observation on a 
friction force spatiotemporal map shown in Figure 3. 
Each white diagonal line in Figure 2 a) is accompanied 
by a black diagonal line in Figure 3, which shows that 
friction force decreases suddenly at the identical 
location of the white line in Figure 2 a). In this research, 
a rotational axis of disk is horizontal and the “rolling” 
mechanism observed is considered as of the adhesive 
substances on disk but not of discharged wear particles. 
Hence it is shown that all fundamental adhesion models 
proposed in previous studies [3,4] have been identified 
successfully by spatiotemporal mapping technique. 

 
4. CONCLUSION 

By comparison between severe, medium and mild 
sliding conditions using spatiotemporal mapping 
analysis on tribo-data, it is successfully shown that most 
of fundamental adhesive wear mechanisms are common 
for dry sliding and oil lubricated sliding of metallic 
materials. Spatiotemporal mapping analysis on tribo-
data performed well to identify each fundamental 
adhesive wear mechanisms. 
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Figure 2 Spatiotemporal maps for pin displacement 

 (a) dry sliding of OFHC, (b) dry sliding of JIS SUS316 
and (c) oil lubricated sliding of JIS SUS316. 

 

 
Figure 3 Spatiotemporal map for friction force of dry 

sliding of OFHC. 
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ABSTRACT – In this study, graphene has been 
dispersed in NPG ester, TMP ester and PE ester at 
0.01wt% and 0.05wt% concentration. There are no 
significant changes in the physicochemical properties of 
base oil after the addition of graphene. Graphene exhibit 
different effect on frictional performance for every bio-
based lubricant. This may be related to the chemical 
structure of the bio-based lubricant. Graphene is able to 
increase wear reducing performance of bio-based 
lubricant in most condition. 
 
1. INTRODUCTION 

Lubricants are widely used in industries especially 
in automotive, marine and metal working application. 
There are many roles that lubricant plays however the 
most important one is to reduce the frictional loses of a 
machine. With the increasing environmental awareness, 
lubricant industry is more focused on creating a more 
environmentally friendly product that is on par with the 
performance of commercial lubricant.  

Bio-based lubricant is a good alternative to 
conventional lubricant as they have many renewable 
sources [1]. This allows easy access to bio-based 
lubricant worldwide. The high viscosity index, high flash 
point and cost-efficient aspect of bio-based lubricant 
gives it an edge to mineral based oil [2].  

However, the tribological performance of this bio-
based oil can still be improved by the addition of 
additive[3]. In this study, graphene is chosen to act as an 
additive due to its high mechanical strength and unique 
structure. Azman et al. [4] have shown that graphene can 
improve the tribological performance of bio-based 
lubricant.  

Due to the fact that there is still a lack of knowledge 
regarding graphene-based additive in bio-based 
lubricant, this study will used various bio-based lubricant 
to see effectiveness of graphene as a bio-based lubricant 
additive. 
 
2. METHODOLOGY 

The bio-based lubricant chosen for this study are 
commercial Neopentylglycol Dioleate ester (NPG), 
Trimetylolpropane Trioleate ester (TMP) and 
Pentaerythritol Tetraoleate ester (PE). Graphene 
nanoplatelet was used as additive and dispersed into 
every bio-based lubricant at 0.01wt% and 0.05wt% via 
magnetic stirrer. 

 

All the samples undergo density and viscosity 
measurement using SVM 3000 Stabinger viscometer. For 
tribological performance, all the samples are tested using 
four ball tribometer according to ASTM D4172 B. 

 
3. RESULTS AND DISCUSSION 

Table 1 shows physicochemical properties of all the 
sample. It can be seen that the addition of graphene has 
minimal effect on the physicochemical properties of all 
bio-based lubricant samples. The lack of change ma be 
due to the amount of graphene being insignificant. This 
coincide with the result obtained by Zin et al. [5] where 
the low concentration of nanoparticle does not affect the 
viscosity and viscosity is only affected at higher 
concentration. 

 
Table 1 Physicochemical properties of pure and mixed 

bio-based lubricant. 
Properties Viscosity 

at 40oC 
Viscosity 
Index Density 

NPG BASE 26.086 210.8 0.9084 
0.01 NPG 26.46 209.6 0.9083 
0.05 NPG 25.694 212.8 0.9084 
TMP BASE 48.447 188.9 0.9196 
0.01 TMP 48.397 189 0.9197 
0.05 TMP 48.493 189.3 0.9197 
PE BASE 63.407 186.1 0.9295 
0.01 PE 64.014 184 0.9298 
0.05 PE 62.843 186.7 0.9294 
 

 
Figure 1 Coefficient of friction of bio-based lubricant. 
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Figure 2 Chemical structure of bio-based lubricant. 

 
As can be seen in Figure 1, the addition of graphene 

may increase or decrease the frictional force. In the case 
of NPG ester, there is a sharp increase in COF by ~60% 
when 0.01wt% graphene is added followed by a 
moderate COF increase with increasing graphene 
concentration. For TMP esters, low graphene 
concentration also increases the COF however graphene 
is able to reduce the COF at 0.05wt% by 2%. Only PE 
ester benefits from graphene addition at all concentration 
with the lowest reduction at 0.05wt% by 10%. This is due 
to fact graphene form a protective on the contacting 
surface [6].  

The difference in chemical structure of bio-based 
lubricant sample lies in the ester functional group amount 
present in the ester as shown in Figure 2. From the 
frictional performance result, it can be seen that the NPG 
ester that has the lowest number of ester functional group 
(two) decrease its frictional performance with the 
addition of graphene. The opposite can be said with PE 
ester that have the highest number of ester functional 
group.  

 

 
Figure 3 Wear scar diameter of bio-based lubricant. 

 
As shown in Figure 3, the presence of graphene is 

able to reduce wear in most condition. With the exception 
of 0.01wt% NPG sample, all of the graphene contained 
sample improve the wear reducing performance of the 
based oil.  
 

 
 
 
 
 
 
 
 
 
 
 

4. CONCLUSION 
As a conclusion, there is no significant changes in 

the physicochemical properties of base oil after the 
addition of graphene. Furthermore, graphene was able to 
decrease the friction and wear of bio-based lubricant to 
some extent. However, graphene may not be suitable for 
some bio-based lubricant as can be seen in NPG ester.  
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ABSTRACT – Experiments are required to evaluate the 
friction behavior of different friction linings and 
lubricants because the interactions between lubricant, 
friction lining and steel plate are complex. This paper 
describes efficient test programs to determine the 
friction behavior of three different types of friction 
linings with different lubricants. The experiments 
observe influences of additives on friction behavior for 
the running-in process, over various load stages, and 
during continuous shifting tests. A method is introduced 
to repeatably and reproducibly evaluate the coefficient 
of friction and tendency of the clutch to shudder. 
 
1. INTRODUCTION 

Wet multi-plate clutches are used in automotive 
transmissions and industrial applications. Developing 
new transmission fluids requires many experiments, as 
the friction behavior cannot be predicted or determined 
by simulations. Therefore, test programs are needed to 
reproducibly screen the friction behavior of different 
combinations of lubricant/friction lining. Standardized 
SAE (Society of Automotive Engineers) tests for wet 
multi-plate clutches are complex and the failure of 
clutch ends the test. However, friction screening 
requires a functional clutch and therefore the SAE tests 
are not suitable. Oldfield et al. [1] investigated friction 
characteristics of different carbon and paper type 
friction linings on a LSLVFA test rig using basestock oil 
and varying the additive components. Layher [2] further 
investigates the influence of additive components on the 
friction behavior. Wenbin et al. [3] details the influence 
of pressure, sliding velocity, and rotational mass on the 
friction behavior of disc clutches. The results are not 
applicable to wet multiple-plate clutches. 
 
2. METHODOLOGY 
2.1 Test parts, lubricant and test rig 

The tests were carried out on the clutch test rig 
ZF/FZG KLP-260 [4] (Figure 1) and a similar test rig 
LK-2 [2]. All tests were run in braking mode, where the 
inner disc carrier is rotating and the outer carrier is 
standing. Before the engagement, the shaft and the 
attached flywheels are accelerated to a predetermined 
initial rotating speed. Axial force is applied by a force-
controlled hydraulic piston. During the engagement, 
rotational speed, axial force, torque and displacement 
are measured. Specific values like coefficient of friction 
are calculated by the data measurement unit. The clutch 
is cooled by lubricant injected into the center of the 
clutch. 

 
Figure 1 Concept of test rig ZF/FZG KLP-260. 

 
One type of multi-plate clutch was used for each 

friction lining. The mean radius of the friction surface is 
given in Table 1. 

 
Table 1 Test parts. 

Mean radius Friction lining 
65.7 Paper 
48.3 Carbon 
57.0 Sinter 

 
Initial experiments were conducted using typical 

lubricants (ATF, SAE 75W90, STOU 10W40) for each 
friction lining to develop the test procedure. Later tests 
investigated the effects of model-fluids (MF), consisting 
of same basestock but different additive components. 

 
2.2 Test method 

Acuner et al. describes a screening test for paper 
type friction materials [5]. Stockinger et al. [6] adapted 
this method to evaluate the friction behavior of carbon 
friction linings efficiently. A new test program was 
developed for sinter friction lining. Figure 2 shows the 
test procedure for different friction linings. 

 

 
Figure 2 Test procedure. 

 
The test procedure has to be adapted to the change 

in friction behavior of different linings. The aim is to get 
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a steady-state friction behavior after running-in. In other 
words, the friction behavior must not change when the 
load stages of pressure-velocity variation p-v-1 are 
repeated in p-v-2. Each test starts with a running-in 
program to ensure a stable friction behavior. The 
running-in program consists of 620 clutch engagements 
on 5 load stages (E1…E5). Usually, most friction 
systems show big changes in friction characteristics 
over these 620 cycles. After running-in, p-v variations 
are done up to four times (p-v-1…4). Pressure p and 
initial sliding velocity vg,max are changed in each load 
stage, e.g. LS1…6 for sinter friction lining. Figure 3 
shows the load parameters for the sinter-test program. 
The repeatability is evaluated by comparing the friction 
behavior of load stages after successive p-v variations 
(e.g. p-v-1 and p-v-2 or p-v-3 and p-v-4). 10 cycles 
were run on each load stage.  

The paper-type friction lining has a fast running-in 
process. Therefore, the ‘short test’ (figure 2) is sufficient 
to describe the paper-type’s friction behavior. As the 
mean coefficient of friction and friction characteristics 
of carbon and sinter friction linings continued to change 
after further clutch engagements, the ‘long test’ was 
developed. After p-v-2, a continuous shifting test (CST) 
on the highest load stage was performed. For the sinter 
friction lining, 3000 cycles on LS6 were suitable. 
Afterwards, p-v-3 and p-v-4 were added. Comparing the 
friction behavior of p-v-1 and p-v-3, the influence of 
CST can be evaluated. 

The rotational mass during one test stays the same, 
as only sliding velocity and pressure are changed. This 
makes it easier to run automatized tests. 

 

 
Figure 3 Test conditions for sinter friction lining. 

 
2.3 Test evaluation 

To evaluate these tests, friction curves of the last 
five engagements of one load stage are averaged to a 
mean friction curve. All characteristic values are 
calculated with the mean friction curve. The average 
CoF μavg is defined between 60...5 % of initial sliding 
speed vg,max and characterizes the friction level. To avoid 
shudder, the CoF at low sliding speeds has to be lower 
than during the rest of the engagement. The ratio of 
μ2/μ5 is used to evaluate the tendency to shudder, where 
μ2 is CoF at 50 % of initial sliding speed and μ5 is the 
maximum CoF between 5…10 % vg,max. For μ2/μ5 > 1, 
shudder cannot occur. For μ2/μ5 < 1, shudder can appear 
during clutch engagement, depending on damping and 
stiffness of the transmission system. A detailed 
description of the evaluation method is given by 
Stockinger et al. [6]. 

 

3. RESULTS AND DISCUSSION 
Figure 4 shows the influence of different lubricants 

on the mean CoF for the sinter friction lining. μavg is 
higher for a lower sliding velocity. There is no 
significant difference between 0.5 N/mm² and 
1.0 N/mm² pressures. The lubricant has a big influence 
on the friction level. Additive components Friction 
Modifier, Dispersant and Extrem Pressure/Antiwear 
(MF10) raise the CoF by approximately 20 %, 
compared to basestock (MF0) alone.  

 

 
Figure 4 Influence of Lubricant on average CoF μavg for 

sinter friction lining. 
 

4. SUMMARY 
Friction lining, steel plate, lubricant and load 

parameters determine the friction behavior of wet multi-
plate clutches. An efficient test program was introduced 
to measure the friction behavior on different load stages. 
As an example, the method was applied to sinter friction 
lining with different lubricants. An evaluation method 
was described to reproducibly characterize the friction 
behavior. 
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ABSTRACT – The pumps for gasoline and alcohol-
fueled vehicles engines are lubricated by the fuel itself. 
Since butanol is perceived as a competitive alternative 
fuel for the gasoline engine, a follow up study on its 
lubricity effect was conducted to ensure the lifespan of 
the engine parts. Four butanol isomers with a volume 
fraction of 20 vol.% in gasoline were mixed and the 
physicochemical properties of the blends were 
determined. The fuel blends were tested using a 
conventional High-Frequency Reciprocating Rig. The 
results indicated that the addition of butanol in gasoline 
fuel blends increase the COF and wear relative to pure 
gasoline. 
 
1. INTRODUCTION 

Similar to that of compression ignition engine, the 
gasoline direct injection (GDI) engines are using higher 
injection pressure as high as 500bar. A lot of work is 
currently done by researchers to develop GDI engines 
which can use even higher injection pressure (up to 
1000bar). Therefore, the engine will require a high-
pressure gasoline injection pump, which in turns, prolong 
the lifespan of the engine parts.  

In the meantime, the depletion of fossil fuels has 
caused such a worry that it is now vital to search for an 
alternative. Ethanol and butanol are suitable for gasoline 
engine due to their favourable physicochemical 
properties that can be blended with pure gasoline to 
reduce the dependency on petroleum fuels and reduce 
environmental pollutions. The use of ethanol in gasoline 
engine as alternative fuel is not a new concept, where the 
blend was introduced worldwide for more than 20 
countries including United States, Brazil, Thailand, 
Jamaica, Philippines and several European countries in 
all most light duty vehicles. Recently, researchers are 
energetically discovering butanol, which has higher 
carbon chain than ethanol as an effective gasoline 
substitute due to its remarkable physicochemical 
properties that is relatively closer to gasoline. For all 
these reasons, it seems important to investigate the effect 
of butanol on the lubricity of gasoline, since the lubricity 
may become importance with the requirement of high 
pressure injection pump.  

The lubricity assessment of various gasoline fuel 
blends and the effect of physicochemical properties on 
lubricity were studied by several researchers. Agudelo, et 
al. [1] examined the lubricity effect of several ethanol 
including hydrated and anhydrous in gasoline fuel blends 
by using a conventional High-Frequency Reciprocating 
Rig (HFRR) tester. The results indicated that the addition 

of ethanol, hydrated and anhydrous did not impact 
significantly the fuel lubricity. Lois and Arkoudeas [2] 
examined the gasoline lubricity by determining the effect 
of gasoline properties on lubricity from numerous petrol 
samples. Besides that, a reciprocating wear test was done 
by Ping, et al. [3] to compare the lubricity of gasoline and 
diesel fuels. Typical study was done by Wei, et al. [4] by 
modifying a conventional HFRR to measure the wear 
performance of gasoline and diesel fuels. It was found 
that the gasoline containing detergent additives had a 
wide range of lubricity variation. The detergent additive 
also did not significantly affect the fuel lubricity and the 
common additive for diesel fuel was also effective for 
gasoline.  

However, there are still limited information to 
acknowledge the effect of butanol in gasoline lubricity 
since butanol isomers have different physicochemical 
properties, which can affect the lubricity performance. 
This study further solidifies the prospect of butanol 
blends usage as alternative fuel in gasoline engine, where 
the butanol isomers especially isobutanol gives a better 
engine performance and reduction of exhaust emissions 
[5]. 
 
2. METHODOLOGY 

Four butanol isomers, i.e. n-butanol (nBu), sec-
butanol (sBu), tert-butanol (tBu) and isobutanol (iBu), 
were blended with unleaded gasoline. The gasoline 
which has research octane number of 95 was purchased 
from Petronas Malaysia petrol station. In this study, 20 
vol.% of isomers were blended with 80 vol.% of gasoline, 
denoted as nBu20, sBu20, tBu20 and iBu20. 

The physicochemical properties of these blends 
were then measured using various instruments according 
to ASTM standards. The lubricity test was carried out in 
a conventional HFRR. The test conditions used for 
gasoline tests were listed in Table 1. As there is no 
standard for gasoline lubricity test, it considers a 
temperature of fuel at 25oC, which is more adequate 
when there may be concerns on fuel losses due to its 
volatility.  Fuel sample was placed in reservoir and 
maintained at specified temperature. A fixed cylindrical 
roller is forced against a mounted stationary steel plate 
inside the reservoir with an applied force. The roller was 
oscillated at a fixed frequency of 10Hz and stroke length 
of 2mm. The tests were performed for 10 minutes for 
each fuel samples. Afterwards, the tested plates were 
analysed using scanning electron microscope (SEM) to 
determine wear mechanism. 
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Figure 1 Structural formula of butanol isomers. 
 

Table 1 HFRR test conditions. 
Parameter Specifications 
Normal load 10 N 
Temperature 27 oC 
Stroke length 2 mm 
Frequency 10 Hz 
Time taken 10 minutes 

 
3. RESULTS AND DISCUSSION 
3.1 Physicochemical properties 

The results indicate that the nature of the fuel is an 
important factor for the lubrication properties of each 
fuel. The physicochemical fuel properties were 
determined in Table 2. It was found that the addition of 
the isomers in gasoline blends increase the fuel density 
and kinematic viscosity values. It showed that the 
composition of butanol in gasoline do influence the 
gasoline lubricity, however there is no linear correlation 
between the density and viscosity with lubricity 
performance. 

 
Table 2 Physicochemical properties of tested fuel 

blends. 
Properties PG nBu20 sBu20 tBu20 iBu20 
Density at 
15oC 754.3 766.0 765.5 760.9 764.6 
Kinematic 
viscosity at 
20oC 
(mm2/s) 

0.520 0.684 0.662 0.640 0.676 

Dynamic 
viscosity at 
20oC 
(MPa.s) 

0.388 0.522 0.504 0.484 0.515 

 
3.2 Coefficient of friction (COF) 

The COF of the tested fuel blends is shown in 
Figure 2. It can be observed that all the fuel blends have 
an increase in COF relative to that pure gasoline (PG). 
The increase in COF of nBu20, sBu20, tBu20 and iBu20 
are 25.6%, 24.4%, 25.5% and 37.2%, respectively, 
relative to pure gasoline. 

 

 
Figure 2 COF of the tested fuel blends. 

3.2 Wear analysis 
The SEM micrographs at scale of 10µm for all the 

tested fuel blends were presented in Figure 3. It can be 
seen that the tBu20 blend gives severe wear to the plate. 

 

 
Figure 3 SEM micrographs. 

 
4. CONCLUSION 

It can be concluded the addition of butanol in 
gasoline fuel blends increase the COF and wear relative 
to pure gasoline. The tBu20 blend gives the highest COF 
among the tested fuel blends. 
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ABSTRACT – Bio-based lubricant has long known for 
its superior lubricity. Through the process called 
transesterification the vegetable oil and animal fats can 
be transformed into lubricant or polyol ester. For two-
stroke petrol lubrication, mineral-based lubricant is still 
widely used. This gap must be filled so that the two-
stroke engine could be lubricated with the same high-
quality bio-based lubricant as the four-stroke, leads to 
better fuel economy and cleaner emission. In this paper a 
polyol ester called Trimethylol Propane Trioleate (TMP 
TO) blend has been tested for wear performance. Result 
shows COF reduction of 7.3% as well as 47.8% less wear 
scar diameter compares to mineral-based lubricant. 
 
1. INTRODUCTION 

Vegetable oils and animal fats contain natural 
triglycerides. According to Gryglewicz et al. [1], these 
natural fatty acids with glycerol component (Figure 1) is 
readily destructible at high temperature. Replacing the 
hydrogen atoms in position beta with another polyhydric 
alcohol which does not contain beta-hydrogen atoms will 
solve this problem. The candidates include neopentyl 
glycol (NPG), pentaerythritol (PE) and trimethylol 
propane (TMP). These alcohols although exhibit 
decomposition at high temperatures, their thermal 
decomposition has a radical character thus slowing the 
process.  

For this report, Trimethylol Propane Trioleate (TMP 
TO) was used. This fatty acid methyl ester is normally 
used in metalworking and stamping industries. Its 
superior character includes good cold stability, high flash 
point and excellent lubricity. TMP TO use in this report 
is Radialube 7561 manufactured by Oleon [2].  

The motivation of this experiment is to explore the 
relatively cheap and environmental friendly TMP polyol 
ester for the possibility of using it as lubricant in a two-
stroke petrol engine. This project is also supported by the 
key industrial player in bio-lubricant sector. 

 

 
Figure 1 Glycerol part (on the left) in a triglyceride 

molecule [3]. 
 
2. METHODOLOGY 
2.1 Samples preparation 

There are four samples prepared for this experiment 
from three base materials namely 1. TMP TO, 2. 
Quickstar 2T, and 3. Quicksilver 2T. Sample 3 is a 
commercial 2T lubricant which complies international 
2T lubricant standard (TC-W3® by National Marine 
Manufacturers Association) thus it will act as reference 
for this experiment.  

Samples 1,2 and 3 are used in pure and undiluted 
form. The fourth sample is prepared from a mixture of 
10%v/v TMP TO (sample 1) with Quickstar (sample 2). 
The mixture was put on a magnetic stirrer for 10 minutes 
at 500rpm to ensure good mixing and was immediately 
brought to the four-ball test machine. 10% ratio for 
sample 4 was not randomly selected but instead was done 
after discussion with the manufacturer considering the 
cost, available facilities and other marketing factors.  

The ASTM D4172 B four-ball test was conducted 
at 400N, 1200rpm for 3600s at slightly higher 
temperature of 100°C instead of 75°C. 100°C was 
selected to test the extreme temperature of samples 
following the flash temperature of Quicksilver sample of 
107°C (refer Table 2). More than 100°C would expose 
the Quicksilver 2T lubricant to catch fire during four-ball 
procedure thus the temperature was closely monitored 
during the process to eliminate unwanted occasion. 
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2.2 Physicochemical properties  
For the physicochemical properties of the samples, 

all samples except TMP TO were tested for flash 
temperature via Pensky Martens closed cup following 
ASTM D93 A standard. The device used was NormaLab 
Flash Point Tester. TMP TO flash temperature was 
retrieved directly from datasheet published by the 
manufacturer [2].  

M7 Viscosity index for all samples was checked 
using Anton Paar SVM 3000. The physical as well as the 
chemical properties of all four samples are tabulated in 
Table 1. 

 
3. RESULTS AND DISCUSSION 

Pure TMP TO shows the highest viscosity index 
(VI) of 191 compares to the other three samples.  
Addition of TMP TO to the Quickstar lubricant was 
expected to increase the VI of the Quickstar (139.3) but 
it reduced the VI instead. 10% blend also exhibits almost 
identical physicochemical properties with Quickstar 
except the kinematic viscosity at 40°C. Other parameters 
can be referred in Table 1. 

 
Table 1 Physicochemical properties of samples 

Properties TMP 
TO 

Quickstar 
(mineral) 

10% TMP 
TO (blend) 

Reference 
(mineral) 

Kinematic 
Viscosity 40°C 
[mm2/s] 

49.431 44.061 50.074 37.802 

Kinematic 
Viscosity 100°C 
[mm2/s] 

9.8759 7.5724 8.5468 6.2275 

Viscosity Index 191.0 139.3 136.5 112.3 
Density [g/cm3] 0.9171 0.8657 0.8739 0.8634 
Flash 
temperature [°C] >280* 129 125 107 

*from Oleon [2] 
 

Wear scar diameter (WSD) shows an unexpected 
result with Quickstar brought the less WSD on the steel 
ball. COF of pure TMP TO is the least with 0.06690. 
Lubricants made of 100% mineral-based oil i.e. 
Quciksilver and Quickstar are proven to inherit high 
COF. However, the lowest WSD was recorded by 
Quickstar (see Table 2). 

 
Table 2 Tribological performance. 

Properties TMP TO  Quickstar 
(mineral) 

10% TMP 
TO (blend) 

Reference 
(mineral) 

Wear scar 
diameter [mm] 0.4955 0.3191 0.3695 0.7082 

COF 0.06690 0.07999 0.06931 0.07479 

 
 
 
 
 
 
 
 
 
 
 
 

4. CONCLUSIONS 
Mineral-based oil is proven to exhibit low wear 

performance compares to bio-based lubricant. 
Trimethylol Propane ester in this case is in wear 
perspective, suitable for being use in a mineral-based 
lubricant blend as the two-stroke lubricant. This can be 
verified by the following findings: 

(a) Polyol ester (TMP TO) in pure form has the best 
COF compares to 1. pure mineral lubricant and 
2. bio-based and mineral-based blend.  

(b) Polyol ester drastically improves the COF of 
mineral-based lubricant (13.35%) even at low 
dilution percentage (10%).  

(c) Kinematic viscosity of sample 3 (blend) was 
increased instead of decreased. Rheological 
properties of this mixture should be further 
researched. 
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ABSTRACT – The accurate compressibility of liquid 
lubricants at varying pressures to studying the 
importance of surface topography and lubrication in 
metal forming has led to construction and testing of an 
experimental tool setup for measuring compressibility of 
fluids by means of pressure-bulk modulus relationship 
for low-to-high viscosity oils. Testing of mineral oils 
showed a nonlinear relationship between the bulk 
modulus and the pressure for measuring compressibility 
of fluids up to a pressure of 500 MPa. 
 
1. INTRODUCTION 

Bulk modulus expresses the resistance of a fluid to 
compression. This property has been found to vary with 
pressure [1], temperature [2], and molecular structure [3]. 
Bulk modulus represents a significant property in power 
efficiency and response time of refrigeration and air 
conditioning machinery [4], an explanation to studying 
surface topography and trapped lubricants [5-7], and an 
explanation of viscosity-pressure properties in the 
fundamental studies of hydrodynamic lubrication [8-9]. 

Metal forming in the mixed lubrication regime 
implies that the forming load in the tool/workpiece 
interface is shared between the metal-to-metal asperity 
contacts and the pressurized lubricant in the pockets 
between asperity contacts [10]. From literatures in 
studying the importance of surface topography and 
lubrication in metal forming, it appears that calculation 
of the pressure increase of lubricant trapped in closed 
pockets of the workpiece surface in metal forming 
requires knowledge on the lubricant bulk modulus. Data 
are difficult to find in the literature, and standard test 
methods require advanced laboratory equipment [11-13]. 
Most of the advanced laboratory equipment is 
determining the lubricant pressure indirectly by 
measuring the punch load outside the pressure chamber. 
The drawback of this is that the measured force includes 
friction in the sealing and thereby overestimates the 
pressure in the lubricant. 

The present paper describes an experimental 
compression test of liquid lubricants with direct 
measurement of the lubricant pressure build-up and the 
subsequent determination of the lubricant bulk modulus 
in a wide pressure range. The work includes design and 
construction of a new, high-pressure compressibility 
equipment and testing of the liquid lubricant 
compressibility up to 500 MPa, i.e. in a pressure range 
similar to the one appearing in the tool-workpiece 
interface in stamping of stainless steel sheet [14]. 

 

2. COMPRESSIBILITY OF FLUIDS 
The lubricant volume changes with the hydrostatic 

pressure [14]. This change is expressed by the bulk 
modulus K of the compressed lubricant as stated in 
Equation (1). 
𝐾 = −𝑉 𝑑𝑝𝑙𝑢𝑏

𝑑𝑉
 (1) 

where K is bulk modulus, V is volume, dp is differential 
hydrostatic pressure and dV is differential of volume. 

 
3. HIGH-PRESSURE EQUIPMENT 

The high-pressure equipment has been designed 
and constructed for measuring lubricant pressure build-
up with decreasing lubricant volume in a pre-stressed 
Ø37 mm high pressure container with two fitting 
punches, see Figure 1. The lower punch is stationary, 
whereas the upper punch is moving in order to compress 
the liquid between the punches. Load is delivered by a 2 
MN hydraulic cylinder. A wedge clearance seal of the 
liquid comprising of three rings are mounted on the 
punches. For testing of lubricants to 500 MPa, ring 1, 
which has a triangular cross section is made of copper, 
ring 2 with a square cross section is made of Teflon, 
whereas ring 3 is a commercial U-shaped rubber seal, 
Variseal M2S from Trelleborg, Sweden. A central bore in 
the bottom punch leads the oil to a pressure sensor and 
measuring range up to 1.5 GPa. The volume change is 
measured by measuring the punch travel by a length 
transducer. 

 
4. TEST OILS 

Mineral oils applied in sheet stamping were selected 
for the experiments. Data on the test lubricants are listed 
in Table 1. 

 
5. RESULTS AND DISCUSSION 

Figure 2 shows the measured bulk modulus at 
various pressure levels. The TDN81 shows less 
compressibility in comparison to the other lubricants. 
The other three lubricants, R300, R800 and CR5, have 
approximately the same bulk modulus. A non-linear 
increase in bulk modulus with pressure is observed. At 
lower pressures, the bulk modulus increases more rapidly 
than at higher pressures. The bulk modulus at 500 MPa is 
about 2 to 2.5 times larger than at ambient pressure, and 
the compression of the lubricant is about 13 to 15 percent. 

Testing of the lubricant compressibility at elevated 
pressures has revealed that the lubricant bulk modulus is 
independent of lubricant viscosity, see Table 1 for the 
different lubricant viscosities. Larger viscosity lubricants 
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do not provide larger bulk modulus. It is noticed that 
TDN81, which has medium viscosity, has the largest bulk 
modulus, whereas the oils R800, R300 and CR5 have 
approximately the same, lower bulk modulus. The mixed 
oil CR5-Sun has slightly lower bulk modulus than those. 

 

 
Figure 1 Schematics of components for measuring 

compressibility of liquid lubricants. 
 

Table 1 Test lubricant properties. 

Lubricant Types Name Viscosity ƞ 
@40°C (cSt) 

Pure mineral oil CR5 
CR5-Sun 

660 
60 

Rhenus oil R800 
R300 

800 
300 

Chlorinate paraffin TDN81 150 
 

 
Figure 2 Bulk modulus K of the test lubricants at 

increasing pressure. 
 

6. CONCLUSION 
The high-pressure equipment has been developed 

for determining lubricant bulk modulus up to a pressure 
of 500 MPa. The pressure is measured directly inside the 
high-pressure container, which means that the test 
equipment allows a direct determination of the bulk 
modulus at varying pressure with no influence from 
friction in the sealing. 
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ABSTRACT – The current work investigates the 
tribological properties of cashew nut shell liquid (CNSL) 
with reduced graphene oxide (r-GO) as friction modifier 
using a four – ball tribometer. Cashew Nut shell liquid 
has been chosen due to its ease of availability and 
biodegradability against commercial lubricants (mineral 
oil and synthetic cutting fluid). r-GO platelets were added 
on weight percentage basis and significant enhancements 
in antiwear properties of CNSL were observed up to a 
certain concentration of r-GO (0.5 wt.%). The surface 
features of the tested balls were analysed using a three 
dimensional noncontact type profilometer, scanning 
electron microscope (SEM) and energy dispersive system 
(EDS). The results obtained showed that the performance 
of CNSL (without r - GO) is comparative with the fully 
formulated commercial lubricants. The present work will 
help to design a new bio degradable lubricant (CNSL) 
from a waste source (cashew nut shells) with proper 
additivation. 
 
1. INTRODUCTION 

Lubrication has come to the prominence for all the 
industries of the world investing in the research and 
development for the improvement of mechanical 
efficiency of their components. Studies have been 
conducted on the use of vegetable oils such as, soybean 
oil and sunflower oil which have shown promising results 
in comparison to synthetic oils; jatropha oil, castor oil, 
jojoba oil and mahua oil which have shown analogous 
results against mineral oils and synthetic oils [1,2].Thus, 
as an alternative to the commercially available mineral 
oils and synthetic oils in the industry, cashew nut shell 
liquid (CNSL) - which is rendered as a waste product in 
the processing of cashews or as a predecessor to the 
production of cardanol - can be used as a natural 
substitute. To the best of our knowledge no systematic 
work has been reported till date using r-GO as friction 
modifiers in CSNL. The present work will help to design 
new bio degradable lubricants from cashew nut shells. 

 
2. MATERIALS AND EXPERIMENTAL 

METHODS 
2.1 Preparation of the friction modifiers (FM) 

based oil samples 
Cashew nut shell liquid (CNSL) comprising of no 

friction modifiers and commercially available lubricants 
(mineral oil and cutting fluid containing commercial 
additive package) were procured from the M/s Satya 

Cashew, Chennai and local industrial market at Chennai, 
India respectively and were used without additional 
treatment and processing. Reduced graphene oxide (r-
GO) were used as friction modifiers in CNSL on weight 
percentage basis (wt%: 0, 0.1, 0.5, 1.0, 2.0). 

 
2.2 Measuring viscosity, flash and fire point 

The physio-chemical properties such as flash point, 
fire point and viscosity of the oil samples were 
determined using Redwood viscometer and Cleveland 
open cup apparatus. 

 
2.3  Anti – wear property investigation 

A four ball tribometer (DUCOM, model: TR 30L) 
was used in order to analyze the anti-wear property of the 
samples as per ASTM D 4172 standard. The balls used 
were of AISI 52100 (diameter 12.7mm and hardness 60-
62Rc). A constant load of 300N was applied and the top 
ball was rotated at 1200rpm. The temperature in the ball 
pot was maintained at 75°C. The used oil samples after 
the tribo tests were analysed with inductively coupled 
plasma – optical emission spectroscopy (ICP – OES) 
under ASTM E1613 for iron particles content (Fe content 
in parts per million) and the particle quantifier index (PQ 
index). Each trial was conducted thrice and the average 
values were reported in the present work. 

 
3. EXPERIMENTAL RESULTS 
3.1 Measuring the Viscosity, flash point and fire 

point 
As observed from Table 1, it can be seen that there 

has not been much improvement of CNSL on addition of 
r-GO as compared to synthetic cutting fluid and 
commercial mineral oil though a slight improvement in 
the flash and fire points are observed. 

 
3.2  Investigation of anti – wear properties of the oil 

samples 
As observed from Figure 1 and Figure 2, a 

decreasing trend of the friction coefficient can be seen 
until the concentration of r – GO rises from 0% to 0.5% 
but with further increase in the FM concentration the 
coefficient of friction also increased. The minimal 
coefficient of friction was observed to be at 0.5% r-GO 
as compared to the commercial lubricant. The lowest 
wear scar diameter was found to be at 2.0% r-GO in 
CSNL as compared to all the CSNL samples but the wear 
scar diameters in case of CMO and cutting fluid are less 
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than CSNL samples due to the presence of various 
additives. From Figure 3, it can be seen that the oil film 
strength in case of CNSL samples were lower than the 
commercial lubricants and hence, the wear scar in CNSL 
samples were large than the commercial lubricants.  

 
Table 1 Physico-chemical properties of lubricant 

samples. 

Oil 
Samples 

Viscosity 
at 40℃ 
(cSt) 

Viscosity 
at 100℃ 
(cSt) 

Flash 
point 
(℃) 

Fire 
Point 
(℃) 

Commercial 
Mineral Oil 559.60 48.80 245 250 

Synthetic 
cutting fluid 67.40 9.1 220 232 

Neat CNSL 65.03 8.04 230 242 
CNSL + 
0.1%  
r – GO 

66.19 8.27 230 240 

CNSL + 
0.5%  
r – GO 

66.64 8.45 225 240 

CNSL + 1%  
r – GO 65.99 8.35 230 240 

CNSL + 2%  
r – GO 65.54 8.36 230 242 

 

 
 

 
Figure 1 Variation for synthetic cutting fluid with 

additivated CNSL samples of (a) coefficient of friction; 
(b) wear scar diameter. 

 
 
 

 
 

 
Figure 2 Variation for commercial mineral oil with 

additivated CNSL samples of (a) coefficient of friction; 
(b) wear scar diameter. 

 

 
Figure 3 Oil film strength of various samples. 

 
3.3  Analyses of wear debris 

In order to identify the type of wear, an elemental 
wear analyse for the particle quantifier index and iron 
level was carried out on the used oil samples after tribo-
test. In case of both CMO and synthetic cutting fluid, it 
was observed that the Fe content (23 ppm and 5ppm 
respectively) was much lower than the PQ index (62 and 
21 respectively) while in CNSL and CNSL + 0.5% r – 
GO, the Fe content (237parts per million and 169 parts 
per million) is found to be higher than the PQ index (15 
and 26 respectively) indicating normal wear condition. 
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3.4  Analyses of surface roughness of the steel balls 
after test 
The surface roughness of the balls tested with 

commercial mineral oil (𝑅𝑎: 2.80𝜇𝑚,𝑅𝑞: 3.69𝜇𝑚) is 
higher than obtained with other lubricant samples. 
Further it can be seen that the surface roughness in case 
of balls tested with CNSL + 0.5%r-GO 
(𝑅𝑎: 0.637𝜇𝑚,𝑅𝑞: 0.843𝜇𝑚) is reduced in comparison 
with that corresponding to commercial mineral oil and 
neat CSNL (𝑅𝑎: 1.110 𝜇𝑚,𝑅𝑞: 1.372 𝜇𝑚)  and is 
comparable with the cutting fluid  
(𝑅𝑎: 0.479 𝜇𝑚,𝑅𝑞: 0.611 𝜇𝑚). 
 
3.5  Investigation of the extreme pressure properties 

The wear rate of the tribo-system lubricated with 
synthetic cutting fluid samples increased over 500 N. At 
800 N load the wear scar diameter of CNSL samples are 
comparable with the synthetic cutting fluid (CMO being 
more viscous lubricant) but at 1260N the balls tested with 
synthetic cutting fluid and mineral oil welded together 
while the balls with CSNL showed high wear scar, 
corresponding to initial seizure load (micro-scuffing 
initiation). 

 
4. WEAR MECHANISM BETWEEN THE 

TRIBO-PAIRS 
The decrease of frictional coefficient due to 

unsaturated as well as saturated fatty acids is bolstered by 
the presence of r-GO as friction modifiers in the 
lubricant. Due to the large difference in potential barrier 
existing between graphene and CNSL, the former is 
incompetent for its evident dispersion in the latter [3]. 
The polar groups which are hydrophobic in nature help r 
– GO to attach to the metal surfaces whereas, the alkyl 
groups being hydrophilic in nature will keep the r – GO 
dispersed in oil [4]. Cashew nut shell liquid contains 
unsaturated fatty acids and thus the adsorption of these 
fatty acids on the friction pairs causes the desired 
lubricity of the base oil [5,6] as shown in Figure 2. 
Adding r-GO over 0.5% in the CNSL reduces the wear 
scar diameter, the friction modifiers in higher 
concentration acting as an anti-wear barrier on the mating 
surfaces, but conducts to an increase of the friction 
coefficient due to augmented friction between the solid-
to-solid r-GO particles.  

 

 
Figure 3 Mechanism of formation of tribo film. 

 
 
 
 

5. CONCLUSIONS 
The physio - chemical properties of CNSL samples 

were found to be similar to the synthetic cutting fluid. 
From the present work it has been found that the 
coefficient of friction in case of 0.5 wt. % r - GO added 
CNSL (0.069) is much lower than the commercially 
available synthetic cutting oil (0.1). The roughness of the 
samples lubricated by CNSL additive with 0.5 wt. % r - 
GO is quite close to those of the synthetic cutting fluid 
showing comparable characteristics of CNSL with non-
biodegradable commercial lubricants. 

The balls in case of 0.5 wt % r-GO welded at higher 
loads as compared to both synthetic cutting fluid and 
commercial mineral oil. 
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ABSTRACT – The purpose of this study is to 
investigate the tribological behaviors of a series of 
newly synthesized cholesterol esters with liquid crystal 
behaviors in lubricant oils as lubricant oils additives. 
Synthesis method will be introduced and tribological 
comparisons will be made between the performance of 
reference oils and oils blended with the synthesized 
cholesterol esters in respect of antifriction and wear 
reduction by the changes of parameters. The ester 
products will be characterized carefully by different 
methods. The tribological behaviours will be 
characterized by devices like UMT-tribololab and 3D 
surface optical profiler. 
 
1. INTRODUCTION 

Cholesterol is an essential part of all animal life. 
One important behaviour of it is some of its derivatives 
may generate liquid crystalline behaviours. Its unique 
schistose molecular structure may form strong and large 
films when dissolved in the oils. By tailoring the 
derivatives of cholesterol, a series of cholesterol oil 
soluble liquid crystals can be prepared. According to the 
previous studies, liquid crystals can be used in the 
lubricant systems to provide good antifriction ability 
due to its orderliness in liquid crystal (LC) phases [1-3]. 
Usually liquid crystals consist of small polar molecules 
with ester group and exhibit ultralow friction 
performance. This is mainly due to the molecules of 
liquid crystals are of long-range order arranged in one 
or two dimensions. When the force is perpendicular to 
the surface of liquid crystal molecules, it behaves like a 
solid to prevent direct contact between the surfaces. 
When the force is in the tangent direction, it orders like 
a low viscosity liquid, which can effectively reduce the 
friction coefficient [4]. Anyway, there are some weak 
points in liquid crystals limit their usage in lubricants. 
The price of the liquid crystals is usually high, and 
solubility of many liquid crystals in the oils are not good 
and even worse. Here we introduce a series of newly 
synthesized cholesterol ester derivatives with relative 
good antifriction behaviours and oil solubility. All of the 
synthesized cholesterol ester derivatives possess liquid 
crystal behaviours. The raw material cholesterol is 
relatively cheap, meaning the ester products may 
possess potentials in commercial applications. In this 
study, we provide the synthesis route of the cholesterol 
ester derivatives and evaluate the effects of the ester 
products on the antifriction behaviours when dosed in 
the lubricant oils. UMT-tribolab and 3D optical profiler 
will be adopted to provide enough test results and help 

to analyse the mechanism of tribological behaviours. 
 
2. METHODOLOGY 
2.1 General synthetic routes of cholesterol ester 

derivatives 
The synthesis route of the series of cholesterol 

ester derivatives are showed in Figure 1. All of them are 
similar in molecular structure with different alkyl chain 
length and synthesized by the same method. The alkyl 
chain length may tune the liquid crystalline behaviours 
of the products. 

 

 
Figure 1 Synthesis route of cholesterol ester derivatives. 

 
2.2 Characterization of cholesterol ester derivatives 

Nuclear magnetic resonance (NMR), Fourier-
transform infrared spectra (FTIR), Polarized optical 
microscopy (POM), Differential scanning calorimetric 
(DSC) were used to characterize the chemical structures 
and liquid crystal performance of the synthesized esters.  

Product n=8 will be chosen as an example and its 
chemical structural characterization were given at 
below: 

1H-NMR(CDCl3)：δ 5.37 (1H, O-CH), 4.60 (1H, 
C=CH), 4.07 (2H, O-CH2), 2.4~2.0 (8H, C(O)-CH2), 
1.8~0.6 (58H, CH3, CH2, CH). IR (KBr, cm-1): 2929, 
2850 (aliphatic C-H), 1774(C=O ester). 

Selected optical textures of product n=8 were 
given in Figure 2. 
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Figure 2 Optical textures of cholesterol ester (n=8): (a) 
Cooling to 35°C (500×); (a) Cooling to 38°C (500×). 

 
DSC thermogram of cholesterol ester (n=8) was 

showed in Figure 3. 
 

 
Figure 3 DSC thermogram of cholesterol ester (n=8). 

 
All of the cholesterol esters possess certain degrees 

of liquid crystal phases, but cholesterol ester n=8 has the 
largest liquid crystal temperature range, from -11 to 
49°C. 

 
3. TRIBOLOGICAL TESTS 

In order to prove these cholesterol esters possess 
good tribological performance, UMT-tribolab was 
adopted to test the antifriction ability. The addition 
amount of the esters was at 1%. The force applied on 
the steel ball is 1, 2, 5 and 10N, respectively. Figure 4 
presented the obtained friction coefficients with base oil 
150N alone and 150N dosed with 1% different 
cholesterol esters from the UMT-tribolab test. 

 

 
Figure 4 Friction coefficients of different oil 

compositions at different force applied. 
 
 
 

As we can see from Figure 4, the composition that 
with 1% cholesterol ester n=8 shows better tribological 
behaviour. This phenomenon may come from the liquid 
crystal properties and its well oil solubility. 

In order to better observe the surface morphology 
of the friction scars, 3D optical profiler was used to 
provide further evidence that cholesterol esters possess 
good tribological performance. 

 

   
       (a)                                      (b) 

Figure 5 Surface morphology of steel scars: (a) 150N 
and (b) 150N with 1% cholesterol ester n=8. 

 
By comparing the surface morphology of the steel 

balls, the one of 150N with 1% cholesterol ester n=8 
shows much smaller wear scar diameter and shallower 
scar depth. Which means cholesterol ester n=8 provide 
better wear protection to the steel ball when dosed in 
150N base oil. 

 
4. CONCLUSIONS 

(a) A series of cholesterol ester derivatives was 
synthesized as the lubricant additive to provide 
better tribological performance. 

(b) This series of newly synthesized cholesterol 
ester derivatives presented relatively good 
antiwear abilities, friction-reducing behaviors 
and oil solubility. Among which, cholesterol 
ester n=8 showed best performance. 

(c) All of the products possess liquid crystal 
behaviors and their tribological mechanism was 
discussed. 
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ABSTRACT – In this paper, the lubrication 
performance of the non-Newtonian synovial fluid in the 
Diponegoro University artificial hip joint (AHJ) model 
in the bowing position and the transition toward 
prostration of salat activity is discussed based on the 
two-way FSI model. The results show that the 
Diponegoro University AHJ model is not recommended 
to perform the transition toward prostration movement 
due to the inadequate synovial fluid load support. It 
needs modification such as surface texturing or 
increasing the clearance to improve the lubrication 
performance.    
 
1. INTRODUCTION 

Permanent damage to the hip joint due to 
calcification, aging or accidents requires the act of total 
hip replacement. Fricka et al. [1] showed that total hip 
arthroplasty (THA) dislocation rates after artificial hip 
joint (AHJ) replacement were about 10% -25%, whereas 
according to Woo and Morrey [2] of 10,500 THA 
patients were 3.2% dislocated. Khan et al. [3] showed 
that 2.1% of the 6774 THA patients experienced a 
dislocation. There are two types of dislocations, namely 
early dislocation and late dislocation [4]. Early 
dislocation is commonly associated with the 
impingement of AHJ [4-5], while late dislocation is 
usually related to wear [4]. Early dislocation is usually 
caused by extreme movements that exceed the Range of 
Motion (RoM), and the activity of salat is one of these 
extreme activities. 

 There is still narrow information about the effect 
of salat activity on AHJ. Jamari et al. [6] use the Virtual 
Skeleton (VS) method to mimic and analyze salat 
movements with Google SketchUp 8. The drawback of 
the aforementioned study was that the presence of the 
synovial fluid as the lubricant on the hip joint was 
disregarded. Therefore, this study is aimed to analyze 
the contact of the artificial hip-joint during transition 
toward prostration and bowing considering the existence 
of the synovial lubricant by addressing the load support. 

 
2. METHODOLOGY 

The AHJ (Figure 1) model used is the Diponegoro 
University AHJ model with geometrical and material 
parameters which are shown in Table 1. The ground 
reaction force (GRF) measurements in each movement 
are analyzed using the static structure and 

biomechanical methods. Range of Motion (RoM) in this 
study uses the results of the aforementioned study [6]. 
The angular velocity is obtained by deriving the RoM to 
the time required by each prayer movement. GRF and 
angular velocity are the boundary conditions in this 
study. To analyze the effect of synovial fluid on AHJ, 
the Navier-Stokes and the continuity equations are then 
solved in ANSYS Workbench 16.0 with the two-way 
fluid-structure interaction (FSI) method. The non-
Newtonian fluid and cross viscosity model are used in 
this study [7]. 

In this present study two different salat positions 
are; i.e. (1) the bowing position and, (2) the transition 
from standing toward prostration are analyzed. The 
rotation around x, y, z represents the flexion-extension, 
abduction-adduction, and internal-external rotation 
movement respectively. The velocity load in bowing 
and prostration movement respectively ωx=0.76 rad/s, 
ωy=0 rad/s, ωz=0 rad/s, ωx=0.11 rad/s, ωy=-0.05 rad/s, 
ωz=0.06 rad/s. The synovial fluid that interact with 
femoral head considered as moving wall, and stationary 
wall interact with inner liner.  

In the bowing condition as discussed in the 
previous study [6], the impingement did not occur in the 
bowing position, whereas the impingement occurred in 
the transition from standing toward prostration. The 
lubrication performance is presented by the load support 
and the shear-thinning properties in each of the position. 

 
Table 1 Geometrical and material parameter of AHJ 

Diponegoro University model. 
Diametrical clearance, cd 100 µm 
Head radius, RH  14.1 mm 
Head to inner liner radius, Rc cup thickness 6.9 mm 
Elastic modulus of metal (stainless steel 316L)       2x1011 Pa 
Elastic modulus of polyethylene (UHMWPE)   1.1x109 Pa 
Poisson’s ratio of metal 0.265 
Poisson’s ratio of polyethylene 0.42 
Viscosity of synovial fluid at zero shear rate 40 Pas 
Viscosity of synovial fluid at infinite shear rate 0.9 mPas 
Viscosity power law index  0.27 

                  
The simulation is initialized by solving the initial 

lubrication simulation on the steady state fluid dynamic 
simulation in each salat position to give the initial load 
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to the transient structural mechanics simulation. Later in 
a two-way FSI analysis, the transient fluid dynamic 
simulation is coupled to the transient mechanics 
structural simulation to obtain the elastohydrodynamic 
(EHL) solution.   
 

 
Figure 1 Artificial Hip Joint Components (Note: 1. 
Acetabular Cup, 2. Outer Liner, 3. Inner Liner, 4. 

Femoral Head, 5. Stem) 
 
3. RESULTS AND DISCUSSION 

Figure 2 represents the hydrodynamic pressure 
distribution in the bowing and the transition from 
standing toward prostration. The hydrodynamic pressure 
distribution in the bowing shows the positive trend with 
the maximum pressure of 4581 Pa at 135° and the 
minimum pressure of -11010 Pa at 0°. On the other 
hand, the hydrodynamic pressure in the transition 
toward prostration shows the different trend with the 
maximum pressure of 7380 Pa at 180°and minimum 
pressure of -2432.6 Pa at 18°. 

Table 2 shows the bowing synovial fluid load 
support is -2.992 Pa.m2, whereas the transition toward 
prostration synovial fluid load support is 1.951 Pa.m2. 
The negative load support result of the bowing position 
indicates the lubrication failure. The synovial fluid on 
the bowing position does not provide an adequate load 
support and cause the occurrence of the contact between 
the femoral head and the inner liner of the AHJ. 

 

 
Figure 2 The hydrodynamic pressure distribution. 

Table 2 Load support and maximum hydrodynamic 
pressure. 

Movement Load support Max. pressure 
Bowing -2.992 mPa2 4581 Pa 
Prostration 1.951 mPa2 7380 Pa 

 
4. CONCLUSION 

The hydrodynamic pressure distribution and the 
load support results show that the Diponegoro 
University AHJ model is not recommended to perform 
any salat positions. It is because the synovial fluid does 
not provide an adequate load support to prevent the 
occurrence of contact between the femoral head and the 
inner liner. The contact may result in patient discomfort 
or AHJ failure. To enhance the lubrication performance, 
geometry modifications such as surface texturing or 
increasing the clearance between the femoral head and 
the inner liner can be made.   
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ABSTRACT – Advancement in lubricant technology 
have played crucial roles in the pursuit of energy 
efficiency and machine durability. Ionic liquids (ILs) 
possess unique physicochemical properties and have 
shown immense potential in many applications with 
lubrication as one of the latest. This study analyzes the 
performance of three distinct ILs as additive in 
trimethylolpropane (TMP) ester, a type of bio-based 
lubricant. Four-ball tribotester was used to investigate the 
tribological behavior of these ILs when used as additive. 
The results suggested that IL1 and IL2 can improve the 
tribological performance of both PAO and TMP at 
concentration of 1 wt%. 
 
1. INTRODUCTION 

Ionic liquids (ILs) are composed of sterically 
hindered salts of organic cation and inorganic/organic 
anion, held together by intermolecular Van der Waals 
forces. Over the years, studies have shown promising 
results of using ionic liquids as neat lubricant. In the first 
research article to investigate the feasibility of ILs as 
lubricants, Ye et al. [1] used ionic liquids for multiple 
ferrous-nonferrous contact combinations. They found out 
that for steel-copper interaction at medium load, 1-
methyl-3-hexylimidazolium tetrafluoroborate, 
[mhim][BF4] exhibited the lowest COF (0.025) when 
compared to phosphazene (0.117) and perfluoropolyether 
(0.145) which are widely used as lubricants for head disk 
assembly components and space applications 
respectively.  

However, using ILs as neat lubricant is still 
unfavourable as the total cost is more expensive than 
conventional lubricants. Raw material issues, 
complications in the removal of by products and 
reusability of solvents are still the restraining factors for 
IL mass production. Currently, the use of ILs as lubricant 
additives has been the topic of interest for numerous 
studies due to the significantly lower cost than using as 
neat lubricant.  Most of the earlier studies involving ionic 
liquids as additives used mineral-derived base oils i.e. 
liquid paraffin and polyalphaolefin (PAO). Ionic liquids 
as an additive are capable of extensive improvement in 
the antiwear ability and load carrying capacity even at a 
low concentration without causing extensive corrosion of 
the surface. So far, little works have been carried out in 
order to fully understand the behavior of ionic liquid 
containing lubricant systems and efforts are still required 
to optimize ionic liquids different types of base oils, 
especially bio-based oils due environmental 

considerations. 
Khemchandani et al. [2] used two different 

phosphonium-based ILs, namely tributyl(methyl) 
phosphonium diphenylphosphate, [P1,4,4,4][DPP] and 
trihexyl(tetradecyl)phosphonium diphenylphosphate, 
[P14,6,6,6][DPP] as additive in TMP ester. The results 
suggested that both ILs demonstrated better wear and 
friction properties in comparison to the conventional 
antiwear additive amine phosphate (AP). In another 
study, Otero et al. [3] utilized the effectiveness of eight 
different types of ILs as additive in three ester-based oils 
(polymeric, trimellitate and TMP ester) and a vegetable 
oil (high oleic sunflower oil). They concluded that 
tri(butyl)ethylphosphonium diethylphosphate, [P4442] 
[C2C2PO4] is a good antiwear and friction reducing 
additive in polymeric ester, TMP ester and vegetable oil. 
 
2. METHODOLOGY 

The aim of this study is to find suitable antiwear 
additives for environmentally benign lubricants. Three 
different ILs were used, namely IL1, IL2 and IL3 as 
presented in Table 1. Two different base oils were used 
for comparative analysis which are a bio-based oil, TMP 
trioleate (TMPTO) and a synthetic hydrocarbon, 
polyalphaolefin (PAO). All ILs were obtained 
commercially and manufactured by Sigma-Aldrich, 
USA. ILs were added into the base oils at 1 wt% 
concentration and stirred using heated magnetic stirrer. 
The tribological performance were evaluated using four-
ball tribo-tester in accordance to ASTM D4172b 
standard. 

 
Table 1 Ionic liquids used in this study. 

Code Name 

IL1 
Trihexyltetradecylphosphonium bis(2,4,4-
trimethylpentyl) phosphinate, 
[P14,6,6,6][TMPP] 

IL2 Trihexyltetradecylphosphonium decanoate, 
[P14,6,6,6][Deca] 

IL3 1-butyl-3-methylimidazolium 
tetrafluoroborate, [BMIM][BF4] 

 
3. RESULTS AND DISCUSSION 

Table 2 shows the physicochemical properties of 
various blends. It can be observed that the addition of ILs 
did not alter the properties much in terms of viscosity and 
density in comparison to neat base oils (PAO and TMP). 
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  Table 2 Physicochemical properties of all tested 
blends. 

Blends 
Properties 

aKV @ 
40⁰C 

aKV @ 
100⁰C VI bDensity 

PAO 45.98 7.76 138.0 0.8316 

PAO+IL1 46.38 7.79 137.0 0.8318 

PAO+IL2 46.20 7.76 136.8 0.8317 

PAO+IL3 46.10 7.78 137.9 0.8321 

TMP 48.75 9.57 185 0.9190 

TMP+IL1 49.83 9.81 187.3 0.9192 

TMP+IL2 49.74 9.57 180.5 0.9184 

TMP+IL3 48.77 9.68 188.5 0.9194 
a Kinematic viscosity (mm2/s), b Density (kg/m3) 

 
In terms of miscibility, IL1 and IL2 are fully 

miscible while IL3 did not fully miscible with both base 
oils as the blends appear to be cloudy. This might be due 
to the longer hydrocarbon chains in IL1 and IL3. ILs with 
long hydrocarbon chains are well matched with base oil 
structures [3]. 

Figure 1 shows the variation of the coefficient of 
friction (COF) over time. The average COF and wear scar 
diameter on steel ball surfaces are presented in Table 3. 
For PAO, all ILs reduced the COF and WSD compared 
to neat PAO, with IL1 and IL2 being the most effective 
(roughly 30% reduction in COF and 15% reduction in 
WSD for both ILs). TMP as neat lubricant showed 
superior lubricity performance when compared to PAO. 
This can be accredited to the presence of fatty acids 
molecules within the vegetable oils that can react with 
metal surfaces to form low shear strength metallic soap 
layer, therefore reducing friction between surfaces [4]. 
The addition of ILs further improve the lubricity of TMP, 
but not to such extent than that of PAO. TMP infused with 
IL1 and IL2 showed lower COF and WSD when 
compared to neat TMP (roughly 10% reduction in COF 
and 15% reduction in WSD for both ILs). IL3 however 
failed to reduce the COF. The effectiveness of ILs in 
reducing COF and WSD in both base oils might be due 
to their polar in nature enables them to readily adsorb 
onto metal surfaces, forming low shear rate layers that 
can facilitate the relative movement of tribotesting 
interfaces [4]. 
 
4. CONCLUSION 

When used as additive at 1 wt% concentration, IL1 
and IL2 able to improve the tribological performance of 
both PAO and TMP. Further studies should include other 
parameters such as the effect of different ILs 
concentration, interaction of ILs with different additives 
and the also the study on chemistry of tribofilm formation 
by ILs. 
 
 
 
 

 
Figure 1 Variation of COF over time. 

 
Table 3 Average COF and WSD. 

Blends Average COF Mean WSD (µm) 
PAO 0.0979 562.69 
PAO+IL1 0.0699 527.69 
PAO+IL2 0.0681 467.51 
PAO+IL3 0.0855 432.51 
TMP 0.0725 495.50 
TMP+IL1 0.0664 431.11 
TMP+IL2 0.0640 410.12 
TMP+IL3 0.0743 468.91 
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ABSTRACT – The aimed of this study is to investigate 
the effects of applied loads and temperatures on the 
tribological properties of MBS oil, which is a bio-
lubricant extracted from banana peel waste of Musa 
Aluminata Balbisiana, MBS.  Tribological evaluation of 
MBS oil was conducted using pin on disc tribometer as 
per ASTM G 99  standard.  In this method, hemisphere 
pin was loaded against the rotating disc containing  the 
MBS oil . In this study, 2 ml of MBS oil was dropped as 
a lubricating oil on sliding surface at varying loads from 
20 -100 N at 27 °C, 40 °C and 100 °C.  The results 
showed that, at 80 N, wear scar diameter (WSD) values 
was lower at all the tested parameters.     
 
1. INTRODUCTION 

The depletion of the world’s crude oil reserve, 
increasing crude oil prices, and issues related to 
conservation have brought about renewed interest in the 
use of bio-based lubricants [1]. Furthermore, crude oil is 
not renewable, biodegradable, and environmentally 
friendly [2].   To solve these problems, bio-lubricants 
should be produced from vegetable oil, which is 
renewable, biodegradable, and cheap and has no adverse 
effects on the environment [3-4].  

Banana skin has been often referred as slipping 
toolsby the literature [5-7]. Previous study had showed 
that coefficient of frictions under epicarp of banana 
skin; on the floor material is much lower to the value of 
common materials and similar to the well-lubricated 
surface. Lubricating effect of banana skin is contributed 
by the existence of follicular gel, which is sized about a 
few micrometers.  Another study found that, 
percentages of extraction yields of bio oil from the peel 
waste of banana species were influenced by the 
existence of follicular gel.  The follicular gel was 
analyses using scanning electron microscopes and they 
concluded that, the polysaccharide follicular gel is a 
major key element in formation of oil [8].  Moreover, 
Rosenthal et al. [7] and Foidl & Eder [9], discussed that 
for plant materials, the oil constituents are trapped in the 
meshwork of proteins and cellulose/ hemicellulose or 
also known as polysaccharides which formed a bunch of 
follicular gel that related to polysaccharide follicular. 
Hamid et al. [7] investigated the effects of banana peel 
of Cavendish species as a natural additive in paraffin 
oil. The tribological properties of the specimens were 
evaluated using four-ball tester. The coefficient of 
friction, COF and wear significantly reduced at high 

load, temperature and speed. At 100 ºC, the load of 500 
and 1000 N, the COF value reduces from 0.1163 to 
0.1012 and 0.1235 to 0.1174 respectively. At the same 
condition, wear scar diameter was found to decrease 
from 4.81 x 10-4 mm3 to 2.33 x 10-4 mm3 and             
4.99 x 10-4 mm3 to 2.75 x 10-4 mm3 at 500 and 1000 rpm 
respectively [5]. 

However, research work on the study of 
tribological behavior of bio-lubricant extracted from 
banana peel wastes has not been reported in the 
literature. Hence, the objective of this paper is to study 
the wear properties of bio-lubricant extracted from the 
peel wastes of Musa Aluminata Balbisiana, MBS as an 
alternative biolubricant using pin-on-disc tribometer. 

 
2. METHODOLOGY 

In the present investigation, pin on disc had been 
used to study both wear and coefficient of friction as 
shown in Figure 1. A pin was held firmly against a 
rotating disc connected to a certain dead weight with a 
beam and two pulleys. MBS oil was placed on the disc 
surface. The wear track was adjusted by loosening the 
sliding plate at 40 mm and fixed during the experiment 
conducted. During the experiments, new pins were used 
for each run and were cleaned with acetone to remove 
the impurities. 

 

 
Figure 1 Pin on disc experimental arrangement. 

 
Table 1 Operating condition for tribological properties 

of MBS oil. 
Test Parameter Value 
Loads (N) 20, 40, 60, 80, 100 
Temperatures (°C) 27, 40, 100 
Sliding speed (RPM) 50 
Sliding distances (m) 314 
Sliding Times (minutes) 50  
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The tribological testing was performed according 
to the ASTM G99-05 standard (ASTM, 2011) under wet 
sliding conditions at different temperatures and applied 
load as shown in Table 1. 
 
3. RESULTS AND DISCUSSION 

Wear is the progressive loss material due to 
interacting surfaces in relative motion. Friction and 
wear are related both are phenomenon of a solid contact 
between moving mating components.  Figure 2 shows 
WSD (μm) at different loads and temperatures.  It was 
observed that, for all the operating temperatures, there 
were shown a similar pattern of curves plotted.  The 
wear dominated by the pin is increasing from 20 N to 40 
N.  However, the decreasing pattern of WSD was started 
to observe from 20 N to 80 N and surprisingly it shown 
an increasing trend afterwards.  The lowest WSD was 
recorded at the 80 N with the values of 501.143 μm, 
250.912 μm and 331.103 μm respectively meanwhile, 
the highest was observed at the load of 100 N with the 
values of 1530 μm, 915.926 μm and 1166 μm 
respectively for all the tested temperatures. The lowest 
WSD at the 80 N for all the tested temperatures was 
influenced by the formation of preventive layer of tribo-
chemical film. 
 

 
Figure 2 WSD (μm) at different load. 

 
4. CONCLUSION 

The investigation on tribological properties of 
MBS oil was successfully performed using pin on disc 
tribometer.  Qualitative and quantitative analysis were 
performed, and it revealed that, at the load of 80 N, the 
COF value, WSD, Ws and volume wear loss are much 
lower due the formation of tribo-chemical film.  The 
finding from this study might contribute to the 
sustainable development of the bio lubricants fields.  In 
addition, this study shows that, MBS oil, which 
extracted from the waste of banana peels, has a 
promising future to replace a mineral oil-based 
lubricant. 
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ABSTRACT – For rocket engine turbopumps, PTFE 
self-lubricating bearings are used and PTFE is supplied 
from retainers. The bearing retainer of LE-7A rocket 
engine turbopump are one of the depletion-parts for H-2 
A/B launch vehicle because environmentally hazardous 
substances Perfluorooctanoic acid (PFOA)is used in its 
manufacturing process. The conventional retainers have 
already stopped producing. We compared the 
performance of a conventional retainer using existing 
PTFE and a new retainer using PTFE without using 
PFOA. As a result, both type of bearings showed 
excessive rise in outer ring temperature.  It means that 
there was no big difference in calorific value for both 
retainers.  In conclusion, it was found that the new 
retainer and conventional retainer show the same level of 
performance in liquid hydrogen. 
 
1. INTRODUCTION 

Current Japanese rockets, H-2A and H-2B, use 
cryogenic propellants, liquid hydrogen and liquid oxygen. 
Bearings for cryogenic turbopumps of liquid rocket 
engines cannot use oil as lubricant. One reason is its 
cryogenic temperature which is below melting point of 
every liquid lubricant, and another reason is explosive 
reaction may occur between high pressure oxygen and oil. 
Therefore, self-lubricating ball bearings are used [1]. The 
bearing retainer of LE-7A rocket engine turbopump are 
one of the depletion-parts for H-2A/B launch vehicle 
because environmentally hazardous substances 
Perfluorooctanoic acid (PFOA)is used in its 
manufacturing process. The conventional retainers have 
already stopped producing and the number of the 
retainers is limited. Therefore, a new type bearing 
retainer that PFOA is not used in the production process 
is needed to be develop. To compare the performance of 
conventional retainers and prototypes of the new type 
retainers, the bearing tests in liquid hydrogen and liquid 
oxygen environment are conducted in Kakuda Space 
Center, JAXA. In this paper, a new bearing retainer not 
using PFOA and a conventional retainer were subjected 
to bearing tests in liquid hydrogen, and their 
performances were compared. 

 
 
 
 

2. TEST PIECES 
Figure 1 shows the new type bearing retainer. This 

retainer is made of PTFE and PTFE thin film transfer to 
balls surface and inner and outer races during the 
operation of bearing [2]. Both the new type and the 
traditional type have the same appearance, but the new 
type does not use PFOA in the manufacturing process. 
PTFE is sputtered on the contact surface of the inner and 
outer ring and the surface of the ball to compensate 
lubrication at the initial stage of rotation. 

 
Table 1 Main parameters of test bearing. 

Inner diameter  40 mm 
Outer diameter  74 mm 
Material (inner ring, outer ring, balls) SUS440C 
Ball diameter  9.252 mm 
Initial contact angle  20 deg. 

 

 
Figure 1 New type bearing retainer. 

 
3 TEST EQUIPMENT 

Figure 2 shows the bearing test rig with high 
pressure liquid hydrogen. It can operate under 1.5Mpa 
pressure of liquid hydrogen and rotational speed is up to 
40,000 rpm. Rotational power is supplied by nitrogen gas 
operated turbine at the right end of the shaft.  Liquid 
hydrogen was supplied at the centre of this equipment 
and both sides of bearings are cooled with equal flow rate 
of liquid hydrogen, then liquid hydrogen was discharged 
through shaft seals of both sides. As shown in Fig. 2, the 
test bearings were alternately installed with new type and 
old type as A, B, C, D from the opposite side of the 
turbine. 

Radial forces can be actuated by piezo actuator at 
the outer surface of bearing cartridges from four direction 
x, -x, y, -y respectively, and load cells are equipped to 
measure these forces.  
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Figure 2 Bearing test rig with high liquid hydrogen. 

 
3. TEST CONDITIONS 

Test conditions are shown in Table 2.  In these tests, 
ambient pressures of bearings are controlled and liquid 
hydrogen flow rate was changed with pressure.  To 
simulate real rocket engine turbopump conditions, 
ambient pressure was changed up to 15MPaG.  Duration 
time of design rotational speed was sum of operational 
time with more than 42,000 rpm rotational speed, and this 
accumurated time was exceeded the reqired time.  

 
Table 2 Test conditions. 

Working fluid Liquid hydrogen 
Rotational speed 45,000 rpm 
Bearing room pressure 9 – 15 MPa 
Coolant supply temperature 27 K 
Coolant supply flow rate 0.89 – 1.10 L/s 
Bearing pre-load (thrust) 1,245 N 
Total time of rated rotation 2,635 s  

 
4. TEST RESULTS 

Figure 3 shows the bearing test results under high 
pressure liquid hydrogen of 9.0 MPa and rotational speed 
is 45,000rpm. Although there is variation in each bearing 
temperature, the temperatures are stable at steady rotation 
speed. Excessive temperature rise observed when 
abnormality occurred in the bearing was not observed. 

Figure 4 shows the pictures of microscopic 
observation after tests.  No severe damages are observed 
for both inner and outer ring and retainer.   There is very 
thin PTFE film on the surface of balls, and it means the 
PTFE transfer performance is good as the same as the 
traditional retainers (Figure 5).  

 

 

   
Figure 4 Inner ring (left), outer ring (centre) and retainer 

(right) observation after tests. 
 

 
Figure 5 Thin PTFE films on the surface of the balls. 

 
5. SUMMARY 

We compared the performance of a conventional 
retainer using existing PTFE and a new retainer using 
PTFE without PFOA. As a result, both type of bearings 
showed no excessive rise in outer ring temperature.  It 
means that there was no big difference in calorific value 
for both retainers.  In conclusion, it was found that the 
new retainer and conventional retainer show the same 
level of performance in liquid hydrogen. 
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ABSTRACT – In this study, the case properties and 
diffusion kinetics of Boronized Compacted Graphite Iron 
were investigated. The experiments conducted at 
temperatures of 750 ºC, 800 ºC and 850 ºC for 3, 5 and 7 
hours. The boride layer was characterized by optical 
microscopy, X-ray diffraction technique (XRD) and 
Vickers hardness tester. XRD analysis of boride layers on 
the surface of the iron revealed the existence of FeB, 
Fe2B compounds. The thickness of boride layer increases 
by increasing boronizing time and temperature. The 
hardness of the boride compounds formed on the surface 
ranged from 900 to 1450 HV0.10. The activation energies 
(Q) of Boronized Compacted Graphite Iron was 90.58 
kJ/mol. The growth kinetics of the boride layers forming 
on the Compacted Graphite iron (CGI) and thickness of 
boride layers were also investigated. 
 
1. INTRODUCTION  

The compacted graphite iron form lies between grey 
iron, where graphite is in flake form, and ductile iron 
where graphite is in nodular form [1]. Boronizing is a 
thermochemical diffusion which boron atoms are 
diffused into the surface of work piece to form hard 
borides [2]. The use of boronizing surface treatment on 
engineering materials can improve their corrosion 
resistance and increase their wear strength while it can 
decrease the friction coefficient [3]. The main objective 
of this study is to investigate the diffusion kinetics 
(growth acceleration and growing rate) and the effect of 
process parameters, such as temperature and time on the 
boride layers formed on CGI through paste boronizing 
process. 
 
2. EXPERIMENTAL PROCEDURE 
2.1 Boronizing and characterization 

Table 1 gives the composition of untreated CGI. The 
boronizing heat treatment was carried out in the paste 
boronizing medium placed in Carbolite furnace operated 
at temperatures of 700 ºC, 750 ºC and 800 ºC.  The 
holding times were 3, 5 and 7 hours and allowed to self-
cooled in the furnace until reached the room temperature. 
The specimens were observed under Olympus BX-60 
optical microscope. The presence of borides formed in 
the coating layer was confirmed by means of X-ray 
diffraction equipment (Ultima IV XRD) using Cu Ka 
radiation. The thicknesses of borides were measured 
using optical microscope (Olympus BX-60). The 
hardness measurements of the boride layer on each 
substrate were made on the cross-sections using a Vickers 
indenter with a 100 g load. 

 
 

Table 1 The chemical composition (wt.%). 
C Si Mn P S Cu Fe 
2.8 1.77 0.468 0.03 0.075 0.484 92.9 

 
2.2 Kinetics 

On the condition that boron diffuses and grows 
parabolically, the alteration of boride layer thickness with 
time can be described by the following equation: 
x2 = D.t                                                                          (1) 
Where x is the depth of boride layer (mm), t is the 
boronizing time (s), D is the growth rate constant with 
respect to boronizing temperature. The relationship 
between growth rate constant, D, activation energy, Q, 
and the temperature in Kelvin, T, can be expressed by: 
D = D0.exp (-Q = R/T)                           Arrhenius eq (2) 
Where Do is a pre-exponential constant, Q is the 
activation energy (J/mol), T is the absolute temperature 
in Kelvin and R is the gas constant (J/mol K) [2]. 
 
3. RESULTS AND DISCUSSION            
3.1 Characterization of boride coatings 

The cross-section of optical micrographs of the 
boronized CGI at temperatures of 700 ºC,750 ºC, 800 ºC 
and 850 ºC for 8h is shown in Figures 1 (a-d). Referring 
to Figure 1, the boride layer formed on the CGI has a saw 
tooth morphology. The coating thickness was influenced 
by alloying elements in the metal substrate can modify 
the active boron diffusivity by entering the iron boride 
lattice [4]. 
 
3.2 X-ray diffraction analysis 

XRD results showed that boride layers formed on 
CGI contained Fe2B, FeB phases (shown in Figure 2). 
With increasing time and temperature, Fe2B phase 
content decreases and FeB phase content increases. 
 
3.2 Boride layer thickness and hardness 

Micro-hardness measurements were done from the 
surface to interior along a line to see variation of hardness 
of boride layer, transition zone and matrix, respectively 
(shown in Figure 3). As a result of the boronizing process, 
boride layer thickness increases with increasing 
boronizing temperature and time. Boride layers’ 
thickness on the surface of CGI were increased in a range 
from 37.63 to 60.86 µm. The boride layer thickness 
changes depending on the boronizing time and 
temperature. Microhardness measurements were carried 
out on the cross-sections from surface to interior along a 
line. The hardness of boride layer formed on CGI varied 
between 900 to 1450 HV0.10. 
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Figure 1 Microstructures of Boronizing Heat Treatment 
for 8 hours at (a) 700ºC (b) 750 ºC (c) 800ºC (d)850 ºC. 

 

 
(a) 

 

 
(b) 

Figure 2 XRD Pattern of boronized alloyed ductile iron     
at 8 hours for (a) 750 (b) 800ºC. 

 

 
Figure 3 Boride layer thickness. 

 
3.3 Kinetics 

In this study, the effects of the processing 
temperature and boronizing time on the growth kinetics 
of the boronizing layer were also investigated (Figure 4). 
Kinetic parameters such as processing temperature and 
time must be known for the control of boronizing 
treatment and the growth rate constants were calculated 
using Eq. (1).  The plot of LnD versus 1/T exhibits a 
linear relationship (Figure 5) and, activation energy of 
90.58kJ/mol were obtained from the slope of the straight 
lines. 
 
 

 
Figure 4 Square of the boride layer thickness vs.       

holding time. 
 

 
Figure 5 Growth rate constant vs. processing 

temperature. 
 
4. CONCLUSION 

Boride types formed on the surface of the boronized 
CGI have saw tooth morphology. The multiphase boride 
coatings that were thermo chemically grown were 
constituted by FeB, Fe2B phases. The kinetics of 
formation of the total boride layers followed a parabolic 
growth law. The total boride layer thickness increased 
with an increase in the boriding temperature. The boron 
activation energy was estimated as 90.58 kJ/mol for CGI. 

 

 

a
q 

b 

c d 
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It is interpreted as the required energy to stimulate the 
boron diffusion through the substrate. This value was 
then compared with the results found in the literature. It 
is seen that the determined values of boron activation 
energies are found to be dependent on the boriding 
method and on the chemical composition of the 
substrates as well as on the mechanism of boron diffusion 
into the substrate surface. 
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ABSTRACT – Thermo-physical and tribological 
properties of nano-lubricants formulated from 500N 
base-oil and cerium oxide (CeO2) nanoparticles are 
studied using a customized pin-on-disc tribometer. CeO2 
nanoparticles are prepared by precipitation method and 
characterization is carried out using FESEM and EDS. 
Experimental data are used to formulate a response 
surface methodology (RSM) model in ANOVA using box 
behnken design (BBD). Optimum concentration of CeO2 
nanoparticles in 500N base-oil for minimum friction and 
wear is estimated to be 0.56% weight. Effect of 
temperature on viscosities and flash and fire-points of the 
lubricants are studied for different nanoparticle 
concentrations. Stability analyses by dynamic light 
scattering (DLS) have been carried. FESEM imaging 
coupled with EDS analyses helps to identify the possible 
mechanisms of lubrication. 
 
1. INTRODUCTION 

Nano-lubricant in the present paper represents a 
lubricant obtained by the addition of nanoparticles in 
base-oils. Many investigators have reported that the 
addition of nanoparticles to the base lubricants is an 
effective method to reduce friction and wear [1-2]. The 
friction-reduction and anti-wear behaviours of the nano-
lubricants were shown to be dependent on the 
characteristics of nanoparticles such as size, shape and 
concentration. This work aim to synthesis CeO2 
nanoparticles using precipitation method which requires 
less energy for production. Another important challenge 
faced by lubricant formulators is the optimization of 
concentration of additives in lubricating oils. This work 
aims to demonstrate a comprehensive optimization 
procedure for the nanoparticle additive used based on 
experimental results and with the help of a powerful 
statistical tool based on design of experiments (DOE). 
 
2. EXPERIMENTAL METHODOLOGY 

CeO2 nanoparticles are prepared by precipitation 
method and the characterization of the nanoparticles are 
carried out using Field Emission Scanning Electron 
Microscopy (FESEM) and Energy Dispersive 
Spectroscopy (EDS). RSM is used to examine the 
influence of factors such as load, speed, temperature and 
concentration of nanoparticles on the tribological 
behaviour of nano-lubricants formulated using paraffin-
based 500N base-oil by the addition of CeO2 
nanoparticles on weight percentage basis. Tribological 

properties are evaluated using a modified pin-on-disc 
tribometer along with a specially designed attachment for 
heating the lubricant. Coefficient of friction (COF) and 
specific wear rate (SWR) are used as the response factors. 
Design Expert® 7.0.0 software is used for the analysis 
and the experiments are planned using BBD procedure. 
Based on the BBD design, 29 experiments are conducted 
for base-oil with CeO2 nanoparticles. In addition to the 
tribological studies, viscosity and flash and fire-point 
analyses, stability analyses and surface morphology 
analyses have also been conducted to recommend its use 
as a crank case oil. 

 
3. RESULTS AND DISCUSSION 

CeO2 nanoparticles are synthesized by precipitation 
method which is a chemical process. The chemical 
reactions which occur during the formation of cerium 
oxide nanoparticles follow in two steps: 
Step-1: Precipitation of cerium hydroxide from cerium 
nitrate 
8 Ce (NO3)3 + 22 NH4OH + 7 H2O                8 Ce (OH)4 + 23 NH4NO3 
Step-2: Conversion of amorphous cerium hydroxide to 
cerium oxide on heating 
Ce (OH)4                         CeO2 + 2 H2O 

For the preparation of surfactant-modified CeO2 
nanoparticles, a suitable surfactant, viz., dodecenyl 
succinic anhydride (DDSA, C16H28O3, light yellow 
liquid) is mixed with heptane solution and CeO2 
nanoparticles. The SEM and EDX images of the 
synthesized CeO2 nanoparticles are shown in Figure 1. 
The size varies from 20 to 80 nm and the average particle 
size is found to be 34.86 nm. 

Tribological experiments have been conducted as 
per the design matrix (by varying input parameters) of 
DOE and the corresponding results (average COF and 
average SWR) are analysed using ANOVA. To ascertain 
the model accuracy, the following tests are performed: 
ANOVA analysis, normality test (Figure 2) and 
regression analysis for COF and SWR.  

Since the Box-Cox power transformation plot does 
not suggest a power transform for this model, and the 
developed statistical quadratic equations for COF and 
SWR are given by equations (1) and (2), respectively for 
paraffin oil nano-lubricants. 
COF=0.13+(7.33E-5×L)-(1.42E-4×N)-(3.24E-4×T)-
(0.11×C)-(1.7E-4×L×C)+(3.85E-7×N2)+(2.71E-
6×T2)+(0.117×C2) (1)                                                                                   
SWR = 6.443E-6+(8.0E-10×L)+(2.278E-9×T)-(1.153E-
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6×C)+(1.083E-6×C2)                                                   (2) 
Where L = Load (N), N = Speed (rpm), T = Temperature 
(°C) and C = Concentration (%) 

Parametric variations of COF and SWR in terms of 
the significant input variables are graphically represented 
in Figures 3 and 4, for paraffin oil nano-lubricants. 

 

 

 
Figure 1 SEM and EDX images of CeO2 nanoparticles. 

 

 

 
Figure 2 Predicted versus actual plot of COF and SWR 

for paraffin oil nano-lubricants. 

 
Figure 3 Influence of C and T on COF. 

 
A multi-objective optimization methodology has 

been formulated and is implemented with the help of 
desirability function. The optimum concentration of 
CeO2 nanoparticles is estimated to be 0.56% with a 
desirability of 0.924 (maximum value) in paraffin oil. 

A viscosity improvement of 38.85% is estimated for 
paraffin oil lubricant when formulated with surfactant-
modified CeO2 nanoparticles at the optimum 
concentration level of 0.56% at 75 °C. An improvement 
of almost 25 °C is attained for flash and fire-points on 
addition of 0.56% CeO2 nanoparticles in paraffin oil, 
restricting its combustibility at higher temperatures. 
Table 1 shows that maximum zeta potential is obtained 
for the lubricant containing 30% weight of DDSA in 
0.56% CeO2 nanoparticles. The value of 43.74 mV (after 
100 days) indicates a higher zeta potential for 0.56% 
surfactant-modified CeO2 added paraffin oil and this 
reaffirms the edge of using this lubricant in long term 
stationary applications. 

Figure 5 shows the FESEM image and the EDS 
spectrum of the pin surface after sliding at 75 °C in 
presence of paraffin oil nano-lubricant with surfactant-
modified 0.56% CeO2 nanoparticles. The EDS spectrum 
shows clear evidence of the traces of Ce and O at the 
worn pin surfaces. This indicates the formation of a 
consistent tribo-film between the mating surfaces. 

 

 
Figure 4 Influence of C and T on SWR. 
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Table 1 Zeta potential values of the nano-lubricants. 

Sample 
No. Description 

Zeta potential (mV) 
Immediately 
after preparation 

After 
100 days 

1 Paraffin + 0.56% 
CeO2 nanoparticles 31.25 22.37 

2 
Paraffin + 0.56% 
surfactant-modified 
CeO2 nanoparticles 

44.63 43.74 

 

 
Figure 5 Surface of pin after sliding in presence of 
paraffin oil with surfactant-modified 0.56% CeO2 

nanoparticles at 75 °C. 
 

4. CONCLUSIONS 
The following conclusions are derived from the 
experimental study: 

(a) Spherical CeO2 nanoparticles are synthesized by 
precipitation method and the characterization of 
the nanoparticles is carried out using FESEM 

and EDS. 
(b) CeO2 nano-lubricants applied at the sliding 

interface induce less friction and wear rate 
compared to the base lubricant. Friction and 
wear continue to improve with increase in 
concentration of nano-additives in the lubricants 
till the optimum concentration of 0.56% is 
reached for paraffin oil nano-lubricants. 

(c) Enhancement in thermo-physical properties 
such as viscosity and flash and fire-point of the 
nano-lubricant coupled with its tribological 
properties highlights the potential of nano-
lubrication in industrial rotating machines. 

(d) FESEM coupled with EDS analysis identifies 
the possible mechanisms of lubrication. 
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ABSTRACT – Comparing with Laser Doppler 
Velocimetry, Capacitive Displacement Sensor has much 
bigger noise which inevitably cause calculation error in 
Asynchronous Error Motion measurement. In this paper, 
a noise separation algorithm in ASEM measurement with 
using CDS for super high precision spindles is presented. 
The measurement results of CDS is in good agreement 
with those of LDV. The application target of CDS in 
ASEM measurement is extended. 
 
1. INTRODUCTION 

Asynchronous Error Motion (ASEM), which 
reflects the influence of random interference, is an 
important index to evaluate rotation precision of spindles. 
Recently, the ASEM of machine tool spindles has 
attracted special attention in the 3C fields due to 
continuous improvement of the requirements for high 
light cutting [1]. Since the amount of ASEM is in the 
order from several to tens nanometers for high precision 
spindles, the noise of displacement sensors cannot be 
ignored in the ASME measurement. 

Laser Doppler Velocimetry (LDV) is a non-contact 
measuring instrument with super high precision for 
motion speed and displacement measurements of an 
object by using laser doppler effect. However, the LDV 
has very strict requirement to the roughness of the 
measured surface and installation accuracy. Capacitive 
Displacement Sensor (CDS) is also a kind of non-contact 
instrument which has lower requirement to the surface 
roughness, better environmental adaptability whereas 
larger noise. Therefore, it is necessary to reduce or 
separate the noise signal of the CDS to realize high 
accuracy measurement of ASEM. 

 
2. METHODOLOGY 
2.1  Measurement setup and conditions 

An experimental apparatus was built up to measure 
the axial ASME of an HDD spindle motor, as shown in 
Figure 1. The motor was fixed on the air floating platform. 
Both LDV and CDS sensors were used in the 
measurement. The test point of LDV was chosen on the 
disk which has a better reflectivity. The test point of CDS 
located in the same arc with LDV (see Figure 1(b)). To 
reduce the influence of disk vibration on measurement, 
the signal point is set as near as possible to the disk centre. 

The motor was driven by the driver at speeds of 
7200rpm. The five seconds signal data were acquired at 
sampling rate of 500kS/s with LDV and CDS. Finally, 
five seconds noise signal data of the both sensors were 
acquired with the same condition at motor stationary state. 

 
(a) Measurement setup. 

 

 
(b) HDD SPM and measurement points. 

Figure 1 Measurement setup of ASEM with both LDV 
and CDS. 

 
2.2  Calculation of the standard deviation of ASEM 

According to the international standard, ISO230-
7:2015, the ASEM is the portion of total error motion that 
occurs at frequencies other than integer multiples of 
rotation frequency.  

Assuming both ASME and noise are Gaussian 
random signal, we have 

δ~N(𝜇1, 𝜎1)   (1) 
and 

τ~N(𝜇2, 𝜎2)   (2) 
The standard deviation of the measured signals 

which contains the ASEM and noise can be obtained 
from previous studies [1-3] as 

𝜎2 = ∫ 𝑆𝑥𝑥(𝑓)+∞
−∞ 𝑑𝑓  (3) 

Where 𝑆𝑥𝑥(𝑓) is the Fourier transform of autocorrelation 
function 𝑅𝑥𝑥(𝑡), i.e., the power spectral density function 
(PSD). 

Therefore, the standard deviation of ASEM can be 
calculated by 

𝜎1 = √𝜎2 − 𝜎2
2  (4) 
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3. RESULTS AND DISCUSSION 
3.1  Noise signals 

The statistical analysis of noise signals of LDV and 
CDS shows that the noise signals comply with normal 
distribution, as shown Fig 2. The standard deviations are 
𝜎2,𝐿 = 0.00027μm ,  𝜎2,𝐶 = 0.01528μm,  respectively. 
Comparing with LDV, the noise of CDS is big enough to 
cause measurement error of ASEM. 

 

 
(a) 

 

 
(b) 

Figure 2 Distribution of noise signals. (a) LDV and (b) 
CDS. 

 
3.2  ASEM calculation with noise separation 

Figure 3 shows the PSD functions of the combined 
signals at 7200rpm measured by LDV and CDS. The 
dotted lines represent the integer multiples of rotation 
frequency which should be deducted in the calculation of 
ASEM. 

The standard deviations of the combined signal and 
ASEM can be finally calculated by Eq. (3) and (4), 
respectively, as shown in Table 1. It can be seen that the 
difference between the two sensors can be as small as 
0.6nm with the separation of noise. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 The standard deviations (μm). 

Sensor Type Noise Combined 
Signals ASEM 

LDV 0.00027 0.00960 0.00959 
CDS 0.01528 0.01839 0.01022 

 

 
(a) LDV 

 

 
(b) CDS 

Figure 3 The PSD of combined signals at 7200rpm. (a) 
LDV and (b) CDS. 

 
4. CONCLUSION 

Based on the Gaussian distribution characteristics 
of both noise and ASEM signals, a noise separation 
algorithm is presented and verified by LDV’s results for 
ASEM measurement. The measurement accuracy of 
CDS is remarkably improved and application target is 
extended. 
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ABSTRACT – Lubricants are used to reduce friction 
between contacting surfaces especially involving 
mechanical parts. In metal cutting processes, there have 
been considerable effort to develop a lubricant that will 
aid sustainable machining. The research findings reveal 
that thermal and oxidative stability of vegetable oil 
improved significantly and the tribological results that 
the developed nanolubricants is efficient at reducing 
friction and wear between contacting surfaces. 
 
1. INTRODUCTION 

The The past decades have witnessed tremendous 
effort towards development of coolants and lubricants 
that will support sustainable metal cutting process 
thereby achieving desired product with significant 
reduction in environmental hazard, energy consumption, 
waste disposal, manufacturing cost etc. Vegetable oils 
are considered suitable alternative to petroleum-based 
lubricants due to their biodegradability, less toxic, 
environmental friendly and excellent boundary lubricants 
which enhance efficient interaction between lubricated 
contacting surfaces [1-3]. The challenges with low 
oxidative and thermal stability of vegetable oils which 
affect their efficient performance are improved with 
modification of base stocks through inclusion of 
additives, chemical modification [4,5]. Nanoparticles 
inclusion in base oils is one of the ways with which the 
properties of the base oils are improved [6, 7] to enhance 
their performance in lubrication and cooling of 
manufacturing processes. Base oils have had their 
properties improved with the dispersion of nanoparticles. 
The tribological properties and load carrying capacity of 
lubricating engine oil was substantially enhanced with 
dispersion of a 70nm hexagonal boron nitride (hBN) at 
0.5 vol fraction [7,8]. However, there have been less 
report on the thermal conductivity enhancement of 
vegetable oil based nanolubricants. Moreover, there are 
less report on the investigation of vegetable oil based 
nanolubricants in comparison to other base fluids and 
even mineral oils [9]. The current work is aimed at 
evaluating the thermophysical and tribological properties 
of an enhanced coconut oil with dispersion of maghemite 
nanoparticles of less than 10nm in size at three level of 
concentrations. 
 
2. METHODOLOGY 

The maghemite nanoparticle (γ-Fe2O3) a member of 
the iron oxides family was dispersed in coconut oil at 
three level volume concentrations (0.35, 0.70 and 1.05) 

weight percent to produce nanolubricants. The mixture 
was stirred using stirrer before subjecting to homogenous 
mixing using the silverson L5 series homogenizer. The 
thermal conductivity, viscosity and tribological 
properties of the prepared nanolubricants were evaluated 
using KD2 pro thermal analyser, LVDV-III (low viscosity 
digital viscometer) ultra-programmable rheometer and 
four ball (friction) tester respectively. 
𝑘

𝑟= 𝑘𝑁𝐿
𝑘𝑏𝑓

                                                                               
(1) 

 
3. RESULTS AND DISCUSSION 

The research focused on the evaluation of the 
thermo-physical and tribological properties of the 
nanolubricants in comparison with the pure coconut oil. 
thermal conductivity, viscosity and wear scar diameter in 
addition to coefficient of friction were evaluated for the 
lubricants. 
 
3.1    Thermal conductivity 

Thermal conductivity of the coconut oil and the 
nanolubricants were evaluated with the aid of KD2 pro 
thermal analyser. For each sample, the measurement is 
repeated 5 times and an average value is recorded as the 
thermal conductivity of the lubricant at a temperature 
under consideration. It was conducted for a temperature 
range of 30°C to 70°C as presented in Figure 1. The 
thermal conductivity of nanolubricants are affected by 
temperature and concentration as the increase of 
temperature decreases thermal conductivity while 
increase of concentration increases thermal conductivity. 
Increase of concentration can improve thermal and 
oxidative stability of the base fluid.  
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Figure 1 thermal conductivity enhancement ratio for all 

concentrations under varying temperature. 
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3.2    Tribological properties 
Efficient tribological performance of lubricants is 

related directly to lubricity when wear and frictions are 
evaluated. Increase of lubricants viscosity enhanced 
formation of thicker lubricant film which significantly 
reduce friction and wear scar diameter. From Figure 2 
and Figure 3 shows the effect of temperature and 
concentration on viscosity and wear scar diameter and 
coefficient of friction respectively. The increase of 
concentration improves the viscosity of lubricant that 
resist free flow which impact positively in reduction of 
friction and wear scar diameter as seen in Figure 3. 
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Figure 2 Viscosity of lubricants under varying 

concentrations and temperature. 
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Figure 3 Wear scar diameter (WSD) and coefficient of 

friction (COF) for different concentrations. 
 
4. CONCLUSION 
The properties of an enhanced vegetable oil with 
nanoparticle have been evaluated in terms of thermal 
conductivity and tribological properties. From the 
analysis, the following can conclusions can be reached. 

(a) The thermal conductivity of nanolubricants 
increased with nanoparticle addition which will 
aid thermal and oxidative stability of the 
nanolubricants. 

(b) The nanolubricants indicated good tribological 
properties as it shows a reduced wear scar 
diameter and coefficient of friction. The 
nanolubricants indicated lower friction 
coefficient and wear scar diameter compared to 
the pure base fluid of coconut oil. However, the 
coefficient of friction increases at highest 
concentration but lower than the pure vegetable 
oil. 
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ABSTRACT –Nitriding treatment and a carbon nitride 
(CN) coating were applied to Ti-6Al-4V alloy 
specimens fabricated using selective laser melting (3D). 
The CN coating was deposited on non-nitrided and 
nitrided specimens using closed-field unbalanced 
magnetron sputtering. The microstructure and hardness 
of of the Ti-6Al-4V alloy and CN coatings were 
measured using X-ray diffraction and a nanoindenter, 
respectively. Wear tests were performed using a 
reciprocating sliding wear tester. The results show that 
the surface treatments (nitriding and CN coating) 
effectively improved wear resistance, giving the alloy 
potential for biomedical implants. 
 
1. INTRODUCTION 

Ti-6Al-4V alloy has high strength, high toughness, 
low specific weight, good corrosion resistance, excellent 
biocompatibility, and a relatively low elastic modulus 
[1]. However, its poor tribological performance results 
in osteolysis due to wear particles [2]. In order to extend 
the life of medical implants, the mechanical properties 
of Ti-6Al-4V alloy can be enhanced using surface 
treatment, such as heat treatment, nitriding, and physical 
vapor deposition. 

Selective laser melting (3D), a type of rapid 
manufacturing technology, has been used to fabricate 
Ti-6Al-4V alloy specimens that have higher hardness 
[3] and higher ultimate tensile strength [4] compared to 
those of conventionally cast specimens. In this study, 
amorphous carbon nitride (CN) coatings are deposited 
using closed-field unbalanced magnetron sputtering 
(CF-UMS) on specimens fabricated using 3D and 
subjected to nitriding treatment. The specimens are 
denoted as 3D-Ti (as-fabricated Ti-6Al-4V alloy), 3D-
Ti-N (Ti-6Al-4V alloy with nitriding treatment), 3D-Ti-
CN (Ti-6Al-4V alloy with CN coating), and 3D-Ti-N-
CN (Ti-6Al-4V alloy with nitriding treatment and CN 
coating) 

 
2. METHODOLOGY 
2.1  3D process, nitriding treatment, and coating 

deposition 
The 3D process was conducted layer-by-layer 

under protective nitrogen and argon atmospheres using a 
beam from a ytterbium-doped fiber laser. The 3D 
system controlled the laser beam to create the geometry 
(three-dimensional CAD data) of the layer on the 
surface of the spread material. The particles of the 
material are heated and melted by the laser; they attach 

to each other and the previous layer. After a layer has 
been sintered, a new layer is deposited; this process 
continues until the part has been constructed. To 
enhance the mechanical properties of Ti-6Al-4V alloy, 
we used a high-temperature nitriding method. Ti-6Al-
4V specimens were heated to 900 °C at a rate of 
17.5 °C/min and maintained for 120 min under a high-
purity nitrogen environment. The specimens were then 
cooled to 60 °C at a rate of 84 °C/min. The nitrided 
specimens were polished with 0.05-μm Al2O3 powder 
to make their roughness similar to that of the non-
nitrided specimens. CN coatings were deposited on 
specimens using CF-UMS with three graphite targets 
and one titanium target. The CN coating thickness was 
1.7 μm. The deposition parameters are listed in Table 1.  

 
Table 1 Parameters deposited of CN coatings. 

 Target 
1 

Target 
2 

Target 
3 

Target 
4 Ar N2 Time 

 Ti(A) C(A) C(A) C(A) sccm sccm min 

Ti 1 0 0 0 30 0 10 

TiC 1 2 2 2 30 0 6 

CN 0 3 3 3 24 6 120 
Substrate bias: 80V 

 
2.2 Tribological properties 

The tribological properties of samples were 
evaluated using a reciprocating sliding wear tester. The 
wear parameters were a loading of 10 N, a frequency of 
50 Hz, a stroke length of 1 mm, and a sliding time of 24 
min under 0.9 wt.% NaCl solution. Sliding tests were 
conducted using 316L stainless steel and 3D-Ti balls, 
respectively, with a diameter of 10 mm. After the wear 
tests, wear scars on samples were observed using 
scanning electron microscopy (SEM). The wear depth 
was measured using an optical profilometer. 

 
3. RESULTS AND DISCUSSION 
3.1 Structure and mechanical properties 

X-ray diffraction (XRD) analysis of 3D-Ti 
revealed hexagonal close-packed Ti. This can be 
attributed to the presense of both the α phase (α-Ti) and 
the α’ phase (α’-Ti), which have the same crystalline 
structure and similar lattice parameters [5]. Martensitic 
α’ has a very fine acicular morphology. This 
microstructure, with typical needles visible, is a result of 
rapid solidification with undercooling [6].  

Table 2 lists the hardness and surface roughness 
values of all samples. After nitriding, the hardness 
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increased from HV390 (3D-Ti) to HV776 (3D-Ti-N). 
After the deposition of CN, the hardness increased to 
15.77 GPa (3D3D-TIi-CN). The 3D-Ti-N-CN sample 
had the highest hardness (17.88 GPa). 
 

Table 2 Hardness and surface roughness of the 
specimens. 

Code HV0.025 
Nanohardness 
(GPa) 

Roughness 
Ra (μm) 

3D-Ti 390 
 

0.02 

3D-Ti-N 776 0.02 

3D-Ti-CN 
 

15.77 0.029 

3D-Ti-N-CN 17.88 0.06 

 
3.2  Tribological properties 

The coefficient of friction values for all wear pairs 
are shown in Figure 1. For sliding against 316L balls, 
the coefficient of friction for uncoated specimens (3D-
Ti) was 1.8; it decreased to 1.31 after nitriding treatment 
(3D-Ti-N). After coating, the coefficient of friction 
drastically decreased to 0.34 (3D-Ti-N-CN), which is 
about 5.3 times lower than that of 3D-Ti.  With sliding 
against 3D-Ti balls, adhesive behavior was observed. 
Therefore, the coefficient of friction for each wear pair 
was higher than the corresponding value obtained for 
sliding against 316L balls. The highest coefficient of 
friction for uncoated specimens was obtained for 3D-Ti 
(1.87), followed by that for 3D-Ti-N (1.73). After 
coating, the coefficient of friction decreases to 1.12 
(3D-Ti-CN) and 1.03 (3D-Ti-N-CN); these high values 
are due to the CN coating remaining intact. 

 

 
Figure 1 Average coefficient of friction for 3D-Ti, 3D-

Ti-N, 3D-Ti-CN and 3D-Ti-N-CN. 
 

Figure 2 shows the wear depths for all wear pairs. 
For sliding against 316 L balls, the highest wear depth 
was obtained for 3D-Ti of (28.1 μm), the wear depth 
decreased to 1.4 μm for 3D-Ti-N. Lower wear depths 
were observed for coated specimens; for the 3D-Ti-CN 
coating, the wear depth was 0.69 μm. The 3D-Ti-N-CN 
coating had the lowest wear depth (0.31 μm). For 
sliding against 3D-Ti balls, the wear depths for all 
specimens were higher than those obtained for sliding 
against 316L balls. The 3D-Ti sample had the highest 
wear depth (41.4 μm), followed by CN-3DT (25.93 
μm). Nitriding treatment greatly improved wear 

resistance; the wear depth of 3D-Ti-N was 3.31 μm. The 
3D-Ti-N-CN sample had a wear depth of 3.23 μm, 
which is 12.8 times lower than that for 3D-Ti. 

 

 
Figure 2 Wear depth of all specimens. 

 
4. SUMMARY 

In this study, the surface of Ti-6Al-4V alloy 
specimens fabricated using 3D was treated using 
nitriding and a CN coating to improve their tribological 
properties to extend the life of medical implants. 3D-Ti-
N-CN samples (both treatments) had the best 
tribological properties (lowest friction coefficient and 
smallest wear depth). The 3D-Ti-N-CN samples thus 
have potential for load-bearing artificial implants. 
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ABSTRACT – A carbon nanofiber film was formed on 
the surface of a SiC mechanical seal by the SiC 
decomposition method, and friction test was carried out 
both in water and dry conditions using the combination 
of CNF film on SiC. The findings confirmed that CNF 
reduces the friction coefficient of the sliding surface. 
 
1. INTRODUCTION 

Mechanical seals are used for machines handling 
fluids and gases to prevent their inflow and outflow. 
Sintered SiC having excellent mechanical properties 
such as high heat resistance and high strength is the 
commonly used material for mechanical seals. It is 
understood that SiC causes low friction by generating 
SiO2 through tribochemical reaction with water during 
sliding in water [1–4]. However, at the start of machine 
operation or when handling highly volatile liquid, the 
seal sliding surface becomes dry condition that means 
the sliding in atmospheric environment, leading to 
wearing of the seal sliding surface, which is a 
debilitating issue. 

The SiC surface decomposition method is a 
technique for generating carbon nanotubes (CNT) 
oriented vertically on the surface of SiC by heating a 
SiC single crystal in high-temperature vacuum [5]. We 
found that porous carbon nanofiber (CNF) membranes 
with CNT complex entangled could be produced by 
heating sintered SiC in high-temperature vacuum in the 
same way as mentioned above. Furthermore, it was 
confirmed that CNFs formed by using the SiC surface 
decomposition method have lower friction than the SiC 
surface does in the pin-on-disk friction test in water. 

In this study, we investigated the development of a 
mechanical seal capable of reducing friction and wear in 
dry condition by forming CNFs on the sliding surface of 
the SiC mechanical seal. 

 
2. EXPERIMET 
2.1 SiC decomposition method  
         In this experiment, the rotation primary ring and 
stationary ring of sintered SiC as parts of mechanical 
seals were heated at 1500 °C under 1.0u10-4 to 10-5 Pa 
for 24 h in a high-temperature vacuum heating chamber.  
 
2.2 Friction test 

Figure 1 shows a schematic of the friction tester 
used to test the mechanical seal. The mechanical seal 
had a rotation primary ring (sliding surface: ɸ 44 mm, 
height: 13.5 mm) and a stationary ring (sliding surface: 
ɸ 41 mm, height: 18.5 mm). The rotating part of the 
mechanical seal was attached to the rotating shaft and 

the stationary ring was installed on the rotating table. 
These two parts were then brought into contact with 
each other under a load of 58.6 N and then rotated at 
100 rpm to 1500 rpm (relative speed = 0.2 m/s to 3.5 
m/s). In this experiment, the friction test was carried out 
both in water and in atmospheric environment at a 
temperature of 20 to 22 °C and relative humidity of 50%. 
The wear test under dry condition was conducted under 
a load of 58.6 N and a rotation speed of 1300 rpm 
(relative speed = 3.0 m/s), and the experiment was 
terminated when the mechanical seal broke due to 
severe wear of the seal surface. 

 

 
Figure 1 Schematic drawing of experimental apparatus 

of friction test [5]. 
 

3. RESULTS AND DISCUSSION 
The cross-sectional SEM image of the CNF film 

on the sintered SiC substrate is shown in Figure 2. 
When sintered SiC is heated in high-temperature 
vacuum, the residual oxygen reacts with the Si atom on 
the surface to form SiO, and only Si is selectively 
released from the SiC surface. The remaining carbon 
atoms then react to form C=C bonds, thereby generating 
porous CNFs.  

The Raman spectra of sintered SiC and the 
obtained CNFs are shown in Figure 3. In the Raman 
spectrum of sintered SiC, two peaks arising from the 
SiC structure are observed. On the other hand, in the 
Raman spectrum of CNF, a G peak at about 1600 cm-1 
arising from the sp2 structure of graphene, a D peak at 
about 1350 cm-1 originating from the disorder of the sp2 
structure, and a G' peak at about 2700 cm-1 can be 
observed. Both the G peak and G' peak are stronger than 
the D peak and indicate a graphite structure with 
relatively high crystallinity. 

Figure 4 shows the friction coefficient under water 
condition with SiC/SiC and CNF/SiC as the 
combinations of rotating part and fixed part of the 
mechanical seal, respectively. The friction coefficients 



Okishio et al., 2018 

437 
 

of both the combinations increased at a low speed. 
However, in the respective low speed regions of 100 
rpm to 400 rpm, the friction coefficient of CNF/SiC was 
smaller than that of SiC/SiC. It is considered that the 
SiC/SiC combination did not sufficiently produce SiO2 
generated by the reaction between SiC and water, and 
thus, the friction coefficient increased. However, in 
CNF/SiC, the friction coefficient reduced since CNFs 
played the role of a solid lubricant such as graphene. 
Therefore, a low friction of the SiC mechanical seal can 
be expected using CNFs especially in a low speed 
region.  

 

 
Figure 2 Cross section of CNF film on sintered SiC 

substrate observed by SEM [5]. 
 

 
Figure 3 Raman spectra of SiC substrate and CNF film 

on sintered SiC substrate [5]. 
 

Further, the results of friction test under 
atmospheric environment for the same combinations are 
shown in Figure 5. This experiment was carried out 
until the mechanical seal was broken, and the 
experiment was terminated at the point indicated by ✖ 
in the figure. The SiC/SiC combination seal broke at 
about 240 s after the start of the experiment, whereas 
the CNF/SiC combination seal broke at about 3640 s. 
The friction coefficient of SiC/SiC combination was 
about 0.50 to 0.70, whereas the friction coefficient of 
CNF/SiC was about 0.3. Moreover, in SiC/SiC, a large 
amount of abrasion powder was generated, which is 
thought to be related to the increase in friction 
coefficient. From this result, lower friction can be 
expected from CNF/SiC than from conventional SiC 
mechanical seal when the sliding surface becomes under 
atmospheric environment.  

 
4. CONCLUSIONS 

By forming CNFs on a SiC mechanical seal, the 
wearing of the sliding surface could be ameliorated.      

Compared to conventional SiC mechanical seal, 

the CNF/SiC combination demonstrated low friction in 
water condition especially at a low speed, as well as 
under atmospheric environment. Therefore, tribological 
properties such as anti-wear can be expected from 
CNF/SiC at the start of machine operation and in 
atmospheric condition due to unexpected situations. 
 

 
Figure 4 Friction coefficient under water condition as a 

function of rotating velocity [5]. 
 

 
Figure 5 Friction coefficient under dry condition as a 

function of experiment time [5]. 
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ABSTRACT – Diamond like carbon thin film is widely 
studied and well known due to its excellent mechanical 
hardness and low friction coefficient performance. In 
this study, the nano-hardness and friction coefficient of 
non-doped DLC and Si-doped DLC coated on UIC60 
steel were investigated. The results show that Si-doped 
DLC sample perform better than non-doped DLC 
sample in term of higher hardness and lower friction 
coefficient. Besides, the film thickness and Raman 
spectroscopy of both DLC sample were also 
investigated. As for both of the DLC coated sample, the 
SEM images showed a better resulting surface with mild 
fatigue crack and less wear fragment confined in the 
wear spot. 
 
1. INTRODUCTION 

The tribological behavior of rails has been widely 
studied by many researchers [1-2]. However, few papers 
have reported on the study of the application of DLC 
thin film coating on the UIC60 steel in industrial field. 
The present work aims to investigate the frictional 
behavior and nano-hardness of the Si-doped and non-
doped DLC coated UIC60 steel and compare with the 
base material substrate UIC60. Finally, investigation on 
the structure and thickness of the DLC film produced 
was carried out using the Raman spectroscopy analysis 
and Alpha-step profilometer. 
 
2. EXPERIMENTS 
2.1 Preparation and pre-treatment process 

The commercial rail material UIC60 was used as 
substrate in this study. The substrates were cleaned by 
ultrasonic cleaning process for 15 minutes in acetone 
and another 15 minutes in ethyl alcohol. And the 
substrates were kept in the chamber until the DLC 
deposition was carried out. 

 
2.2 Deposition process 

The model of the DLC coating instrument used in 
this experiment is KaDLC-800. Hexamethldisiloxane 
(HMDSO) deposition was first carried out in order to 
create buffer layer. Next, the DLC films of non-doped 
substrates (Is it “non-doped DLC films”?) were 
deposited using C2H2 reactant by PECVD method. Si-
doped substrates were deposited using mixture of C2H2 
and HMDSO reactants as gas sources. 

2.3 Film thickness measurement 
Alpha-step profilometer was used to measure the 

thickness of the DLC film produced. Film thickness of 
the DLC film was measured in order to investigate the 
factors related to the friction and wear behavior.  

 
2.4 Hardness test 

The model of the nano-indentation tester used was 
CSM NHTX. The nano-indentationtest was carried out 
on 3 samples: base material, non-doped and Si-doped 
DLC coated sample. 

  Nano-indentation was used to examine 
2.5 Tribological test  

The sliding friction test was carried out using a 
ball-on-disc tribometer. A chromium ball with diameter 
of 6mm is used as the counterpart. The test was carried 
out by applying constant normal load of 10N with linear 
speed maintained at 4.19cms-1 for a total distance of 
500m at ambient temperature. The test was also carried 
out for 3 types of samples.  
 
2.6 Surface analysis 

Raman spectroscopy and scanning electron 
microscope (SEM) were used to analyze the DLC film 
to explain the behavior of the tribological 
characteristics. 
 
3. RESULTS AND DISCUSSION 

The film thickness of non-doped DLC sample 
(1.95μm) was higher compared with the Si-doped DLC 
sample (1.46μm). The doped diamond like carbon film 
by nanoparticle such as silicon significantly decreased 
the residual stress in the film [3] and it is believed that it 
causes a thinner film being produced. The Raman 
results as shown in the Figure 1, the G-peak and D-peak 
for both samples are located at the same point. The 
values of the G-peak and D-peak for non-doped and Si-
doped DLC samples are 1580 cm-1 and 1360cm-1 
respectively.  

As compared with the base material, the hardness 
of the both DLC coated samples are higher than the base 
material sample. 

Among the two DLC coated samples, the Si-doped 
DLC sample has higher hardness than the non-doped 
DLC sample. 

In contrast to carbon, Si can have only sp3 hybridised 
bonds which may increase the three-dimensional inter-links. 
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Hence, increase in the dimensional inter-links of the sp3 
clusters can result in increasing hardness [4].  

 

 
Figure 1 Raman graph of non-doped and Si-doped DLC 

sample. 
 

 
Figure 2 Friction coefficient of untreated, non-doped 

and Si-doped DLC sample. 
 

Friction behavior in the Figure 2 shows that the 
base material has higher friction coefficient of 0.8-0.9 
while both DLC samples show significantly lower 
friction coefficient ranging between 0.18-0.25. Between 
the two DLC coated samples, Si-doped DLC sample 
exhibits slightly lower friction coefficient than the non-
doped DLC sample. Si-doped DLC sample has a higher 
surface roughness from the examination of surface 
profilometer than the non-doped DLC sample, and 
therefore has lower real contact area at the interfaces. 
Hence, Si-doped DLC sample performs a lower friction 
coefficient. 

Figure 3, 4 and 5 show the SEM images for 3 types 
of sample after the friction test. The base material 
sample shows a more severe wear condition. The base 
material sample exhibits severe fatigue cracks besides 
the wear spot, and deep wear depth with abundance of 
wear fragments confined inside the wear spot. However, 
both DLC coated samples exhibit better resulting 
surface with mild fatigue crack and less wear fragment 
confined in the wear spot. However, delamination of 
DLC film is observed and visible in both DLC coated 
sample. The delamination of the DLC film suggests that 
the increasing trend of the friction coefficient is due to 
the sliding contact surface is no longer between DLC 
and chromium (static partner) but between the UIC60 
and chromium. 

 
Figure 3 SEM images of base material sample. 

 

 
Figure 4 SEM images of non-doped DLC sample. 

 

 
Figure 5 SEM images of Si-doped DLC sample. 

 
4. CONCLUSION 

The base material UIC60 steel, non-doped DLC 
and Si-doped DLC coated samples were examined in 
terms of their friction coefficient, nano-hardness and 
surface structure. As comparing the three tested 
samples, Si-doped DLC sample exhibits better 
tribological characteristics with higher nanohardness 
and lower friction coefficient. 
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ABSTRACT – In the field of powders and powder 
metallurgy for metal or ceramics powders, sintering is 
one of the key process. However, it makes CO2 emission 
to operate industrial furnace under sintering process. By 
adapting non-firing process, these problems will solve. In 
this study, silica surfaces were modelling as non-firing 
solids using molecular dynamics method based on 
LAMMPS.  For the simulation, Tersoff potential and 
NVT ensemble were adapted for relaxation. Unitcell of 
silica for the simulation was β-tridymite that was stable 
structure at high temperature. However, it was possible 
to use as the raw materials for non-firing process 
experimentally after some preparations. 
 
1. INTRODUCTION 

In the field of powders and powder metallurgy for 
metal or ceramics powders, grinding and surface are 
keywords relation to the tribology. Sintering is one of the 
key processes in the field. However, it makes CO2 
emission to operate industrial furnace under sintering 
process. By adapting non-firing process, these problems 
will be solved. In this study, surfaces of silica (SiO2) 
which is popular ceramics material were modelling as 
non-firing solids using molecular dynamics method 
based on LAMMPS (Large-scale Atomic/Molecular 
Massively Parallel Simulator). From the simulation, 
energy state of surface atoms and its structure were 
discussed. As a result, surface of the model became 
higher energy state than the whole models. Structure of 
the surface by radial distribution function (RDF) showed 
the features of β-tridymite. On the other hand, structure 
of the inside of the model showed the features of α-
tridymite.  

 

  
(a) Initial    (b) After relaxation 

Figure 1 Configuration of MD models. 
 

2. PROCEDURE 
Conditions of the simulation is indicated as below. 
(a) Raw material of non-fire solids: SiO2 
(b) Crystal structures: β-tridymite [1] (Construct 

the configurations by Atom Work of NIMS) 
(c) Simulation time: 1000ps relaxation (1000000 

steps)  
(d) Number of atom: 5184(Si:O=1:2) shown in 

Figure 1 (a) 
(e) Boundary condition: xy-plane is free surface, 

yz and zx-planes are periodic boundary 
condition. 

(f) Potential Function: Based on Tersoff [2-3] 
(g) Ensemble: NVT(T=10K) 

 
3. RESULTS AND DISCUSSION  

Figure 2 shows the configurations of surface atoms 
before and after simulation. Figure 1 (b) also show the 
configurations of the model after relaxation. Surface 
atoms were selected 4 layers (72 atoms) from the top of 
xy-plane (z surface). From the result, the aliment for x 
direction did not change through the simulation. Initially, 
only Si atomic layer exists on xy(001)-plane. Then, after 
relaxation, one Oxygen layer also exits near surface. 
Fig.3 shows the radial distribution functions (RDF) of the 
all atoms and surface atoms before and after simulation.  

 

 
(a) z plane (initial). 

 

 
(b) y plane (initial). 

 

 
(c) z plane after relaxation. 

 

 
(d) y plane after relaxation. 

Figure 2 Configurations of surface atoms. 
 

Figure 3(a) shows the initial peak at 0.161 nm and 
0.261 nm. The peaks indicated the feature of tetrahedron 



Sato et al., 2018 
 

441 
 

structure of SiO2. Then, the peak of 0.250 nm (20% 
intensity of XRD main peak[4]) shows the feature of β-
tridymite. After relaxation as shown in Fig.3(b), divided 
peaks were observed from 0.161 nm to around 0.175 nm. 
The peak at 0.261 nm (Fig.3(a)) moved to 0.250 nm 
(Figure 3(b)). 

In Figure 3(b), the feature of α-tridymite which 
means 0.185 nm /10%of main peaks and 0.252 
nm/15 %of main peak was shown. On the other hand, 
initial state of the surface atoms was as same as the 
RDF of all atoms as shown in Figure 3(c). After 
relaxation, only 0.161 nm peak remained from the RDF 
results as shown in Fig.3(d). It had the possibility that 
180° combination angle of β-tridymite, Si-O-Si, had been 
opened to the angle from (109.5°) which is typical 
tetrahedron angle of Si-O-Si angle. That means the 
distance of Si-Si become enlarged and appear the feature 
of only for some surface at β-tridymite structures.  

Figure 4 shows the comparison of average potential 
energy for surface 72atoms (4 layers) before and after the 
relaxation. From the result, surface atoms are higher 
enrgy state (much activate) than inner atoms after 
relaxation 

 

 
(a) Initial state for all atoms. 

 

 
(b) After relaxation for all atoms. 

 

 
(c) Initial state for surface 72 atoms. 

 
(d) After relaxation for surface 72 atoms 

 
Figure 3 Radial distribution functions. 

 

 
Figure 4 Comparison of potential energy. 

 
4. SUMMARY 

Molecular dynamics simulation for SiO2 to 
represent the active surface state were conducted and the 
results was clarified as below. 

(a) β-tridymite (SiO2) models with surface for 
MD are constructed. 

(b) The model has not only typically tetrahedral 
model of SiO2 but also180 °angle Si-O-Si 
model that is feature of β-tridymite. 
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ABSTRACT – In pipeline systems, fouling may cause 
pressure loss, reduce the transmission and distribution 
capacities; that requires more than just a routine 
maintenance. If fouling in the pipeline is evident, there 
are chances for it to occur throughout the length of the 
pipes and if is left unattended, it can weaken the pipe 
walls until the entire pipeline requires a complete 
replacement. Over the years, various methods to prevent 
and mitigate fouling have been studied and the most 
recent is a surface treatment method. The promising 
properties and wide range applications has made surface 
treatments attracted significant attention. Such surface 
treatment methods are PTFE coating, hybrid coating and 
self-cleaning coating technology. This review highlights 
the key issue of surface treatment activity and their 
features in antifouling technology for pipeline system. 
 
1. INTRODUCTION 

Fouling is usually defined as a sedimentation and 
agglomeration of undesirable substances, for example, 
suspended solids, insoluble salts and algae, on the 
internal or external surfaces of processing equipment 
including pipeline, heat exchangers, and engineered 
structures such as vessels [1]. Fouling on the surface can 
lead to a major negative impact on the equipment 
operating efficiency. This is because it reduces the 
transportation efficiency and generates high 
maintenance costs [2]. Fouling in the pipeline is not a 
new problem faced in industries such as oil and gas 
industry. In fact, fouling has been known for a long time 
and much research on pipeline fouling mitigation has 
been conducted by researchers. The factors that control 
fouling in the pipeline are numerous and varied. One of 
these factors may be related to the properties such as 
their chemical properties, interfacial properties,  
viscosity, densities and diffusivity. Lackner and 
Guggenbicher [3] mentioned that hydrocarbons for 
example, crude oil is exposed to fungal and bacteria 
contamination, where fungi and bacteria live and 
multiplying  in water droplets in the fuels and on the 
surfaces surrounding it. This can lead to corrosion in 
exploration and production of oil and will block off the 
fuel line. Other factors that equally essential to the 
fouling issue may be related to the operating condition 
and equipment design such as geometry, flow rate, 
properties of the alloy used and wettability of surfaces 
where fouling takes place [1]. All of these factors that 

may affect fouling need to be measured and taken into 
account in order to avoid fouling or take the necessary 
measures  for fouling mitigation, control, and removal. 
This brief review will focus on recent developments of 
implementing antifouling technologies in the pipeline 
system, especially in oil and gas industries. 
 
2. ANTIFOULING TECHNOLOGIES 

To date, several techniques and control strategies 
have been adopted by oil and gas industries to avoid and 
diminish fouling. These include utilizing antifoulants or 
chemical fouling inhibitors used to reduce fouling in 
many systems. Such antifoulant is Tributyltin (TBT) 
containing antifouling paint which was widely used in 
the commercial vessels to control fouling. However, the 
used of TBT caused environmental problems as it is 
toxic to the environment resulted in the application 
being banned [4]. After the ban of TBT containing 
antifoulant, copper paints have been used as an 
alternative despite their higher toxicity to the 
environment. In addition, many other compounds are 
also commonly used as an antifouling including zine, 
pyrithione, and cholorothalonil. However, some of these 
antifouling compounds are now under strict regulations 
in various regions due to possible unwanted effects to 
the ecosystems [5].   

Besides, biocides were also added to hydrocarbons 
itself in refineries to reduce the extent of fouling. A few 
accessible biocides for industries such as glutaraldehyde 
and hydroxymenthyl phosphonium sulfate (THPS) were 
used [6]. The addition of biocides to fuels can reduce or 
even stop the microbial growth. However, there are 
some drawbacks such as an overdose of the biocides 
may cause damage to the engines, produce the 
unwanted combustion by product in the exhaust gases, 
and relatively involve high costs to the industries [3]. 

In order to inhibit or diminish the effect of fouling 
problems, another common antifouling method adopted 
by pipeline industries is the surface treatment method. 
Surface treatment may prevent fouling in the first place 
and is more efficient with physical stability and high 
chemical resistance in order to avoid the loss of mass 
upon long term exposure or an increase of surface 
energy [7]. 

Many efforts have been made to diminish fouling 
by surface treatment method which is by coating the 
internal pipe surface with polytetrafluoroethylene 
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(PTFE) owing to its nonstick properties. PTFE coatings 
are multi-component sprayed coatings performed for 
corrosion and fouling resistance. Unfortunately, some 
potential disadvantages of these coatings such as poor 
abrasion resistance, thermal conductivity and adhesion 
to the metal surface making them incompatible for 
commercial use. To deal with this, electroless nickel 
phosphorous–PTFE (Ni-P-PTFE) composite coating 
was developed. This metal based nonstick coating has 
good effect on the adhesion strength and mechanical to 
the substrate. However, these coatings were found to 
flake off during a long term fouling test which showed 
that the resistance of this coating need to be improved 
[8]. 

On the other hand, another method that has been 
introduced to overcome the fouling issue is the hybrid 
coating. The organic/inorganic hybrid coating 
technology can contribute to the acquisition of an 
antifouling coating with chemical, mechanical and 
thermal stability properties [9]. However, the 
development of new hybrid coating requires a basic 
understanding of the fundamental chemistry as well as 
the parameters that influence the processing technique. 
Besides, it was also shown that some hybrid coatings 
already exist with substantial commercial potential; 
though have not yet reached commercial status due to 
difficulties and challenges for large scale industrial 
production including cost, ease of manufacturing and 
environmental issues. 

Recently, Li et al. (2016) has observed the new 
strategy to prevent fouling in pipeline system by 
developing a self-cleaning surface [10]. The self-
cleaning surface is based on an understanding of the 
principles, function and structures of various objects 
that display self-cleaning found in living nature. Three 
types of surface that offer solutions to keep a surface 
clean include superhydrophobic, superoleophobic, and 
superhydrophilic. Wang and Bai (2015)  [11] reported 
that the protuberant/swelling morphology can improve 
both the hydrophobicity and hydrophilicity by 
controlling the surface morphology. Among the existing 
methods to control surface morphology, laser surface 
texturing has been proven to be an effective method to 
improve the surface features by texturing morphology 
on the substrate [11]. It is a favourable method due to 
the excellent control surface roughness from nano to 
micro scale, single step processing under ambient 
conditions, and ability to work with a large range of 
materials. Various studies have been conducted utilising 
several types of laser source on various types of coating 
substrate with the various patterns produced to generate 
the textured surface with low wettability properties.  
 
3. CONCLUSIONS 

Considering the huge potential impact of 
antifouling technologies, especially in the pipeline 
system, it is estimated that in the following years, 
researchers will come up with new ,methods that will 
initiate the next generation of antifouling technologies 
that focus on the economic savings, environmental 
sustainability, and high durability which can prolong the 
longevity of the piping system. For these objectives, 
surface treatment with laser surface texturing method is 

expected to meet these requirements due to its numerous 
advantages that are compatible with the future needs. 
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ABSTRACT – This paper investigates the lubrication 
characteristics of mechanical seals using the modified 
average flow model previously proposed by the authors. 
In this study, the effect of a variability of flow factors 
between negative and positive values of standard 
deviation on the lubrication characteristics is 
investigated. 
 
1. INTRODUCTION 

Surface roughness has a significant effect on the 
thin film lubrication like mechanical seals. The average 
flow model proposed by Patir et al. [1] has been applied 
to such lubrication systems to reveal the effect of 
surface roughness. This model, however, does not 
contain flow factors for side leak effects. In addition, the 
application has been limited to a lubrication system with 
a hydrodynamic action. Therefore, proposed a modified 
average flow model that can be applied to mechanical 
seals, and discussed the lubrication characteristics. In 
this study, the effects of variance of the flow and 
pressure correction factors on the lubrication properties 
of mechanical seals are numerically investigated.  
 
2. THEORY 

Figure 1 shows a mechanical seal with parallel 
sliding surfaces. The average film thickness is 
determined by the following force balance. 

ch WWF +=                       (1) 
Where F is an applied force, Wh is the fluid film force, 
and Wc is the contact force of asperities.  
 

 
Figure 1 Mechanical seal system. 

 
The surface roughness of the stator σ is coupled as 

the follows.  
22

statorrotor  +=                          (2) 
The lubrication equation based on a modified 

average flow model is as follows.  
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(3)  
Where      is the expectation of the fluid film pressure, η 
is viscosity of the fluid film,            is the expectation of 
the rough surface. Φrr is the pressure flow factor, Φsθ 
and Φsr are the shear flow factors. In the mechanical 
seal, Figure 1, note that                    . 

The fluid film force is calculated by the Eq. (4).  
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where Φph, pressure correction factor, means the 
additional pressure by sliding of the rough surface.   
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On the other hand, the contact force of asperities is  
 

(6) 
 

where n: density of asperities in the surface, β: radius of 
asperities, E’: equivalent Young’s modules.  
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In the coordinate of Fig. 1, the flow rate is shown 
as follows. 
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2.3   Calculation procedure  

In this study, 12 surfaces with equal statistical 
properties (σ=0.1, Sk=0.0, Ku=3.0) were numerically 
simulated. The surface roughness distribution was 
isotropic and assumed to follow a normal distribution. 
Table 1 shows a specification of mechanical seals. 
 

Table 1 Specification of mechanical seals studied. 
Angular velocity [rad/s] 20.9-418.9 
Closing force F [N] 3.0 
Inner and outer radius ri and ro [mm] 4.1 and 5.5 
Viscosity η [mPa･s] 0.89 
Inner and outer pressure pi and po [kPa] 2 and 13 
Equivalent Young’s modulus E’ [GPa] 20 
Dynamic friction coefficient μc 0.10 
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3. RESULTS AND DISCUSSION 
Figure 2 shows the analysis results of Φrr and Φsθ. 

These coefficients are the same as those of Patir's 
model, and nearly equal results were obtained in this 
study. This result indicates the validity of this analysis. 

Figures 3 and 4 show the calculating results of Φsr 
and Φph, respectively, appearing in this model. The plot 
represents the average value whereas the error bar 
represents the standard deviation. In either case, the 
variation is large when the film thickness is small. 
Therefore, the influences of variations of these new 
factors, from a negative value to a positive value of their 
standard deviation, on the leakage rate were evaluated. 
That is, the following cases were calculated. 

(a) Φsr=ΦsrSD，Φph=ΦphSD 
(b) Φsr=－ΦsrSD，Φph=ΦphSD 

(c) Φsr=ΦsrSD，Φph=－ΦphSD 
(d) Φsr=－ΦsrSD，Φph=－ΦphSD 
Figure 5 shows the relationship between the film 

thickness and Stribeck number, and also the oil film 
force ratio and Stribeck number. If Φph was varied 
positively, which means the rough surface gave an 
additional film pressure, the film thickness increased as 
Stribeck number increased. Thus, the film force ratio 
Wh/F increased. This trend clearly appeared in F=3.0 N 
than F=30 N. But, it hardly appeared when Φsr was 
varied negatively. On the other hand, if Φph was varied 
negatively, the film thickness and the film force ratio 
have the opposite trend to those if Φph was varied 
positively.  

Figure 6 shows the relationship between the 
leakage rate and Stribeck number. If Φph was varied 
negatively, interestingly, the shear flow rate overcame 
the pressure flow and a flow from the low-pressure side 
to the high-pressure side occurred. 
 

 
Figure 2 Effects of film thickness on pressure flow 

factor. 
 

 
Figure 3 Effects of film thickness on shear flow factor. 

 

 
Figure 4 Effects of film thickness on pressure correction 

factor. 
 

 
Figure 5 Film thickness, film force ratio vs Stribeck 

number. 
 

 
Figure 6 Leakage rate vs Stribeck number. 

 
4. CONCLUSION 
        In this paper, the effects of surface roughness of 
mechanical seal on the film thickness, film force ratio, 
and leakage rate were analytically discussed.  
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ABSTRACT – A series of experiment is performed to 
make clear the frictional properties of dimple-type 
textured surfaces. Three dimples with the same area 
density are tested: circular and rectangular dimples 
(longitudinal and transverse). The textured surfaces 
provide low frictional force and high load carrying 
capacity compared with plane surfaces.  
 
1. INTRODUCTION 

Textured surfaces have been investigated by many 
researchers to improve the hydrodynamic lubrication 
properties of parallel sliding surfaces [1]. As it is well 
known, hydrodynamic lubrication properties of textured 
surfaces are strongly affected by many parameters such 
as dimple depth, dimple area density, dimple shape, 
lubricant properties.  

Therefore, many theoretical works have also been 
carried out to clarify the load carrying capacity and 
frictional properties. However, their results are 
sometimes controversial and there is some step to reach 
optimal design. It is valuable to experimentally study 
the tribological behaviour of textured surfaces. 

In this study, three dimples with the same area 
density are tested: circular and rectangular dimples 
(longitudinal and transverse). The fluid film force and 
frictional properties were measured under a constant 
film thickness.  

 
2. MATERIALS AND METHOD 
2.1  Experimental apparatus 

Figure 1 shows the test rig used in this study. The 
sliding surfaces are formed between a rotating specimen 
and a stationary specimen with dimples. The rotating 
specimen is made of glass and the textured specimen is 
made of brass. Inner and outer diameters of the 
lubricating surface are 24mm and 42mm, respectively. 
The rotating specimen is supported by an air bearing via 
a shaft. The gap between the two surfaces is controlled 
by the capacitance type gap sensors. In addition, it is 
possible to measure the torque and normal force 
generated in the lubrication film. The textured specimen 
is set in an oil cup. The oil cup is fixed on a Peltier 
device, keeping the temperature constant during an 
experiment.  

In this study, as shown in Figure 2, three different 
dimples with the same area density (30 %) are tested: 
circular and rectangular dimples (longitudinal and 
transverse). The plane specimen is also used for 

comparison. The effect of dimple depth is also 
examined.  

Each dimple is etched every 36 degrees. Table 1 
shows the parameters of dimples tested in this 
experiment. 

 

 
Figure 1 Experimental apparatus. 

 

 
Figure 2 Shape of texture tested. 

 
Table 1 Parameter of dimples tested. 

Shape Depth [μm] Number Area 
density [%] 

Plane - - - 

Circular 
34.6 
50.5 
64.0 

10 30 

Longitudinal 32.3 10 30 
Transverse 32.9 10 30 

 
2.2 Experimental procedure 

The gap between the two surfaces is kept constant, 
and the film force (normal force) generated in the fluid 

Compressor

Pump

Controller

Peltier device

Stationary specimen 
(dimpled)

Rotating specimen

Motor
Air bearing
Normal force sensor
Torque sensor
Gap sensors

Lubricant

Oil cup
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film is measured. At the same time, the friction torque is 
measured. The cavitation occurred in the dimples is also 
observed. SAE 30 (0.16 Pa･s at 298 K) is used in this 
experiment. 
 
3. RESULTS AND DISCUSSION 
3.1 Effect of shape of dimples 

Figures 3 and 4 show the measurement result of 
the film force and the frictional torque, respectively. The 
film thickness was h=20 μm whereas the depth of the 
dimple was about δ=30 μm. It could be found that 
increasing the film force and reducing the frictional 
torque could be realized simultaneously by applying the 
dimples to the sliding surface. Also, in the circular 
dimple, cavitation did not occur until 300 min-1, and the 
load carrying capacity was almost zero. 

Figures 5 and 6 show the effects of film thickness 
on the film force and frictional torque, respectively. The 
film force and the frictional torque decreased as the film 
thickness increased. In the circular dimple, cavitation 
disappeared more than 40 μm of the film thickness, and 
thus the film force went to almost zero. In this 
experiment, the longitudinal dimple had the largest film 
torque and the lowest frictional torque. 
 

 
Figure 3 Effect of rotational speed on film force. 

 

 
Figure 4 Effect of rotational speed on frictional torque. 

 
3.2 Effect of dimple depth 

Figures 7 and 8 show the film force and frictional 
torque for the circular dimple with different depth, 
respectively. The specimens with δ=50.5 and 64.0 μm of 
the groove depth had larger film force than that with 
δ=34.6 μm. However, the frictional torque was the 
lowest when δ=34.6 μm.  
 
 

 
Figure 5 Effect of film thickness on film force. 

 

 
Figure 6 Effect of film thickness on frictional torque. 

 

 
Figure 7 Effect of film thickness on film force. 

 

 
Figure 8 Effect of film thickness on frictional torque. 

 
4. CONCLUSION 

In this study, three dimples with the same area 
density were tested: circular and rectangular dimples 
(longitudinal and transverse). The longitudinal dimple 
induced the largest film force and the lowest frictional 
torque. 
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ABSTRACT – Ni-P plating reinforced with SiC 
particles have been growing in importance owing to its 
high hardness and beater anti-wear properties. In this 
work, the effects of SiC particles on the friction 
property of Ni-P-SiC/Ni-P-SiC system in water were 
investigated. The friction tests were performed by a 
reciprocating friction mode. As the results, the Ni-P-
SiC/Ni-P-SiC systems with the surfaces where SiC 
particles were appeared in clumps had the low friction 
coefficient around 0.1 in water.  
 
1. INTRODUCTION 

Ni-P-SiC composite plating has the excellent anti-
wear properties [1], and it has been used for mechanical 
sliding parts such as cylinders and pistons. This is 
because that the film is reinforced by SiC particles with 
high hardness. 

It is known that SiC has not only the high wear 
resistance but also generates very low friction when 
sliding against itself under water lubrication. Wang et al. 
mentioned that the reason for this phenomenon is tribo-
chemical reaction; the reaction products SiO2 dissolved 
in water as silicic acid which acts as a lubricant, and the 
contact surfaces become very smooth by tribo-chemical 
wear [2].   

The result has expanded the applications of 
SiC/SiC system to sliding bearings and seals. Since Ni-
P-SiC plating is very low cost, it can impact to 
industrial applications if it is possible to reduce the 
friction of the plating in water.  

In this study, friction tests were conducted to 
examine whether the similar effects with SiC/SiC 
system can be obtained in Ni-P-SiC/Ni-P-SiC system 
under water lubrication. The friction and wear 
characteristics were evaluated by a ball-on-plate type 
reciprocating friction tester.  
 
2. MATERIAL AND METHOD 
2.1  Experimental apparatus 

Figure 1 shows the reciprocating friction tester 
used in this study. In this device, the ball is pressed 
against the plate by a weight. The plate is fixed in a 
water pool on the stage. The frictional force is measured 
by a beam load cell.  
 
 
 

2.2  Test pieces 
Figure 2 shows balls and plates used in the 

experiments. Nickel plating and Ni-P-SiC plating were 
formed on copper test pieces by the electroless plating 
method.  

 

 
Figure 1 Reciprocating friction tester. 

 

 
Figure 2 Test pieces used in this study 

 
3. RESULTS AND DISCUSSION 
3.1  SiC ball vs Ni-P plate, Ni-P-SiC plate, SiC plate 

Figure 3 shows the results of the friction tests 
when the three kind of plates were slid on the SiC ball. 
When the SiC plate was used, the coefficeint of friction 
was stable and decreased to around μ=0.08. On the other 
hand, when the Ni-P plate or Ni-P-SiC plate was used, 
the coefficient of friction was about μ=0.3. It is 
considered that since SiC ball had very high hardness 
compared with these plating films as shown in Fig. 2, 
the films were abraded severely and the new surfaces 
was always rubbed. However, the friction behavior of 
Ni-P-SiC film was very stable.   
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Figure 3 History of frictional coefficient SiC/SiC, 

SiC/Ni-P-SiC, and SiC/Ni-P plates. 
 
3.2  Ni-P Ball, Ni-P-SiC ball vs Ni-P plate 

Figure 4 shows the results of the friction tests 
when the Ni-P ball or Ni-P-SiC ball was rubbed on the 
Ni-P plate. It was considered that when the Ni-P plate 
was slid on the Ni-P ball, meaning Ni-P/Ni-P system, 
the plate and the ball induced the adhesion and the 
friction coefficient was increased. Especially, the 
friction behavior was very unstable over 30000 times. 
On the other hand, the friction coefficient gradually 
decreased in Ni-P/Ni-P-SiC system. As shown in Figure 
5, the wear track of Ni-P/Ni-P-SiC system was narrow. 
It is considered that SiC particles reduced the friction 
under water lubrication.  
 

 
Figure 4 History of friction coefficient on Ni-P/Ni-P and 

Ni-P/Ni-P-SiC system. 
 

 
Figure 5 Wear track on Ni-P plate after friction tests. 

 
 
 

3.3  Ni-P-SiC ball vs Ni-P-SiC plate 
Figure 6 shows the results of the friction test in Ni-

P-SiC/Ni-P-SiC system. As it can be seen in Figure 6, 
there were two cases in the history of friction: decreased 
case and increased case. When the coefficient of friction 
increased, the wear track was large as shown in Figure 
7, like that of Ni-P/Ni-P system shown in Figure 5. 
Therefore, it can be considered that in this case, Ni 
matrixes were rubbed each other.  On the other hand, 
when the confficient of friction decreased, the wear 
track was narrow. It is considered that SiC particles in 
the ball and plate were rubbed each other and it brought 
the good friction properties under water lubrication.  
 

 
Figure 6 History of frictional coefficient Ni-P-SiC /Ni-

P-SiC system. 
 

 
Figure 7 Wear track on Ni-P-SiC plate after friction test: 
(a) In case that the frictional coefficient increases, (b) In 

case that the frictional coefficient decreases. 
 
4. CONCLUSION 

In this study, the friction characteristics of Ni-P-
SiC film were investigated under water lubrication. As 
similar with the SiC/SiC system, it was confirmed that 
SiC particles contained in the film reduced the friction 
in water.  
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ABSTRACT – The paper presents a method of the 
correlated selection of a substrate material, coating, and 
gear oil, by using simple (model) specimens. The final 
aim is to increase the life of planetary gears of mining 
conveyors. The paper regards the second phase of the 
experiment. The first phase - pitting tests - is described 
in another paper by the authors submitted to 
ASIATRIB2018 Conference: “The correlated selection 
of a thin coating and gear oil to increase the resistance 
of 18CrNiMo7-6 gears to pitting. Part 1.” 
 
1. INTRODUCTION 

Chain and belt conveyors working in coal and 
open pit mines are exposed to very harsh conditions, 
limiting the life of gears. 

One of the ways to increase the life of gears in 
mining conveyors is the deposition of thin coatings on 
gear teeth, as stated in the previous study [1]. In another 
study, one can find information on the successful 
application of coatings to reduce the tendency of gears 
to abrasion and scuffing [2], but it is also important to 
select a proper oil to lubricate the coated parts, as in the 
study [3]. 

The paper presents a method of the correlated 
selection of a substrate material, coating, and gear oil to 
increase the resistance to abrasion and scuffing of 
sliding samples at high loading. 
 
2. METHODOLOGY 
2.1 Test method 

A pin and vee block tester wasemployed for 
research on abrasive wear and scuffing. The tested 
tribosystem is shown in Figure 1. 

 

P P

P P

n

 
 

 Figure 1 Pin and vee block tribosystem. 
 
The tribosystem consists of the vee blocks pressed 

at a constant or increasing load P against the pin that 
rotates at the constant speed of n (290 rpm), driven by 
the test shaft through the shear pin inserted in the hole. 

The friction contact is lubricated by the oil poured into 
the reservoir, equipped with a heater, where the contact 
area is immersed. The initial temperature of the oil was 
set up at the level of 70°C, which corresponds to the 
temperature expected in the gears of mining conveyors.  

The abrasion test was carried out according to 
ASTM D 2625, Procedure A. Failure is indicated by a 
sharp torque rise of 1.13 Nm above the steady-state 
value, or the breakage of the shear pin, or the inability 
to maintain the load, or exceeding 10 000 s of the total 
time excluding the 3-min run-in, i.e. 164 min. 

The resistance to abrasion is expressed by the 
endurance (wear) life. It was adopted that a minimum of 
3 test runs constitute the final result. 

The scuffing test was carried out according to 
ASTM D 3233, Method A. Failure is indicated by 
breakage of the shear pin or the test pin. 

The resistance to scuffing is expressed by the load 
at failure or a maximum attainable load. It was adopted 
that a minimum of 4 test runs constitute the final result. 
 
2.2 Tested materials 

The test samples were made of 18CrNiMo7-6 case 
hardening steel, which is the material intended for the 
gears in mining conveyors. The hardness of this material 
was 62 HRC and roughness was Ra = 0.2 m. 

Two types of thin, low friction coatings were 
tested: W-DLC and CrN-DLC. The coatings were 
deposited only on the vee blocks, because, in the 
planetary transmissions of mining conveyors, only 
planetary pinions will be coated, leaving the ring and 
sun gears uncoated. In that way, three material 
combinations were achieved: (W-DLC)-steel, (CrN-
DLC)-steel, and steel-steel for reference. 

More information on the coatings is presented in 
another paper by the authors mentioned in Abstract. 

For lubrication, commercial industrial gear oils 
were used. They were a mineral oil, and two synthetic 
ones, i.e. one with a PAO base and one with a PAG 
base, all with the viscosity grade of VG 320. Such oils 
are used to lubricate gears of mining conveyors. 
 
3. RESULTS AND DISCUSSION 
3.1. Selection of the coating 

In the first step, the coating was selected. For this 
purpose, only the mineral oil was used for lubrication. 

The results obtained in abrasion tests for the three 
material combinations are presented in Figure 2. 
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Figure 2 Endurance (wear) lives obtained in abrasion 

tests. 
 

As can be observed from Figure 2, when the thin, 
low friction coating is deposited on the vee block, the 
resistance to abrasion notably rises. 

The results obtained in scuffing tests for the three 
material combinations are presented in Figure 3. 

 

-  

2 000 

4 000 

6 000 

8 000 

10 000 

12 000 

14 000 

16 000 

18CrNiMo7-6 W-DLC CrN-DLC

Lo
ad

 a
t F

ai
lu

re
 [N

]

     0

 
Figure 3 Loads at failure obtained in scuffing tests. 

 
As can be observed from Figure 3, when the thin, 

low friction coating is deposited on the vee block, the 
resistance to scuffing significantly rises. 

As in the abrasion tests, no significant differences 
between the coatings were found because the 
confidence intervals overlap each other (Figure 3). 

For further experiments, a CrN-DLC coating was 
selected. The decisive reason was that the CrN-DLC 
coating shows much higher resistance to pitting than W-
DLC. The results of that test are presented in another 
paper by the authors mentioned in Abstract. 

 
3.2. Selection of the gear oil 

In the second step, the gear oil was selected to 
lubricate the samples with the CrN-DLC coating. 

The results obtained in abrasion tests for the three 
gear oils are presented in Figure 4. 

As can be observed from Figure 4, for the three gear 
oils lubricating (CrN-DLC)-steel tribosystem, the 
resistance to abrasion notably rises in comparison with 
the reference samples, i.e. the steel-steel tribosystem 
lubricated with the mineral oil. The mineral and PAO oils 
give the same results. PAG oil gives the worst result. 

The results obtained in scuffing tests for the three 
gear oils are presented in Figure 5. 

As can be observed from Figure 5, for the three 
gear oils lubricating (CrN-DLC)-steel tribosystem, the 
resistance to scuffing significantly rises in comparison 
with the reference samples. The highest resistance to 

scuffing is given by the mineral and PAO oils. Similarly, 
to the behaviour during abrasion tests, PAG oil gave a 
worse result. 

For final verification experiments (on spur gears), 
PAO oil was selected for the lubrication of the (CrN-
DLC)-coated 18CrNiMo7-6 pinion meshing the uncoated 
wheel. The decisive reason was that PAO base oil 
exhibits a much better viscosity index than mineral oils. 
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Figure 4 Endurance (wear) lives obtained in abrasion 
tests; M, PAO, PAG - type of the base of the gear oil. 
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Figure 5 Loads at Failure obtained in scuffing tests. 

 
4. CONCLUSIONS 

For final verification experiments on spur gears 
made of 18CrNiMo7-6 case hardening steel, the CrN-
DLC coating was selected. For lubrication of such a 
material combination, the synthetic industrial gear oil 
with PAO base was chosen.  

The final aim is to improve the durability and 
reliability of the planetary transmissions in mining 
conveyors. 
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ABSTRACT – This study aims to elucidate how the 
difference in surface roughness of JIS SUS304 influences 
the amount of adsorbed water as a function of relative 
humidity rate (RH). The time-dependent change in the 
weight of adsorbed water and its saturated value were 
determined by weighing method. It was found that time 
necessary for water adsorption to complete on a smooth 
surface was shorter than a rough surface. Another finding 
in this study is that the amount of adsorbed water 
increased continuously with the increment of RH 
regardless of its surface roughness. These findings show 
that the different adsorptive capability and the phases of 
adsorption isotherm at different RH can be attributed to 
the surface topography.  
 
1. INTRODUCTION 

The interaction between water vapor and a metallic 
surface is referred to as water adsorption. The 
information about the effect of surface roughness on 
water adsorption is important because it can indicate the 
adsorption phenomena that occur on the metallic 
surfaces. However, only a limited number of studies have 
been reported to understand the influence of surface 
roughness on the amount of water adsorption. Novel 
studies [1-2] revealed that weighing is a suitable method 
to detect the changes of the adsorbed water at different 
RH environment. The changes in the weight elucidate the 
changes in the thickness of adsorbed water. The author’s 
previous works which used the same method clarified 
that the required time for adsorbed water to be stabilized 
was around 1,800 s and the thickness of the adsorbed 
water layer was significantly larger when RH is high [3]. 
In order to evaluate the influence of surface roughness on 
adsorbed water at different RH level, four surfaces with 
different roughness were prepared by abrasive polishing 
process.  
 
2. METHODOLOGY 

Four samples are prepared as 100 x 100 x 0.2 mm 
austenitic stainless steel JIS SUS304 sheets. One of the 
samples was used as purchased and the other three were 
used after finishing surface using sand paper with grain 
sizes of #1000, #240, and #120, resulting in average 
surface roughness (Ra) of 58.3 nm, 72.5 nm, 92.4 nm and 
180 nm, respectively. Ra values were obtained using an 
atomic force microscope (AFM). After polishing, the 
sample was ultrasonically cleaned in the mixed solution 
at 50:50 of acetone and hexane for 600 s, and then dried 

in the air naturally and located in a chamber affixed to an 
electrical balance with resolution of 1 mg as shown in 
Figure 1. The RH was adjusted between 3 % to 95 % with 
an air flow rate of 2 L/min. The procedure to weigh the 
samples is as following. The sample was unloaded from 
the weighing pan and exposed to the air flow with each 
RH as Figure 1(a). The electrical balance was calibrated 
and the reading was set to zero. Then, the sample was 
placed on the weighing pan to evaluate its weight as 
shown in Figure 1(b). Every time measurement was done 
thrice to ensure its repeatability. 

The first experiment was carried out to know the 
necessary time for adsorbed water to get stabilized on the 
sample surface. The measurement of weight started with 
the wetting process of the sample. The RH was changed 
from RH 3 % to 95 % and kept until the weight of the 
sample stabilized. After confirming necessary time t for 
the stabilization, the drying process was started and RH 
was changed from 95 % to 3 % to confirm necessary time 
t’ for the weight of the sample to got stabilized. The 
measurement of each weight was done every 300 s 
interval until the weight of sample get stabilized. 

In the second series of experiments, the amount of 
adsorbed water at each RH was evaluated for the four 
types of samples. Adsorbed water measurement was 
carried out at RH 3 %, 15 %, 35 %, 50 %, 65 %, 75 % 
and 95 %, respectively. The samples of Ra 58.3 nm, 72.5 
nm, 92.4 nm and 180 nm were exposed to the air flow 
with each RH for a period of 1,800 s, 4,500 s, 4,680 s, 
and 8,400s, respectively for adsorbed water to be 
stabilized. 

 

 
Figure 1 Schematic illustration of the measurement  

              device. 
 

3. RESULTS AND DISCUSSION 
The changes of the sample weight and reading of a 

humidity meter as functions of time are shown in Figure 
2. When RH was changed, RH reading changed rapidly 
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but with some delay. The delay of reading was caused by 
a time constant due to the volume of the chamber and 
sensor response which is employed in this study. Time t’ 
required for drying is significantly longer than time t 
required for the wetting. Figure 3 shows t and t’ for 
different surface finishing of samples. The results of this 
study indicate that rougher surface spent longer time for 
both wetting (8,400 s) and drying (12,000 s). In this 
study, time-dependent change of water adsorption is 
important to get the confirmation of the stabilization in 
the weight of a sample and also to determine the amount 
of water to be adsorbed. 

 

 
Figure 2 Changes of weight of sample (Ra 180 nm) in  

              which wetting and drying process. 
 

 
Figure 3 Time necessary for the wetting and drying       

                 of samples with different surface roughness. 
 
Figure 4 shows adsorbed water amount on four 

types of samples at various RH. The curves of the 
adsorption show a characteristic behavior that can be 
divided into three different phases of adsorption 
isotherm, i.e. phases I, II, and III regardless of the 
samples. The thickness of adsorbed water at 3 % RH was 
assumed to be negligible and can be regarded as zero. 
After 75 % RH, the adsorbed water increases slowly and 
reaching the saturation state at 95 % RH because the 
adsorbed water layer is in equilibrium between the liquid 
like water on sample surface and gas phase. Figure 5 
shows that the relationship between the surface 
roughness of the samples and the weight of adsorbed 
water. The thickness of the adsorbed water layer was 
estimated by calculation for each sample with Ra of 58.3 
nm, 72.5 nm, 92.4 nm, and 180 nm as 19.5 nm, 25 nm, 
37 nm, and 61 nm, respectively. According to this result, 
we can expect that rougher surface tends to exhibit more 
water adsorption capabilities. This result suggests the 
common sense conclusion that rougher surface 
dominates water adsorption and the thickness of the 
adsorbed water layer is  thicker in the higher of RH. 

 
Figure 4 Adsorbed water weight between surface 

roughness as a function of RH. 
 

 
Figure 5 Relationship between water adsorption and RH  

           for samples with different surface roughness. 
 
4. CONCLUSION 

This study shows that different surface finishing 
exhibits different adsorptive capabilities of water. The 
adsorption of water layer can be divided into three 
different phases of the adsorption isotherm. The 
thickness of adsorbed water layer increases rapidly at low 
RH, then slowly after 75 % RH. It is clarified that surface 
properties can influence the time scale and the weight of 
water adsorption significantly. It is confirmed that the 
change of surface roughness and water adsorption with 
regards to RH have a good correlation which can be 
expressed by a relation with the weight of adsorbed water 
on metallic sample. 
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ABSTRACT – This paper studies the physiochemical 
properties of palm oil mixed with organo-zinc additives. 
Palm oil samples with addition of 0 to 3 wt.% Zinc 
Butyl-Octyl Primary alkyl Dithiphosphate (ZBODP) 
and Zinc Diamyldithiocarbamate (ZDDC) were 
prepared using ultrasonic homogenizer. The 
physiochemical test, in terms of flashpoint temperature, 
total acid number (TAN) and viscosity index (VI), was 
performed according to the ASTM. The results reveal 
that palm vegetable oil mixed with ZDDC has better 
physiochemical properties than ZBODP. 
 
1. INTRODUCTION 

There are two types of transmission fluid; manual 
transmission fluid and automatic transmission fluid. A 
fluid that used in an automatic transmission system 
known as automatic transmission fluid (ATF). Fluid can 
be defined as something that does not have a certain 
shape (liquid and gas are fluids). An ATF function to 
provide a film of lubricant on the meshing surfaces of 
the gear trains, act as coolant and as a cleaner of the 
transmission part. Most of ATF in market a petroleum 
and synthetic based fluid [1] 

An application of vegetable oils and animal’s fats 
not a new thing in lubricant industries. It was widely 
used before an industrial era came. During 16th century, 
lubricant was made from fat (animal) oils, vegetable oil 
or mixture of both of it [2]. Recently, studies of 
vegetable as lubricants attract attention towards 
researcher. It is because that vegetable oils are 
biodegradable, non-toxic and renewable sources [3]. 
Petlyuk and Adams [3] reported that a vegetable-based 
lubricant has better lubricating abilities than mineral 
based lubricant. It is because that vegetable-based 
lubricants containing large quantities of unsaturated 
fatty acid and it is polar ester group [4]. Therefore, the 
objective of this studies to investigate the 
physiochemical properties of fresh cooking palm oil 
induced with ZDDC and ZBODP as lubricant. 
 
2. METHODOLOGY 

A commercial cooking palm oil was used as a 
parent-based lubricant with addition of organo-zinc 
additive at difference concentrations of 0 wt.%, 1 wt.%, 
1.5 wt.%, 2 wt.%, 2.5 wt.% and 3 wt.%. The mixtures 
were mixed together using ultrasonic homogenizer for 
30 minutes. Then, the flashpoint temperature was tested 
using Setaflash Series 3 flash point tester in accordance 
to ASTM D3828 (Standard Test Methods for Flash Point 

by Small Scale Closed Cup Tester). For the total acid 
number (TAN), the sample was tested using automatic 
titration in accordance to ASTM D664 (Standard Test 
Method for Acid Number of Petroleum Products by 
Potentiometric Titration). Lastly, the viscosity index 
(VI) was calculated in accordance to ASTM D2270 
(Standard Practice for Calculating Viscosity Index from 
Kinematic Viscosity at 40°C and 100°C). The 
conventional ATF oil was used as a reference oil. 

 
3. RESULTS AND DISCUSSION 
3.1  Flashpoint temperature 

From Figure 1, palm oil mixed with ZDDC has 
higher flashpoint temperature than ZBDOP and 
conventional transmission oil for all concentrations. It 
can be suggested that the volatile compound which is 
phosphorus, contained in ZBDOP lowering the 
flashpoint temperature than ZDDC itself. This is an 
agreement with Rudnick [4], which stated that ZBDOP 
can decompose to form a volatile phosphorus. This 
statement supported by Suslick [5] which reported that 
organo-metal compound such as ZDDP and ZBODP 
contains inflammable product which is phosphorus that 
caused flashpoint become lower.   

 

Figure 1 Flashpoint temperature of palm oil mixed with 
organo-zinc additives at different concentrations. 

 
3.2  Total acid number 

Referring to Figure 2, the results of TAN for palm 
vegetable oil mixed with organo-zinc additives at 
different concentrations has a significant difference, 
where the sample mixed with ZBODP shows more 
acidic characteristic than ZDDC. This is because that 
ZBODP have a same production process like ZDDP, in 
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which this additive synthesized from 
dialkyldithiophosphate acid, hence, make the TAN for 
ZBODP higher than ZDDC [4]. In contrary, the 
conventional ATF has the lowest acidic number. It can 
be suggested that an ATF contains phenolates, 
sulphonates and phosphonates of alkaline and alkaline-
earth elements as detergent additive in order to keep the 
transmission parts clean [1]. This is supported by 
Mortier and Orszulik [6], which stated that this type of 
additive acts as a cleaning action in lubricant by 
neutralize acid during oxidation process. 

 

  
Figure 2 Total acid number of palm oil mixed with 
organo-zinc additives at different concentrations. 

  

  
Figure 3 Viscosity Index of palm oil mixed with 
difference additive at difference concentration. 

 
3.3  Viscosity index 

Figure 3 A result for viscosity index of base oil 
which is palm oil, mixed with ZBODP and ZDDC.  

As depicted in Figure 4, it showed that oil sample 
mixed with ZBODP and ZDDC possess a wide range of 
temperature as compared to conventional mineral based 
lubricant (transmission oil). However, the viscosity 
index for both oil sample started to increase when the 
concentrations of the organo-zinc additive increase 
more than 2.0 wt. %. From the result, it can be 
suggested that both organo-zinc additive affect the palm 

base oil in terms of viscosity and temperature. This 
finding supported by previous studies [7-9]. 

 
4. CONCLUSION 

The results from this study exhibited that the palm 
oil mixed with ZDDC has better physiochemical 
characteristic than palm oil mixed with ZBODP. It can 
be suggested that the phosphorus contains in the 
ZBODP are volatile compound that cause of the 
flashpoint dropdown than ZDDC. Besides, this is due to 
the synthesis process to make ZBODP, which is 
dithiophosphoric acid cause the acid number higher than 
ZDDC. Even though there is a huge difference of VI 
properties between the palm oil mixed with ZDDC and 
palm oil mixed with ZBODP, it is still depending on the 
lubricant applications. 
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ABSTRACT – This paper presents study on graphene 
that grown from fruit cover plastic waste and oil palm 
fiber as solid source using chemical vapor deposition 
(CVD) method. The substrate was made from copper 
(Cu). The coated surface was observed using Scanning 
Electron Microscope and Electron Dispersed 
Spectroscopy (SEM-EDS) for its content of carbon. 
Then, the coated surface was analyzed using Raman 
Spectroscopy analysis for its allotropes determination. 
The coated surface was directly tested using ball-on-disc 
tribometer. Both coated surface shows higher COF 
meanwhile the wear rate are lower compared to pure 
copper. 
 
1. INTRODUCTION 

The exceptional properties of graphene have 
debuted it as one of the most recent carbon nanomaterials 
that have attracted a widespread attention. Within the 
carbon allotropes family, graphene possessed the most 
excellence mechanical, electrical, optical, structural and 
thermal properties [1–8]. Before the discovery of 
graphene’s multi-potentials, there were many attempted 
in producing frictionless materials or at least super-low 
friction materials to reduce friction and wear in tribology 
field.  

There are lots of study that shows graphene can be 
grown from variety carbon-containing sources including 
liquid, gaseous, and solid feedstock [2,3,6,9–14]. 
However, limited study proposed a solid waste as a 
carbon source. If the synthesized graphene can be readily 
used without any treatment or another superior process, 
the production cost can be lowered, and a good quality 
coating may be produced to face the demands and 
challenges in industries nowadays. 

There were several methods that had been studied 
to grow graphene which are; CVD, exfoliation and 
cleavage, chemically derived, and other synthesis 
approached [6–7,12,14–17]. The CVD method was 
widely used are able to synthesize high-quality graphene 
on catalytic surface such as copper and nickel [2].  
 
2. METHODOLOGY 

The sources of carbon selected for this study were 
the fruit cover plastic waste (FCPW) and oil palm fibre 
(OPF). Both sources are directly from its original state 
and did not undergo any treatment process. Figure 1 
shows the solid source image. The schematic diagram of 
the CVD process is shown in Figure 2. 

The substrate was heated up to 1020°C and 
annealed for 30 minutes and 90 minutes for growth. 
Argon and hydrogen gaseous were feed during the whole 
process at 100 sscm.  

 

 
Figure 1 The solid source of (a) fruit cover plastic waste 

(FCPW), and (b) oil palm fibr (OPF). 
 

 
Figure 2 Schematic diagram for CVD process. 
 
The coated surface was then observed with SEM-

EDS for surface morphology and chemical composition 
analysis. Later, analysis through Raman Spectroscopy 
was conducted to determine the carbon allotrope group. 
The tribological study was conducted using a ball-on-
disc test (ASTM G99-95a) as shown in Figure 3. The test 
parameters is shown in Table 1. The hardness comparison 
between the worn surface and the unworn surface was 
taken using nano-indenter. 

 
Table 1 Ball-on-disc test parameters. 

Parameters Data 
Sliding Distance (m) 100 
Sliding Speed (RPM) 100 
Applied load (N) 4.905 
Temperatures (ºC) 27 (room temp.) 
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Figure 3 Schematic diagram between chrome steel ball 

and rotating disc. 
 
3. RESULTS AND DISCUSSION 

The SEM image in Figure 4 shows that there is 
presence of ripples on both coated surfaces that yet 
confirmed by the EDS analysis as a carbon element. The 
machining effect on the pure Cu surface as shown in 
Figure 4 (a) also disappeared as it was covered by the 
carbon layer. The EDS analysis in Table 2 suggests that 
despite the carbon content is higher, the oxygen content 
remains the same. 

 

 
Figure 4 The SEM image of (a) a pure copper,  

(b) carbon grown from FCPW source, and (c) OPF 
source. 

 
Table 2 EDS analysis on element content. 

Sample weight % 
C O2 Cu 

Pure copper 2.49 0.79 96.72 
Carbon growth from FCPW 44.65 0.72 54.63 
Carbon growth from OPF 61.03 0.87 38.1 

 
The tribological potential was analysed through the 

coefficient of friction and wear rate of the surface. The 
results are shown in Figure 5. Through the test conducted, 
it can be seen that the COF for both coated surface are 
higher compared to the pure Cu surface. It is expected 
that the graphene grown were not evenly distributed and 
the presence of ripples on the surface are causing higher 
contact area ascompared to the pure Cu surface.  

However, the wear rate for both coated surface is 
lower compared to the pure Cu surface. By comparing 
the two coated surface, the COF for OPF and FCPW 
coated surface are almost the same. However, the wear 

rate for OPF are lower compared to FCPW coated 
surface. It is expected that the debris released from the 
coating perform a role of protective film that reduces 
wear of both surfaces. Hence, this situation leads to low 
wear rate for both coated surface. It is proven by results 
in Table 3 where the hardness of the coatings is much 
lower compared to Cu. This suggest that the weak 
asperities break and released as debris. The worn surface 
presence hardness value at almost the same with the 
original Cu where it can be said that the coating already 
damaged after the 100 m of sliding. 

 

 
Figure 5 COF and wear rate of pure Cu, FCPW, and 

OPF surface. 
 

Table 3 Hardness value using HM115 unit. 

Surface Original 
(N/mm2) 

Worn surface 
(N/mm2) 

Pure Cu 487.566 425.385 
FCPW 235.365 425.677 
OPF 320.691 421.430 

 
4. CONCLUSION 

The COF for both FCPW and OPF coated surface is 
almost the same. However, it is higher compared to pure 
Cu due to uneven graphene growth. Meanwhile, pure Cu 
shows higher wear rate compared to both FCPW and OPF 
coated surface. This may due to the surface hardness 
where both coatings are softer compared to pure Cu and 
the hardness on the worn surface shows that it is already 
failed after 100 m of sliding.  
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ABSTRACT – A turbopump fed LRE (Liquid Rocket 
Engine) is used for space launch vehicle to acquire high 
thrust to weight efficiency. Rolling contact ball bearings 
are utilized almost exclusively for liquid propellant 
rocket engine turbopump. Self-lubricated ball bearings 
without additional oil lubrication are used for supporting 
the turbopump rotating system. In the present study, 
bearing load supporting capability is verified for a high 
thrust class turbopump. To evaluate bearing heat 
generation, friction torque is investigated as a function of 
rotational speed, bearing load and cooling flow rate 
through an experimental study using water coolant. 
 
1. INTRODUCTION 

A turbopump fed LRE (Lquid Rocket Engine) is 
used for space launch vehicle to acquire high thrust to 
weight efficiency. A turbopump supply high pressure 
oxidizer and fuel to an engine. Formerly, an experimental 
30 ton thrust class turbopump had been developed 
through real propellant test by KARI (Korea Aerospace 
Research Institute) [1-2]. On the other hand, a 75 ton 
thrust class turbopump newly began to develop for an 
increasing engine thrust level. The turbopump rotating at 
high speed is comprised of an oxidizer pump, a fuel pump 
and a driving turbine. Self-lubricated ball bearings 
without additional oil lubrication are used for supporting 
the turbopump rotating system. The turbopump bearings 
should endure high speed, high load and poor lubrication 
under extreme operating condition. In the present study, 
bearing load supporting capability is verified for a 75 ton 
thrust class turbopump. Furthermore, bearing friction 
torque is also investigated as a function of rotational 
speed, bearing load, and cooling flow rate using water as 
model fluid. 

 
2. TEST ITEM AND CONDITION 

Bearing cage made of PTFE (Poly-tetra-fluro-
ethylene) provides solid lubricant and protects explosion 
in cryogenic oxidizer condition. Although the test 
bearing is produced for liquid oxygen operating 
condition, water test is performed to easily investigate 
friction torque characteristics depending on test 
parameter variation. Endurance performance is also 
tested using water for the specified requirement. In the 
near future, bearing durability will be verified step by 
step under cryogenic liquid Nitrogen and Oxygen 
environment. Range of test parameter including 
rotational speeds, cooling flow rates and bearing loads 
are shown in Table 1.  

 
 

 

Table 1 Test parameter and range. 

 
Figure 1 shows the layout and configuration of 

bearing test rig. Bearing loads are applied to the test 
bearing outer race through the bearing bushing supported 
by cylinder rods in radial and axial directions. Applied 
bearing loads are adjusted by regulating Nitrogen gas 
pressure in the load cylinders. Water is supplied as a test 
fluid through the cooling flow inlet to fill up the test rig. 
Internal fluid pressure of the test rig remains constant by 
supplying pressurized Nitrogen gas. Bearing cooling 
flow rate is controlled by a control valve located at the 
outlet.  

 
3. PERFORMANCE TEST 

Bearing friction torques are measured firstly as a 
function of cooling flow rate under bearing unloaded 
condition and secondly as a function of bearing radial 
load under zero cooling flow rate condition as shown in 
Figure 2. Rotational speed varies in three levels with 
7,000 rpm, 9,000 rpm and 11,000 rpm. At the first 
investigation, cooling flow rate shifts from 0 liter/sec to 
3.5 liter/sec at each rotational speed. The second 
investigation makes bearing radial load gradually 
increase from 5 kN to 20 kN by 5 kN. 

Test results are shown as marks in Fig. 2 and curve 
fittings with approximate equations are also presented at 
each rotational speed. The approximate expressions for 
bearing torque are modeled as an exponential function of 
cooling flow rate at the first experiment and as an 
exponential function of radial load at the second 
experiment, respectively. 

 
T = 𝐴𝑟𝑝𝑚 + 𝐵𝑟𝑝𝑚 ∙ 𝑞𝜆          (without bearing load) (1)  
T = 𝐴𝑟𝑝𝑚 + 𝐷𝑟𝑝𝑚 ∙ 𝑃𝑅𝐸

𝜉         (without cooling flow) (2)  
 
Bearing endurance performance is also verified 

with respect to the load supporting requirement at 11,000 
rpm same as the turbopump operating speed. Both radial 
load (1 kN) and axial load (15 kN) are applied to the 
bearing simultaneously. Total accumulated test time is 
2,100 sec fifteen times longer than the turbopump 
operating time. 

Parameter Range 

Test fluid Water 

Rotation speed (rpm) 7,000 / 9,000 / 
11,000 

Cooling flow rate (liter/sec) 0~3.5 
Bearing radial and axial loads 
(kN) 0 / 5 / 10 / 15 / 20 
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Figure 1 Layout of bearing test rig. 

 

  
Figure 2 Bearing torque as a function of cooling flow rate and radial load. 

 
4. CONCLUSION 

A ball bearing for high thrust class turbopump is 
tested using water to evaluate friction torque and verify 
endurance performance. Rotational speed, radial and 
axial loads and cooling flow rate are chosen as test 
parameters for the bearing friction torque investigation. 
The required design life for bearing is confirmed through 
an endurance performance test by simulating the 
turbopump operating condition. Bearing durability is 
going to be verified step by step using cryogenic coolants 
such as liquid Nitrogen and Oxygen in future consecutive 
research.  
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ABSTRACT – Four brake friction material 
formulations have been prepared through powder 
metallurgy route. Sample K was used a reference 
sample without composed of kenaf. Selecting sample 
KB as based formulation, volume percentage (vol. %) of 
kenaf was increased by 50 vol.% in sample KC and 
decreased by 50 vol.%, in sample KA. The samples 
were examined for their porosity, hardness, COF and 
thicknes loss properties. Sample KA, KB, KC which 
composed of kenaf had higher COF than sample K 
(without composed of kenaf). Test results show that 
sample KB which was composed of 10 volume 
percentage of kenaf fibres is the best formulation based 
of COF and thickness loss results. Thus, it could be 
concluded that kenaf fibres can be used as a friction 
modifer in brake friction material formulations.   
 
1. INTRODUCTION 

Brake friction material is used to absorb the kinetic 
energy during braking and converts to heat energy 
through brake pads and disc. Braking performance 
decreases when the temperature is above the 230°C due 
to the decomposition of resinwhich acts as a binder [1]. 
Earlier study shows that phenolic resin has the greatest 
influence on the tribological properties of brake friction 
materials [2]. Other components of the brake materials 
are; (i) reinforce fibre, (ii) friction modifier, and (iii) 
filler. The strength, rigidity, and integrity properties are 
provided by the reinforce fibre materials such as steel 
wool, glass and ceramic fibre. 

Friction modifier such as graphite, kenaf, iron 
oxide is used to improve coefficient of friction (COF) 
and wear properties of the brake friction materials. A. 
Almaslow et al. [3] using epoxidized natural rubber in 
the semi metallic friction materials which produced 
higher COF and lower wear rate. Mustafa et al. [4] in 
their study found that kenaf is the most suitable 
alternative friction material that passes all design stages 
and consumes less energyas compared to asbestos, jute, 
and ramie fibres. This work investigates the adaptability 
of kenaf fibres as friction modifier in the fabrication of 
brake friction materials. 
 
2. METHADOLOGY 

Four brake friction material formulationshave been 
prepared through powder metallurgy route. The 
ingredients were mixed for 10 minutes and then warm 
compacted under a pressure of 150 kg/cm2 at a 
temperature of 190oC in a brake-pad die with a 

dimension of 25 mm x 25mm x 8 mm. The compacted 
brake pads were post-baked at a temperature of 180°C 
for 4 hours, in an oven. The kenaf fibre volume 
percentage (vol. %) in the sample are shown in Table 1.  
The fabricated samples were subjected to porosity and 
Rockwell hardness tests in accordance with Japanese 
Industrial Standard JIS D 4418 and Malaysia Standard 
MS 474: Part 2, respectively. The tribological tests were 
performed on CHASE dynamometer in accordance with 
Society of Automotive Engineer test procedures SAE 
J616. The sample was pressed against a rotating brake 
drum with a constant rotating speed of 417 rpm under a 
constant normal load of 647 N. The details of test 
program can be referred in the earlier publication [5]. 

The hot COF is defined as the average of the ten 
readings taken at 400 and 300ºF on the first recovery; 
450, 500, 550, 600 and 650ºF of the second fade; and 
500, 400 and 300ºF of the second recovery run. The 
normal COF is defined as the average of the four 
readings taken at 200, 250, 300 and 400ºF on the second 
fade curve.  

 
Table 1 Sample identification and composition. 

Identification K KA KB KC 
Resin 10 10.6 10 9.44 
Steel fiber 20 21.1 20 18.9 
Kenaf fibre 0 5 10 15 
Activated carbon  20 21.1 20 18.9 
Iron oxide 15 15.8 15 14.2 
Iron powder 15 15.8 15 14.2 
Barium 10 10.6 10 9.44 
Total (vol.%) 100 100 100 100 

 
3. RESULTS AND DISCUSSION 

Figure 1 shows the influence of vol. % of the kenaf 
fibres on the porosity and hardness properties of the 
developed brake friction materials. The porosity of the 
sample decreases when the vol.% of kenaf fibres was 
increased in the formulation. The kenaf fibre filled-up 
the pore as the vol.% of kenaf fibres increases, thus 
reduces the porosity of the sample. The hardness 
increases with increasing vol.% of kenaf fibres up to 10 
vol.% of kenaf. However, the value slightly decreases 
when vol.% of kenaf fibres was increased to 15 vol.%. 
As the vol. % of kenaf powder increases, the vol.% of 
metallic materials decreases which resulted in reduction 
in hardness value. It can be seen in Figure 1 that the 

https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=A.%20Mustafa&eventCode=SE-AU
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hardness of the brake friction material is not simply 
correlated with vol.% of kenaf fibres in the formulation. 

 

 
Figure 1 Effect of vol. % of kenaf fibres on porosity and 

hardness properties. 
 
Figure 2 shows the effect of kenaf fibres on the 

friction characteristics during second fade cycle. Under 
this cycle the sample was subjected to a temperature 
between 93°C to 315°C  (200 °F to 600°F), which is 
below the decomposition temperatures of phenolic 
resin. All the three samples which composed of kenaf 
fibres have higher COF as compared to the sample 
without kenaf fibres in the formulation. The COF 
decreases with increasing surface temperature due to the 
degradation of the phenolic resin known as brake 
fade.The percentage of fade is depends on the vol % of 
kenaf fibres in the formulation. The degradation of 
natural fibres initiating at a temperature around 260 °C I 
due to dehydration combine with emission of volatile 
components [6]. This could be the reason why sample 
KC with the highest vol. % of kenaf powder, has the 
highest percentage of fade. Based on tests results, 
sample KB which composed of 10 vol. % of kenaf 
fibres produce the highest COF.  
 

 
Figure 2 COF characteristics of different vol. % of 

kenaf fibres in the formulation. 
 

Figure 3 shows that sample KB which composed 
of 10 vol.% of kenaf fibres has the lowest thickness loss 
while sample KC which composed of 15 vol.% of kenaf 
fibres has the highest thickness loss. Excess in vol. % of 
kenaf fibres would result a higher thickness loss, thus 
increase weight loss of the sample. The rapid weight 
loss above the temperature of 260 °C was due to 
oxidative decomposition corresponding to the formation 
of char [1].  

 
Figure 3 Thickness loss characteristics of different vol. 

% of kenaf fibres in the formulation. 
 
4. CONCLUSION 

The following phenomena on the influence of 
kenaf fibres on the mechanical and tribological 
properties of friction materials can be concluded as; (i) 
porosity increases with increasing of vol. % of kenaf 
fibres, (ii) Sample KB which composed of 10 vol. % of 
kenaf fibres is the best formulation which produced on 
highest COF and lowest thickness loss results. 
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ABSTRACT – Fatigue life in the ball bearing under the 
vibration operating condition is calculated by multiplying 
a dynamic equivalent load to a load factor, which 
corresponds to the vibration condition. However, a 
quantitative condition to determine the load factor is not 
described in the standard.  In this research, endurance test 
of small ball bearings was conducted with applying 
external vibration in axial direction with the aim of 
accurate determination of the load factor value. 
Consequently, in case of applied vibration acceleration 
less than 5m/s2, it was confirmed that the bearings rotated 
without abnormalities up to three times basic dynamic 
rated life. 
 
1. INTRODUCTION 

A rolling bearing is a mechanical element that 
guides rotary motions while supporting loads applied on 
axes and is used in a broad range of machinery. Vibration 
of specific frequencies are generated on each bearing 
during rotation because the inner and outer rings always 
make contact with rolling elements despite the presence 
of an oil film between them. In addition, there are 
vibration sources in machines including bearings that 
support multiple gears or rotation axes and motors. 

  Yet, many pieces of data on testing a bearings life 
that are given by bearing manufacturers come from 
experiments conducted in stationary environments [1]. 
Bearing life tests are assumingly held individually for 
customers depending on their operating environments. 
But not many pieces of data are publicly disclosed due to 
confidentiality agreements. 

  In past study [2], in case of applied radial 
directions vibration acceleration less than 10m/s2, it was 
confirmed that the bearings rotated without abnormalities 
up to three times basic dynamic rated life. Meanwhile, it 
was observed that the wear at the loading area of outer 
raceway became larger with increasing vibration 
acceleration. However, the vibration of the machine is not 
necessarily applied to the bearing in the radial direction 
but may also be applied from the axial direction. 
Vibration in the axial direction causes shaking of rolling 
elements. This vibration is a vibration in the direction to 
exclude the grease from the raceway surface and it is 
thought that this vibration has a bigger influence than the 
vibration in the radial direction. 

 Thus, this study aims to experimentally clarify how 

bearings receive damage in endurance tests where 
external vibrations are given to small ball bearing 608 in 
the axial directions. And, this report explains the case 
where a fixed vibration frequency is applied in the range 
of vibration accelerations up to 5 m/s2. 
 
2. EXPERIMENTAL METHOD 
2.1 Experimental instrument 

The experimental instrument used in this study is 
shown in Figure 1. This instrument is a rotation 
endurance test device for bearings with vibrator. 

 

 
Figure 1 Photograph of experimental instrument. 

 

 
Figure 2 Method to give external vibration. 

 
Figure 2 shows the mechanism used to excite 

vibrations. We set up circular pulleys (for excitation) with 
a partially cut off shape on motor shafts and rotated them 
in an imbalanced state to give external vibrations. The 
pulleys were sliced in thin layers from the outer periphery 
with a wire cutter and the level of imbalance was 
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adjustable by changing the number of slices to install. 
Furthermore, vibration frequencies could be adjusted by 
altering the motor’s rotational speed. 

 
2.2 Experimental conditions 

Table 1 shows the rotating conditions of the test 
bearing for this study. Deep-groove ball bearings 608 
lubricated with grease were used as test bearings. The 
basic dynamic load rating (Cr) was 3300 N. The radial 
load on the test bearings was set as 660 N, which is 20% 
of the basic dynamic load rating, because the test 
bearings often are used in home appliance motors and 
very high loads are seldom involved. The test time was 
set three times longer (1,563 hours) than the rating life 
that was calculated with a radial load of 660 N. 

Table 2 shows the vibration conditions in axial 
directions as external vibrations for this study. The 
experimental instrument in Fig.1 had two exciters that 
can give vibrations in any given direction. But, as the first 
part of the experiment, we started with vibrations in 
radial directions only to check the effect of external 
vibrations. The revolution period of rolling elements of 
the test bearings was used as the excitation frequency. 

 
3. EXPERIMENTAL RESULTS 

In case of a stationary condition with no external 
vibration applied, there was no sign of an increase in 
vibration acceleration in any of the nine bearings (nine 
simultaneous experiments) after 1,563 hours of rotation, 
which is three times longer than the basic rating life. 

Figure 3 presents a result of the experiment when 
external vibrations, 5 m/s2, were applied in axial 
directions. These results can be summarized as follows: 
the vibration acceleration rose slightly when higher 
levels of external vibration were given, but there was no 
rise in the vibrations that could be caused by fatigue 
fractures. In conclusion, no bearing damage occurred to 
a level that meant the bearings were no longer usable due 
to an increase in the vibrations in the range of the external 
vibrations given for this study. 

However, when the vibration acceleration was 
increased, some running traces appeared on the inner ring 
raceway surface, and some of them could confirm things 
like extremely light flaking (Figure 4). 
 

Table 1 Experimental conditions. 
Test bearing 608 
Rotational speed 4000 min-1 
Environmental 
temperature 23±3 degree-C 

Lubricants Grease 

Radial load 660 N 
(0.2×Basic load rating) 

Number of simultaneous 
experiments 

9 bearings 
(per every condition) 

Basic rating life 521 hours 

Maximum test time 1563 hours（521 
hours×3） 

 
 
 
 

Table 2 Experimental conditions for external vibration. 
Vibration direction Axial direction only 
Frequency [Hz] 24.75 ± 0.5 

Vibration acceleration[m/s2] 
0.0  
2.5 
5.0 

 

 
Figure 3 Relationship between experimental time and 

vibration acceleration. 
 

 
Figure 4 Surface of inner ring after running. 

 
4. CONCLUSIONS 

Aiming to collect basic data that helps designers and 
such like to more suitably choose bearings, we conducted 
an endurance test with small ball bearings 608 under the 
condition where a radial vibration was externally applied  
and observed changes in vibration acceleration for this 
study. The following lists the things that we learned. 

(a) No apparent increase in bearing vibration 
acceleration was confirmed in the external axial 
vibration range (vibration acceleration of up to 
5 m/s2; frequency of 24.75±0.5 Hz), and there 
was no damage found that affects functions. 

(b) With an external axial vibration applied, 
traveling marks became visible on the raceway 
surface on the load side of the outer ring or the 
fixed ring and grew wider and clearer as the 
external vibration intensified. 
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ABSTRACT – Cryogenic turboexpander is considered; 
as the heart of modern gas liquefier for its high 
thermodynamic efficiency and high reliability. The 
operating speed of small-sized turboexpander is usually 
greater than 50,000 rpm. Such high rotational speed 
brings constrain in the selection of the bearings. Oil-free 
gas bearings is a novel approach to keep the process gas 
contamination free. In the current research, a pair of gas 
foil thrust bearings (GFTB) are designed and developed 
for a vertical turboexpander used in nitrogen liquefier. 
The rotational speed of the rotor is 80,000 rpm with an 
axial load of 83 N in the direction of turbine wheel. The 
author believes the detailed design and development 
methodology will be helpful to the bearings designer 
around the globe. 
 
1. INTRODUCTION 

The pressure differential acting upon the 
compressor wheel and turbine wheel generate thrust load 
in a cryogenic turboexpander. Also due to the impulsive 
force generated because of axial flow on these wheels [1]. 
Above axial load need to be supported by oil-free gas 
thrust bearings to avoid contamination of the process gas. 
Compliant type gas bearings such as gas foil thrust 
bearings (Figure 1) has many attractive advantages 
compared to the rigid bearings such as compensation for 
misalignment, accommodation of thermal distortion, 
larger clearance, tailored damping, etc. [2]. This paper 
explains about design and development methodology for 
a pair of bump-type GFTB for a vertical turboexpander 
used in nitrogen liquefier. This paper presents a 
successful replacement of a pair of aerostatic thrust 
bearing for a pair of bump-type GFTB in a cryogenic 
turboexpander. The radial bearings for current 
application is tilting-pad journal bearings. 

     The design and development of GFTB in current 
research work is started with the calculation of axial load 
due to pressure differential [1]. The work is further 
extended to the determination of foil bearings parameters 
based on combined structural and aerodynamic analysis 
[2] and design of dies for forming the bumps [3]. Finally, 
assembly of foil bearings is tested in the turboexpander 
test facility at NIT Rourkela, India. 

 
2. AERODYNAMIC ANALYSIS OF GFTB 

The thrust load calculated in the current research is 
based on Newton’s 2nd law [1]. The resultant thrust load 
is 83 N (in the direction of the turbine). For the safe 
design, the load capacity is multiplied by a factor of 1.5 
(120 N). 

 The GFTB is an aerodynamic or self-acting bearing 
and operates on the principle of aerodynamics [2]. The 
popular and easy method to analyse gas foil thrust 
bearings is by solving aerodynamic and structural 
equation simultaneously based on pioneered work by 
Heshmat et al. [2]. The dimensionless Reynolds equation 
is expressed in Eqn. (1)[2] (see Figure 2) 

 

 
Figure 1 Schematic of bump type GFTB.     

 

 
Figure 2-Dimensionalal nomenclature of GFTB.  
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The Finite Difference Method (FDM) is used to 

solve the Eqn. (1), to determine bump material and its 
dimensions. The simulation is performed for the below 
design parameters: 

(a) Load carrying capacity for various feasible foil 
materials such as Inconel X-750, Phosphor 
Bronze, SS 302 and Beryllium Bronze.  

(b) Load carrying capacity for various foil 
thickness, bump pitch and bump length. 

(c) A load analysis for the upper and lower foil 
bearings. 

The foil bearing parameters for current application 
is selected based on literature studies and numerical 
analysis is given in Table 1. 

The pressure distribution over the lower bearing is 
shown in Figure 3. The load carrying capacity is 
simulated for upper and lower bearings to determine the 
necessary spacing required between twin bearings. A 
minimum film thickness of 20 m is maintained for the 
lower bearing. The simulation shows (Figure 4) that the 
load balancing equation satisfied for total bearing 
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clearance of 56 m. Therefore, the film thickness for 
upper bearing at the designed speed of the rotor will be 
46 m. 

 
Table1 Selected bearings parameters. 

Bearing parameters Dimensions 
Inner radius (R1) 10 mm 
Outer radius (R2) 22 mm 
Rotational speed (N) 80,000 RPM 
Angular extent () 900 
Ratio of angular extent (b) 0.6 
Viscosity of gas 178.4×10-7 N.s/m2 

Bump foil Young’s modulus (E) 114 GPa (Phosphor 
Bronze) 

Bump foil Poisson’s ratio (ν) 0.29 
Top foil thickness (tt)   0.1 mm 
Bump foil thickness (tb)   0.1 mm 
Bump length (2l0) 2.5 mm 
Max bump Pitch (s) 3.17 mm 

 

 
Figure 3 Pressure profile over lower bearing surface. 

 

 
Figure 4 Load distribution over lower and upper thrust 

bearing. 
 

3. DIES FOR BUMP FORMATION 
A cryogenic turboexpander is considered to be a 

precision machine. The fabrication methodology of 
bumps is an important part of the development process.  

The upper and lower dies for bumps are designed 
based on basic die design principle [4]. The designed die 
is simulated in DEFORM 3D to study the process of 
forming operation such as (a) displacement of bump foil, 
(b) Stress during forming operation, (c) spring back on 
load removal (d) possible damage during forming. Figure 
5 shows the displacement of the bump foil during 
forming operation. 

The die dimension is modified to avoid cracks and 
minimize spring back during formation operation. The 
fabricated die is shown in Figure 6. The formed bump and 
assembled bump foils are shown in Figures 7a and 7b 
respectively. 

 
Figure 5 Displacement for bumps during forming. 

 

 
Figure 6 Top and bottom die for bump formation. 

 

  
(a) (b) 

Figure 7 (a) Bump foil and (b) assembly of foils with 
bearing base. 

 

 
Figure 8 Vibration of bearing housing at upper journal 

bearing (near tilting pad journal bearing). 
 

4. VIBRATION ANALYSIS OF PROTOTYPE 
TURBOEXPANDER 
A detailed performance analysis is carried out to 

study the behavior of the turboexpander at its stable 
operation. The signal from the accelerometer is recorded 
on a storage type oscilloscope during test runs.  

The obtained signals are converted to acceleration 
and FFT of the vibrational spectrum at 81,000 RPM is 
shown in Figure 8 near the upper journal bearing.  The 
vibrational spectrum near upper journal bearing is 
compared with the results of vibration analysis using 
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aerostatic bearings in one of the earlier studies at NIT 
Rourkela [4]. The comparison prevails 30% reduction of 
the vibration level near upper journal bearing. No 
comparison could be made with the vibration level near 
lower journal bearing because of the absence of data in 
the previous development program. The detailed 
vibration analysis shows an enhanced rotor stability. 

 
5. CONCLUSION 

The work presented in this paper is a modest 
attempt to implement the gas foil thrust bearings to a 
high-speed cryogenic turboexpander. The design 
methodology for bump foil is explained with simplified 
steps. The FEM analysis of forming process using 
commercial software (DEFORM 3D) is explained, which 
simplifies the die design process. Finally, from the 
vibration signature, the level vibration is found to be 
reduced significantly near the upper journal bearing. The 
central objective of above research work is to suggest a 
structured design and fabrication methodology for bump 

type gas foil thrust bearings through the theoretical and 
experimental studies. 
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ABSTRACT – The purpose of this paper is to 
investigate the effect of copper on the mechanical 
friction and wear properties of the copper-based friction 
materials. In this research, different composition of the 
copper, iron-oxide and graphite on the Cu-based friction 
materials were prepared through powder metallurgy 
process. Among of the assessment were porosity, 
hardness, and friction wear tests which follow the 
international standard test procedure. The results 
obtained shows that sample A3 with was composed of 
85% of copper is the best formulation based on its 
mechanical properties and friction behaviors. 
 
1. INTRODUCTION 

There are three types of powder metallurgy friction 
materials which are based on iron, copper and both 
copper-iron materials [1]. Powder metallurgy friction 
materials are made of ingredients in powder form and 
are composite of friction components which composed 
of solid lubricant and metal matrix [2]. Based on the 
research done by previous researchers, copper-based 
powder metallurgy is preferable due to its higher wear 
resistance and better thermal conductivity [3]. These 
attractive properties have made it broadly used in 
automobiles and aircraft braking system [3]. Copper 
based materials have a braking performance similar like 
iron and it is cheaper. 

Copper based powder metallurgy friction materials 
can be formulated by using the correct combination of 
chemical composition. Friction and wear characteristics 
are the most critical aspects of friction material that 
need to be highlighted during the development of its 
formulation. Besides that, volume percentage and type 
of ingredient used in the formulation can affect the 
friction and wear characteristics [4]. Therefore, this 
research will be directly focused on improving the 
formulation of copper-based powder metallurgy 
specifically on the mechanical and tribological 
properties. 
 
2. METHODOLOGY 
2.1   Sample preparation 

Graphite, copper and iron oxide are obtained from 
the local supplier company in Selangor, Malaysia. Three 
samples with different volume percentages (vol. %) of 
ingredients as presented in Table 1 were prepared 
through powder metallurgy process. All these 3 samples 
will be compared with commercial available powder 

metallurgy friction materials. The ingredients were 
mixed for 30 minutes in a turbula mixer with a rotating 
speed of 50 rpm. The weight ratio of 30:1 was set 
between the tungsten carbide ball to the ingredients 
weight. The samples were obtained by compacting dried 
and granulated powder in a mold with a dimension of 25 
mm x 30 mm x 5 mm at a pressure of 625 MPa (18 ton). 
The compacted samples were sintered at temperature of 
960oC under nitrogen based (95%N2, 5%H2) in a tube 
furnace. 

 
Table 1 Sample composition. 

Ingredients Graphite  
(vol. %) 

Copper  
(vol. %) 

Iron oxide 
 (vol. %) 

A1 7 65 28 
A2 5 75 20 
A3 3 85 12 
Total (%) 100 100 100 

 
2.2   Testing and analysis 

Each developed sample was subjected to 
microhardness, porosity test and the coefficient of 
friction and wear behaviours. The data for 
microhardness of the samples was obtained according to 
American Standard Test Method ASTM D2240 using 
Durometer hardness tester scale D. The porosity of the 
samples was measured using hot bath in accordance 
with Japanese Industrial Standard JIS 4418. The 
coefficient of friction and wear behaviours data were 
obtained in accordance with American Standard Test 
Method ASTM G 99.  This test was performed on CSM 
Pin-on-Disc Tribometer with 10 N load applied on a 6-
mm diameter alumina ball for a sliding distance of 1000 
metre and rotating speed of 0.035 m/s. 

 
3. RESULTS AND DISCUSSION 
3.1   Material properties 
 Table 2 shows the mechanical and tribological 
properties of the test samples. It is shown that sample 
A3 with the highest volume percentage of copper 
produces the highest porosity and decreasing hardness 
compared to than other test samples. Figure 1 shows the 
relation between the porosity properties with vol.% of 
copper in the composition. 
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Table 2 Test results. 

Sample Hardness 
(Shore D) 

Porosity 
(%) 

Weight loss 
(10-3 gm) 

COM 86.2 26.1 29.1 
A1 81.1 27.3 19.7 
A2 82.7 29.3 23.2 
A3 82.1 35.3 6.4 
 

 
Figure 1 Effect of copper on porosity behaviours. 

 
3.2   Coefficient of friction 

The results of coefficient of friction (COF) for all 
the test samples over the sliding distance are shown in 
Figure 2. Sample A3 which contains highest copper 
powder in the sample composition produce higher and 
stable COF compared to other samples having less 
copper powder. According to the Society of Automotive 
Engineer standard SAE J661, the sample A3 with 
minimum COF of 0.216 has already meet the minimum 
requirement of COF. The sample with composed of 85% 
vol. percentage of copper could be the optimized 
material composition as it shows highest and stable 
COF. 

 

 
Figure 2: Effect of carbon on COF behaviours 
 

3.3   Weight loss 
The lowest weight loss was observed for sample 

A3 which composed of higher vol. percentage of copper 
in the composition. Higher copper vol. % in the 
composition would increase the thermal conductivity of 
the sample, thus reduce the surface temperature during 
braking process. This is supported by the findings that 
the rapid weight loss occurs above the temperature of 
260°C was due to oxidative decomposition [5]. Thus, it 
can be concluded that sample A3 which composed of 
85% vol. percentage of copper is the optimum 
percentage to be used in the formulation. 
    

 
Figure 3 Weight loss characteristics of different vol. % 

of carbon in the formulation. 
 

4. CONCLUSIONS 
The tribological and material characteristics for 

copper-based friction materials were found to be better 
at composition of 3% graphite, 85% copper and 12% 
Iron oxide. The results demonstrate that this 
composition relatively have stable COF as well as the 
lowest weight loss. Thus, it could be postulated that the 
vol. percentage of the copper ingredients influence the 
tribological and material properties if Cu-based 
material. 
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ABSTRACT – This paper is aimed to evaluate the 
effect of nanoclay incorporation on wear properties of 
basalt fiber reinforced polymer (BFRP) composites at 
different wear conditions; such as adhesive, abrasive 
and erosive. The materials used were epoxy polymer, 
unidirectional basalt fiber, and nanoclay filler with three 
different content, i.e. 1.0, 3.0 and 5.0 wt%. The 
composites underwent pin-on-disc, abrasion resistance 
and slurry erosion tests at 30N load, 300rpm velocity 
and 10000m distance. The results showed that nanoclay 
inclusion has improved wear properties of BFRP 
composite when tested in adhesive and erosive 
conditions. However, in abrasive condition the wear 
properties were reduced. 
 
1. INTRODUCTION 

Fiber reinforced polymer (FRP) composites are the 
most fast growing class of materials that are being 
utilized in various engineering applications due to their 
combination of high specific strength and specific 
modulus. They have replaced metals owing to their high 
strength-to-weight ratio, corrosion resistance, ease of 
manufacturing, and better wear resistance [1,2]. Besides 
fiber reinforcement, incorporation of nano-sized filler 
into polymer matrix has also proven to improve 
mechanical and tribological properties with only small 
amount (<5.0 wt%), without affecting other properties, 
such as toughness and strength, compared to traditional 
micro-sized filler [2]. Nanoclay incorporation has 
improved 85% wear resistance and 35% friction 
coefficient of polyester matrix when subjected to 
adhesive sliding [3]. The inclusion of nanofiller in FRP 
composite, developing an advanced polymer composite, 
has shown synergistic effect making them favourable to 
work in harsh environments, as found in research 
conducted in [1,4,5]. However, the wear properties of 
natural mineral fiber such as basalt are yet to be 
discovered especially when performed with 
incorporation of nanofiller. Therefore, in this study, the 
effect of nanoclay on wear properties BFRP composite 
was evaluated at three different wear conditions, i.e. 
adhesive, abrasive and erosive wear.  

 
2. METHODOLOGY 

The polymer used in this study was epoxy resin 
(Miracast 1517), which was supplied by Miracon (M) 
Sdn. Bhd., while the filler used was nanoclay I.28, 
which was supplied by Sigma-Aldrich (M) Sdn. Bhd. 
Basalt fiber used was in the form of unidirectional 

roving which was supplied by Haining Anjie Composite 
Material Co. Ltd. The nanoclay was dispersed uniformly 
in epoxy resin using three roll mill technique at 60°C 
and 12.7m/s roller speed. The nanoclay filled epoxy was 
then mixed with hardener at 100:30 ratio, degassed and 
poured onto filament wound basalt fiber, before it was 
left to cure at room temperature for 24 hours. The 
nanoclay content was varied at 1wt%, 3wt% and 5wt%, 
while basalt fiber was fixed at 15 vol%.  

Density and Rockwell hardness measurement were 
conducted in accordance to ASTM D792 and D785-08, 
respectively, for physical characterization. The results 
are summarized in Table 1. The samples were then 
tested under adhesive, abrasive and slurry erosive wear 
conditions using Pin-on-Disc tester (TR-20LE), 
Abrasion Resistance tester (TR-600) and Slurry Erosion 
tester (TR-40), respectively. In adhesive wear test, the 
disc sample was run against smooth pin (GCr15, 
HRC62±2, Ra:0.1μm) at 30N load and 300rpm velocity 
for 10000m distance. In abrasive wear, the disc sample 
was run against vitrified bonded silicon carbide wheel 
(grade 46) at similar operating parameters. In slurry 
erosive wear, the rectangular flat sample was placed in 
vessel filled with slurry mixture of sand (medium 
coarse) and water, and run at 300rpm velocity for 
10000m distance. The mass loss of composites was 
taken using precision balance for every 2000m distance 
interval. Based on mass loss, the specific wear rate was 
calculated.  
 

Table 1 Physical characterization. 

BFRP composite Density 
(g/cm3) 

Hardness 
(HRR) 

Pure  1.324 ± 0.009 119.50 ± 0.41 
1.0 wt% NC  1.240 ± 0.008 121.58 ± 0.70 
3.0 wt% NC  1.242 ± 0.014 122.15 ± 0.44 
5.0 wt% NC  1.247 ± 0.006 121.63 ± 0.34 
 
3. RESULTS AND DISCUSSION 

The specific wear rate, Ks for adhesive, abrasive 
and erosive conditions is shown in Figure 1, Figure 2 
and Figure 3, respectively. The Ks for all composites 
was decreased with decreasing rate as travel distance 
increased. In Figure 1, nanoclay-filled BFRP composite 
showed lower Ks compared to Pure BFRP composite 
indicating improved wear resistance. The highest wear 
resistance exhibited by 5.0 wt% NC BFRP with 31.74% 
improvement. Nanoclay enhanced the bonding between 
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transfer film and counterface [5] and acted as effective 
barrier that prevent large scale fragmentation of epoxy 
during sliding [2,3]. 
 

 
Figure 1 Specific wear rate vs distance for BFRP 

composites which were tested in adhesive condition. 
 

In Figure 2, Pure BFRP composite showed the 
lowest Ks, while 5.0 wt% NC BFRP indicated the 
highest Ks. This shows that the incorporation of 
nanoclay reduced wear properties of BFRP composite 
when it was tested in abrasive condition. There is 
possibility that filler addition might reduce the 
toughness of epoxy polymer therefore reducing abrasive 
wear resistance of the composites [4]. The ploughed out 
nanoclay might also become three body abrasives that 
lead to further matrix and fiber damage. 
 

 
Figure 2 Specific wear rate vs distance for BFRP 

composites which were tested in abrasive condition. 
 

 
Figure 3 Specific wear rate vs distance for BFRP 

composites which were tested in erosive condition. 
 

In Figure 3, nanoclay-filled BFRP composites 
exhibited lower Ks when compared to its pure state. 
Nanoclay acted as an energy barrier that prevents 
impact energy of sand mixture from penetrating into the 
surface [1]. However, as nanoclay content increased 
from 1.0 wt% to 5.0 wt%, the Ks value also increased. 
The reduced adhesion with epoxy matrix at high 
nanoclay content might reduce its erosive wear 
resistance. The lowest Ks was shown by 1.0 wt% NC 
BFRP composite with 51.12% improvement. 

 
4. CONCLUSION 

The specific wear rate of Pure BFRP and 
nanoclay-filled BFRP composites was successfully 
determined at three different types of wear conditions, 
i.e; adhesive, abrasive and erosive, in order to study the 
effect of nanoclay incorporation. In each test, nanoclay 
acted differently and caused several different types of 
wear failure mechanisms during testing. It is concluded 
that nanoclay improved the adhesion and erosion wear 
properties of BFRP composite, in which the 
improvements were up to 31.74% and 51.12% 
respectively. In abrasive wear, nanoclay did not aid in 
improving wear properties as it might act as third body 
abrasive.   
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ABSTRACT – In this study, the effect of misalignments 
on the instability thresholds of a shaft-bearing system 
supported by two externally pressurized air journal 
bearings is investigated. Semi-implicit method is used to 
reduce computing time for unsteady Reynolds’ equation. 
The fourth order Runge-Kutta method is applied for 
solving the equation of motions. In addition, FFT 
processing is used for analyzing half-frequency whirl 
phenomena and calculating threshold speed. In this study, 
a technique is used for calculating non-tridiagonal 
matrices that have periodic boundary conditions. Results 
show that the effect of misalignment of journal bearings 
on the instability is quite significant. 
 
1. INTRODUCTION 

These days, air bearings are applied in many fields 
on account of their high load capacity, longevity and 
accurate controllability. For high-speed operation, factors 
that can affect film thickness should be considered very 
carefully. The most important factors that can affect 
instability can be shape errors and misalignments of the 
rotor bearing system that come from the error of 
manufacturing process. Song et al. [1] already proved 
that the semi-implicit method proposed by Castelli & 
Stevenson [2] can be applied to the cylindrical air journal 
bearings. They also investigated the effects of only shape 
errors on the dynamic behaviours of externally 
pressurized air journal bearings. The results show that 
shape error significantly influence the threshold of the 
instability. 

However, misalignment cannot be ignored for the 
instability of the externally pressurized air journal 
bearings. In this study, the misalignments are modelled 
and new film thickness function considering two kinds of 
misalignment are introduced, and then the threshold of 
the instability are studied. 
 
2. DEFINITION OF MISALIGNMENT. 

Figure 1 shows the definition of misalignment for 
two externally pressurized air bearings used in this study.  
Figure 1(a) is the state that has perfectly aligned bearings 
Figures 1(b) and (c) are the definitions of parallel 
misalignment and tilting misalignment. The amount of 
misalignments are LM  for parallel misalignment and  ζ 
for tilting misalignment respectively. 
 
3. FILM THICKNESS 

To calculate film thickness, center of shaft at each 
cross section along the axial direction (z-axis) should be 
calculated first using the definitions in Figure 2. 

 
(a) Perfeclty algined bearing 

 

 
(b) Parallel misalignment  

 

 
(c) Tilting misalignment  

Figure 1 Definition of Misalignment. 
 
 

 
Figure 2 Center of the shaft at cross section. 

 
Where, ζx, 𝜙𝑥, 𝑎𝑛𝑑 𝜙𝑦 are tilting angle of the bearing 
and the shaft. e′, ex

′ , 𝑎𝑛𝑑 𝑒𝑦
′  are distances from center of 

the bearing to center of the shaft as follows:  

e′ = √(𝑒𝑥
′ )2 + (𝑒𝑦

′ )2
                          (1) 

Where, each component can be written as follows: 
ex

′ = ex + z ∗ tan(ϕy)                                              (2)  
 ey

′ = (z − 𝐿𝐵
2

) ∗ tan(𝜁𝑥) + 𝐿𝑀 + 𝑒𝑦 − 𝑧 ∗ tan(𝜙𝑥) (3) 
Then, Film thickness function can be written as:  

ℎ = 𝐶 − 𝑒′ 𝐜𝐨𝐬(𝜓 − 𝜃)                       (4) 
Where, h is film thickness and C is nominal clearance. 
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4. GOVERNING EQUATION 
Non-dimensional Reynolds Equation can be written 

as:  
∂

∂X
{𝑃𝐻3 𝜕𝑃

𝜕𝑋
} + ∂

∂Z
{𝑃𝐻3 𝜕𝑃

𝜕𝑍
} + 𝑄𝑠𝑖𝑗 = ΛX

∂
∂X

(𝑃𝐻) +

𝜎 𝜕
𝜕𝜏

(𝑃𝐻)    (5) 
Where, 

ΛX =
6𝜇𝜔
𝑝𝑎

(
𝑟2

𝑐2) , 𝜎 =
12𝜇𝜔

𝑝𝑎
(

𝑟2

𝑐2) , 𝑄𝑠𝑖𝑗 =
12𝜇𝑟2𝑅𝑇𝑞𝑠𝑖𝑗

𝐴𝑠𝑝𝑎
2𝑐3  

At the position of supply hole, the inflow 𝑄𝑠𝑖𝑗  should be 
considered. The dimensional inflow through the supply 
holes is as follows: 

qsij = πdsℎ𝐶𝑑
𝑝𝑠

√𝑅𝑇
(

2𝜅
𝜅 + 1

)
1
2

(
2

𝜅 + 1
)

1
𝜅−1

                  
𝑝𝑖

𝑝𝑠

≤ (
2

𝜅 + 1
)

𝜅
𝜅−1

 

    (6) 

qsij = πdsℎ𝐶𝑑
𝑝𝑠

√𝑅𝑇
(

2𝜅
𝜅 − 1

)
1
2

((
𝑝𝑖

𝑝𝑠
)

2
𝜅

− (
𝑝𝑖

𝑝𝑠
)

𝜅+1
𝜅

)

1
2

  
𝑝𝑖

𝑝𝑠

> (
2

𝜅 + 1
)

𝜅
𝜅−1

 

 
After substituting Q=PH, dimensionless Reynolds’ 

equation (5) can be changed to tridiagonal matrices and 
can be solved for two bearings at the same time using the 
procedure developed in the ref. [1]. Then the pressure 
profile for two bearings are calculated. After integrating 
the pressure profile, the reaction forces and moments are 
calculated. Then, the equations of motion for the mass 
center of the shaft can be written as follows:  

𝑚𝐽𝑥′′ = 𝛴𝐹𝑥 = −𝑚𝐽𝑔 + 𝐹1,𝑥 + 𝐹2,𝑥 − 𝐹𝑥,𝑒𝑥𝑡  
𝑚𝐽𝑦′′ = 𝛴𝐹𝑦 = +𝐹1,𝑦 + 𝐹2,𝑦 − 𝐹𝑦,𝑒𝑥𝑡  

𝐼𝑥𝑥𝜙𝑥
′′ = 𝛴𝑀𝑥 = − ∬ 𝑝1𝑧 𝑠𝑖𝑛(𝜃) 𝑑𝜃𝑑𝑧

𝐵1

+ ∬ 𝑝2𝑧 𝑠𝑖𝑛(𝜃) 𝑑𝜃𝑑𝑧
𝐵2

 

𝐼𝑦𝑦𝜙𝑦
′′ = 𝛴𝑀𝑦 = ∬ 𝑝1𝑧 𝑐𝑜𝑠(𝜃) 𝑑𝜃𝑑𝑧

𝐵1

− ∬ 𝑝2𝑧 𝑐𝑜𝑠(𝜃) 𝑑𝜃𝑑𝑧
𝐵2

+ 𝑚𝐽𝑔𝑟𝐴𝑦  
(7) 

These equations of motions are solved using the 
fourth order Runge-Kutta method. From solving equation 
(7), position of mass center and two tilting angles can be 
calculated. 
 
5. RESULTS AND DISCUSSION 
5.1  Instability without misalignment 

Movement of center of shaft is analyzed with 
rotating speed of shaft. Fig.3 shows waterfall graph or 
shaft for perfectly aligned air bearings. It can be seen that 
the half frequency whirl happens around 44,000RPM, 

which can cause instability of the rotor-bearing system. 
Figures 4(a) and (b) shows orbits of shaft at the center of 
each bearing when there is no misalignment. It can be 
shown that orbit of shaft is different following the axial 
direction. 

 

 
Figure 3 Waterfall graph of center of shaft.

 
(a) (b) 

Figure 4 Orbit shaft at each bearing with no 
misalignment. 

 
5.2  Instability with misalignment 

Orbit of shaft in each position is calculated using the 
fourth order Runge-Kutta method. Figure 5 shows 
waterfall graph of shaft when there is 0.004deg tilting 
misalignment. Figures 6(a) and (b) shows the orbits of 
shaft at the center of each bearing when there is 3μ m 
parallel misalignment. It is shown that orbit of shaft 
changes a lot and this difference can be led to instability 
of rotor bearing system. 

 

 
Figure 5 Waterfall graph of center of shaft 

with tilting misalignment. 
 

 
(a)                                 (b)     

Figure 6 Orbit of shaft at each bearing with parallel 
misalignment. 
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6.     CONCLUSION 
The instability of rotor-bearing system that has 

misalignments is studied and the following conclusions 
are obtained: (a) The semi implicit method is very 
efficient to solve the Reynolds’ equation when dealing 
with the time derivative term especially for air bearings. 
(b) The effects of the misalignments of two bearings are 
significant so that careful assembly is highly required to 
improve the stable condition. 
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ABSTRACT - This study is a try to reduce the friction 
loss of a thrust bearings in a scroll compressor. The 
effects of circular textures are numerically verified. The 
size of texture, the numbers, and the depth of the texture 
are considered as design parameters. The pressure 
profiles and the friction loss according the texture 
dimensions are discussed. 

  
1. INTRODUCTION 

Scroll compressors have been used in high 
performance air conditioning systems due to their low 
noise, high efficiency, and continuous compression 
procedure. The power consumption is one of the most 
important factors in designing these compressors.  

The thrust bearing which supports the orbiting 
scroll is presumed to occupy a large proportion of the 
power consumption. Reducing the friction loss in the 
thrust bearing is essential to increase the efficiency of the 
total air conditioning system. 

In this paper, in order to reduce the friction losses, 
textured surfaces are proposed. Then, the effects of the 
texture shapes, sizes, and depths on the thrust bearing are 
studied. 

 
2. ANALYTICAL MODEL 

The mechanism of thrust bearing is shown in Figure 
1. The detailed components are described in [1]. Figure 2 
shows an example of the textured surface of the thrust 
bearing. 

 

 
Figure 1 Schematics of a scroll compressor and thrust 

bearing [1]. 
 

  
Figure 2 An example of textures. 

 

 
Figure 3 Velocity components. 

 

The motion of center of the orbiting scroll is 
presented as parallel motion (see Figure 3 and 4). The 
velocity of the scroll is as follows:  

oseos Rv =                             (1) 
The velocity can be transformed from the Cartesian 

coordinate system to the cylindrical coordinate system, 
and the velocity components in the r  direction and 
direction are as shown in figure.3. 

)cos(  −+= ososer Rv
2

  

   )sin(  −+= ososeRv
2

          (2) 

The height function between the orbiting scroll and 
thrust bearing can be derived by considering roll angle 
and pitch angle as in Fig. 4. 

 

−−= tan)coscos( ososeRrhh 0
 

−+ tan)sinsin( ososeRr   (3) 
 

The Reynolds equation which is used in this study 
is same as in [1]. In this paper, the governing equation is 
solved by FEM. 



Park et al., 2018 

477 
 

 
Figure 4 Geometry for the film height function. 

 
3. RESULTS AND DISCUSSION 

The analyses are carried out for the following four 
cases: Non-grooved model, dimples only on the inside, 
dimples only on the outside and dimples on the both sides. 

The examples of the analysis results are shown in 
Figure 5. Pressure profile, Film thicknesses, Maximum 
pressures, Friction power losses are presented, 
respectively. The power losses can be changed by laying 
out the textures according to the calculated results. Even 
though the non-textured surface shows the least power 
losses in this case, there must be possibility to reduce the 
power losses by changing the shapes, sizes, and depths, 
etc. The detailed results will be presented in the 
conference. 

 

 
(a) Pressure profile 

 

 
(b) Film thickness 

 

 
(c) Maximum pressure 

 

 
(d) Friction power loss 

Figure 5 Analysis results of textured surfaces on the 
thrust bearings in a scroll compressor. 

 
4. CONCLUSIONS 

The results after the analysis are as follows: 
(a) The performance of the thrust bearing having 

textured surface can be successively calculated 
using the FEM.   

(b) The pressure profiles, the average film thickness, 
and power losses at each orbital position can be 
changed by laying out the textures. 

(c) There must exist a design point which can 
minimize the power loss by changing the sizes, 
shapes and depths. 

(d) More calculation is needed to find the optimum 
point to achieve the goal. 
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ABSTRACT – The stability of journal bearings is 
analyzed using mass conservative cavitation algorithm. 
The stability maps by the linear perturbation analysis are 
verified with the nonlinear orbit analysis. In ε<0.1, the 
stability by the cavitation algorithm is always unstable. 
In 0.1<ε, the cavitation algorithm gives the higher 
stability boundary than the half-Sommerfeld condition. 
 
1. INTRODUCTION 

Cavitation effects must be considered to discuss the 
stability of journal bearings. Therefore, several different 
cavitation models are proposed and used. Among these 
models, the most realistic one is the JFO model. It can 
appropriately take into account the effects of both film 
rupture and reformation, and thus satisfy the mass 
conservation in the cavitation boundary. 

Elrod [1] introduced a universal partial differential 
equation that covers both cavitation and full film regions. 
In this way, the need to distinguish the boundaries of 
cavitation is eliminated. Rao et al. [2] implemented the 
perturbation procedure to the universal equation and 
performed the linear stability analysis of journal bearings. 
They neglected the effect of the shear flow term of 
perturbed equations in the full film region, for simplicity. 
However, it is not always appropriate.  

In this work, the stability of journal bearings is 
analysed by the linear perturbation method, using mass 
conservative cavitation algorithm. In addition, the 
nonlinear orbit analysis is also performed to verify the 
stability maps obtained by the linear perturbation 
analysis.  
 
2. THEORY 
2.1   Governing equation 

An unsteady universal equation for a journal bearing 
shown in Figure 1 is as follows． 
 
 
 

(1) 
where 

( )







=
11
10





　

　　
g   

                                                                                      (2) 
Where g: cavitation index, h: film thickness, p: pressure, 
pcav: cavitation pressure, θ and z: coordinate in the 
bearing, β: bulk modulus of lubricant, α: density ratio, λ: 

length to diameter ratio, ε: eccentricity ratio, φ: attitude 
angle. The pressure distribution is calculated as  
                                                                                     (3) 

The boundary condition for solving Eq.(1) is  
 
 

(4) 
 
 
2.2   Equation of motion 

Equations of motion of the journal bearing system 
are as follows.  

(5) 
(6) 

where 
 
 
 
3.3    Stability analysis  
3.3.1 Stability analysis by the perturbation method 

With assumption of small circular motion of the 
journal on the stability boundary, the density ratio and 
pressure are linearized as follows. 

(7) 
(8) 

Applying Routh-Hurwits criterion to the bearing 
system, the linear instability/stability boundary can be 
obtained.  

(9) 
(10) 

 
3.3.2 Stability analysis by the nonlinear orbit method 

This method requires the solution of the equations 
of motion (5) and (6) coupled with the equation (1). The 
journal center loci are obtained with time. The bearing 
system is stable if the journal center orbit converges to 
each steady-state point while unstable if it diverges.  
 

    
Figure 1 Journal bearing system. 
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3. RESULTS AND DISCUSSION 
Figure 2 shows a stability map. In lower eccentricity 

ratio, ε<0.1, the stability by the cavitation algorithm is 
always unstable, that is different trend to that by the half-
Sommerfeld condition. For 0.1<ε, the cavitation 
algorithm gives the higher stability boundary. Figure 3(a) 
and 3(b) shows the pressure distributions at the bearing 
center for ε=0.05 and 0.2, respectively.  In case of ε=0.05, 
the cavitation does not occur, and this means that the 
bearing operates in the full-Sommerfeld condition and 
thus always unstable. On the other hand, in case of ε=0.2, 
the cavitation occurs in mainly the diverging region. In 
case of 0.1<ε, the same trend is obtained.   

The nonlinear orbit analysis is performed at plots A, 
B, and C in Fig.2. According to the linear perturbation 
analysis, the plot A is unstable, the plot B is on the 
stability boundary, and the plot C is stable. Figure 4(a), 
4(b), and 4(c) shows the journal center loci obtained by 
the nonlinear orbit analysis. In case of the plot A, the 
locus diverges from the equilibrium point and whirls near 
the bearing wall. This means the bearing is unstable. In 
case of the plot B, the locus is very periodic, that means 
the limit cycle. In case of the plot C, the locus converges 
to the equilibrium point, the bearing is stable. These 
trends match well with those of the perturbation analysis.  

The cavitation algorithm requires the cavitation 
pressure for analysis. The choice of the cavitation 
pressure can affect the location an area of cavitation 
region and the bearing stability. However, pertinent data 
on cavitation pressure of lubricant are not available. 
Therefore, the cavitation pressure is parametrically 
changed in this study. Figure 5 shows a stability map for 
variety of the cavitation pressures. The choice of 
cavitation pressure can affect the stability of a light-
weight shaft that is operated at lower eccentricity ratio.  
 

 
Figure 2 Stability map. 

 

 
(a) ε=0.05                             (b) ε=0.2 

Figure 3 Pressure distributions at the bearing center. 
 

 
(a) The point A: β=0.1, ε=0.5 

 

 
(b) The point B:  β=0.18, ε=0.5 

 

 
(c) The point C: β=0.3, ε=0.5 
Figure 4 Journal center loci. 

 

 
Figure 5 Effect of cavitation pressure on stability map. 

 
4. CONCLUSION 

In this study, the stability characteristics of journal 
bearings was investigated by the linear and nonlinear 
analysis, considering the mass conservation in cavitation 
boundaries. In lower eccentricity ratio, ε<0.1, the 
stability by the cavitation algorithm is always unstable, 
that is different trend to that by the half-Sommerfeld 
condition. In 0.1<ε, the cavitation algorithm gives the 
higher stability boundary than the half-Sommerfeld 
condition. 
 
REFERENCES 
[1] Elrod, H. G. (1981). A cavitation algorithm. Trans. 

ASME, J. Lubr. Technol., 103(3), 350. 
[2] Rao, T. V. V. L. N., & Sawicki, J. T. (2002). Linear 

stability analysis for a hydrodynamic journal 
bearing considering cavitation effects. Tribology 
Transactions, 45(4), 450-456. 



Proceedings of Asia International Conference on Tribology 2018, pp. 480-481, September 2018 
 

__________ 
© Malaysian Tribology Society 

 

 Spatiotemporal mapping analysis on the sliding behavior of steels with 
different hardness 

N. Md Ali1, K. Fukuda1,2,*, C. Y. Chai1, T. Yamazaki3 

 
1) Malaysia-Japan International Institute of Technology, Universiti Teknologi Malaysia,  

Jalan Sultan Yahya Petra, 54100 Kuala Lumpur, Malaysia. 
2) International Institute for Carbon-Neutral Energy Research (I2CNER), Kyushu University,  

744 Motooka, Nishi-ku, Fukuoka, 819-0395, Japan. 
3) IHI Corporation, 1, Shin-nakahara-cho, Isogo-ku, Yokohama, Kanagawa 235-8501, Japan. 

 
*Corresponding e-mail: fukuda.kl@utm.my 

  
Keywords: Adhesive wear; spatiotemporal mapping; hardness 

 
 

ABSTRACT – The adhesive wear mechanisms of 
medium carbon steel were analysed using spatiotemporal 
mapping analysis to know the influences of hardness of 
materials on the adhesion phenomena. The specimens 
were undergoing different heat treatment to condition 
their hardness. Dry sliding tests with different hardness 
combination of pin and disk specimens were conducted 
utilizing a pin-on-disk tribo-tester. As a result, the 
combinations including soft pin showed lower friction 
coefficient as comparing with those including hard pin. 
The difference between the combinations is supposed to 
be attributed to the characteristics of oxide layer formed 
by sliding. 
 
1. INTRODUCTION 

 Adhesion is the predominant wear mechanism in 
many sliding systems. The elucidation of the adhesion 
phenomena provide necessary information for the design 
of sliding systems based on theoretical understanding. 
Sliding of metallic materials usually experiences 
adhesion [1] which is accompanied by plastic 
deformation depending on the applied load and metal 
properties [2]. As Mokhtar reported, the resistance to 
adhesion increases for hardened material by heat 
treatment [3]. Stated earlier by Rabinowicz [1], different 
hardness materials in sliding produce more friction 
variation compared to the same hardness materials in 
sliding. In spite of many works done till now, wear 
mechanism has not yet been clarified sufficiently to 
predict the sliding phenomena. Also, wear mechanisms 
including adhesion are not simple and influenced by 
various factors [4,5]. Fukuda [6] and Belin [7] developed 
a new analysis technique which is the spatiotemporal 
mapping analysis showing dependency of data on sliding 
position and time. In this research, the influences of 
hardness of materials on the adhesive wear mechanism 
are investigated using the spatiotemporal mapping 
analysis.  

 
2. METHODOLOGY 
2.1 Sample preparation 

Pin specimen with diameter of 4 mm and length of 
25 mm and disk specimen with diameter of 25 mm and 
thickness of 5mm were prepared using medium carbon 
steel AISI 1045/JIS S45C. Sliding surface of the pin has 
a spherical shape with radius of 4 mm. Both specimens 

were gone through heat treatments to get desired 
hardness values [3]. Specimens with hardness more than 
600 HV were prepared by quenching in water containing 
rock salt after 1 hour heating with temperature at 840 0C. 
Those with hardness less than 200 HV were prepared by 
annealing with furnace cooling for 6-7 hours after 1-hour 
heating at temperature 830 0C. Hereinafter, soft pin, hard 
pin, soft disk and hard disk were named SP, HP, SD and 
HD, respectively. After heat treatment, oxide layer on 
disk surface was removed by polishing to have surface 
roughness (Ra) of less than 0.08 μm. Then, specimens 
were cleaned ultrasonically in a mixture of acetone and 
hexane at 1:1 ratio before dried at 100 0C.   

 
2.2 Sliding test 

Dry sliding tests were conducted for the prepared 
specimens with a pin-on-disk tribo-tester as shown in 
Figure 1. The pin and disk were matched to have 
combination of SP/SD, SP/HD, HP/SD and HP/HD. Each 
combination test was repeated trice using new specimens 
to confirm the repeatability of the tests. The test condition 
for each test was as stated in Table 1. The pin was sliding 
on the disk to make a wear track with diameter of 20 mm. 
0.15 V was applied between pin insulated from its holder 
and disk when specimens apart with each other. While the 
test, friction force and voltage between pin and disk 
measurement were recorded as the dependent variables at 
the sampling rate of 720 points per disk rotation. 

 
 

 
Figure 1 Pin-on-disk tribo-tester schematic diagram [8]. 
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Table 1 Experimental conditions. 
Properties Data 
Sliding Speed 0.0628m/s 
Load 10 N 

Relative humidity Air with room temperature & 
relative humidity of 50% 

Sliding Distance: 
Initial sliding 126 m 

 
2.3 Spatiotemporal mapping analysis  

The grey charts in Figures 2 and 3 represent the 
range of each dependent variable on the maps. The 
dependent variables and their changes throughout sliding 
tests are visualized as maps having two axes [8]. X-axis 
is for sliding position on the disk from 0 to 2π rad and y-
axis is for the number of repeated sliding from 0 to 2,000 
rotations.  

 
3. RESULTS AND DISCUSSION 

Friction coefficient maps in Figure 2 show the 
distribution of friction coefficient on the disk for different 
hardness combinations. Low friction coefficients were 
observed on few positions for SP/SD and SP/HD. For the 
HP combinations, although HP/HD shows slight 
variation in friction coefficient, no significant positions 
for low friction coefficients were recorded.  

 
 

         
   

          
 
 

Figure 2 Friction coefficient maps. 
 
 
 

       
 

        
 

Figure 3 Contact voltage maps. 
 
 
 
 

One of possible reasons for low friction coefficient 
that appeared mainly for the SP combinations is oxide 
layer formed on the surface. The oxide layer is supposed 
to reduce the metallic contact between pin and disk and 
thus reduce friction coefficient. The high voltage shown 
in Figure 3 represents non-metallic contact area, and 
comparison between Figures 2 and 3 supports this 
possibility. Although oxide layer formations were 
observed for all the combinations, low friction 
coefficients were noticed only in SP combinations. On 
the other hand, even with higher contact voltage on 
HP/HD, the friction coefficients were not as low as SP 
combinations. Differences in characteristic of oxide 
layers between SP and HP combinations are supposed to 
cause the difference in low friction coefficient occurrence. 
Oxide layers formed by HP combinations are not 
influential enough to give low friction coefficients. 
However, identifying oxide layers characteristic is left 
for future work. Since the pin is always in contact with 
disk, the pin hardness might give more impact on the 
adhesion of sliding system than the disk hardness.  

 
4. CONCLUSION 

Adhesion in sliding system is influenced more by 
pin hardness than disk hardness. SP combinations 
exhibited low friction coefficient on certain positions 
while HP combinations did not. The oxide layers reduced 
metallic contact between pin and disk for all 
combinations and reduced friction coefficient only on SP 
combinations. Hence, the oxide layers were considered 
as the cause of differences in friction coefficient between 
SP and HP combinations. The characteristic of oxide 
layers formed on HP combinations might be different 
from those formed on SP combinations, thus they have 
lees effect in reducing the friction coefficient for HP 
combinations. To clarify the characteristic of each oxide 
layer is left for future work. 
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ABSTRACT – Wear are the major obstacle that limits 
the long-term using of ultra-high-molecular-weight-
polyethylene (UHMWPE) in artificial joints. In this study, 
the micro-scale texture has been introduced to improve 
the wear properties of UHMWPE. The main objective of 
this study is to investigate the effect of surface dimple 
parameters on wear behaviour and mechanism of 
UHMWPE. Circular shaped micro-dimple with 40 µm in 
depth and different diameters (0.3 and 1 mm) as well as 
different area densities (5%, 10% and 20%) were 
machined by computer numerical control lathe machine. 
Wear performance of surface textured UHMWPE at 
different diameter and dimple densities under boundary 
serum lubricated conditions were studied. Results shows 
that by introduced texture on the surface does improved 
the wear resistance of UHWMPE where dimple with 
small diameter and high dimple density have low wear 
rate. 
 
1. INTRODUCTION  

Surface texturing is one of the modifications that 
are commonly used to improve the tribological properties. 
Surface texturing have advantages such as ability to act 
as lubricant reservoirs, change the hydrodynamic 
pressure and trap wear debris [1-4]. Researchers are 
making extensive research on improving the wear 
resistance of UHMWPE by developing texture or pattern 
on the surface of UHMWPE. The textured surfaces had 
small holes called dimples on their surfaces. It has been 
reported that, the optimum friction can be achieved by 
selected the suitable dimple texturing parameter by 
parameter such as dimple diameter, dimple density and 
dimple depth [1, 4]. Dimple size and density can plays 
important role on improve the material surface wear 
during a sliding test which can improve anti-seizing 
ability by reserving lubricant, and also acted as reservoirs 
to trap wear debris generated in sliding friction.[5]. From 
the literature review, it is apparent that the main attention 
is paid to modify the surface of UHMWPE by adding 
circular dimple texture. The relation between different 
texture parameter toward the wear behaviour and 
mechanism is still unclear. This study will focus on the 
analysing the wear performance and mechanism of 
microscale textured UHMWPE. Wear performance will 
be tested against 316 stainless steel (SS 316) using pin-
on-disc tribotester under linear reciprocating motion. The 
unidirectional sliding motion used in this study would be 
more representative of a knee joint replacement. The 
effects of dimple diameters and densities on the specific 

wear rate of textured UHMWPE under boundary serum 
lubricated conditions will be examined experimentally.  
 
2. METHODOLOGY 

In this study, UHWMPE were machine into plate 
(15 mm × 15 mm) using lathe machine (CNC lathe 
machine CZG46Y3+2, China). The UHMWPE 
specimens were exposed directly to nominal doses of 
gamma radiation at 25 kGy at Radiochemistry and 
Environment Laboratory (RAS), Malaysian Nuclear 
Agency. This dose range was suitable for covering the 
entire range of doses used to sterilize medical devices. 
The irradiated UHMWPE are then being textured by 
lathe machine into circular dimple texture with different 
texture area densities (0%, 5%, 10%, 20%) and different 
diameters (0.3 mm, 1 mm) to achieve the main objective 
of this study. For wear test, a single drop of undilute 
bovine serum was added directly onto the surface of 
UHMWPE substrates as the lubricant before initiating 
the tests. SS 316 pin with 6 mm diameter and 6 mm 
length was pressed against the UHMWPE with a normal 
load of 30 N and frequency of 1 Hz, tribological test was 
being run for approximate 35 min which approximately 
equal to 2, 000 cycles. The calculation of the specific 
wear rate was performed using Eqn. (1). 
 
𝑆pecific wear rate (𝑚𝑚3

𝑁𝑚
) = Volume loss

Normal load × Sliding distance 
         (1) 

  
3. RESULTS AND DISCUSSION 

The surface of the textured UHMWPE at different 
dimple diameter and densities before the tribological test 
is as shown in Figure 1, while Figure 2 shows the wear 
rate for untextured and textured UHMWPE. The average 
dimple depth measured from the profilometer is 40 µm. 
The result shows that wear rate of the UHMWPE 
substrate decreases with the addition of dimple textured, 
where the textured UHMWPE substrate with highest 
dimple density has the lowest wear rate. On the other 
hand, textured UHMWPE substrate with small dimple 
diameter have the better wear resistance compared with 
textured UHMWPE substrate with large dimple diameter. 

The wear rate for untextured UHMWPE is high due 
to the polymer wear debris have remain on the substrate 
during the tribological test and caused third body 
abrasion toward the substrate [1]. Kustandi, T. S. et al. 
have found that there is reduction on wear track width 
and depth of textured UHMWPE as compared with 
untextured UHMWPE [6]. The wear rate of the 
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UHMWPE substrate decreases as the dimple density 
increases, due to the existence of dimple have improve 
the wear resistance by trapping wear debris, act as 
lubricant reservoir and distribute contact pressure [1]. 
The wear rate for 20% dimple texture UHMWPE 
substrate for both dimple diameter is the lowest due to 
the substrate have sufficient dimple to change pressure 
distribution and also to capture the wear debris during the 
tribological test. From the study of Zhang, B. et al., its 
stated that 22.9% dimple density with dimple diameter of 
50 mm dimple depth of 10 mm have the optimum 
tribological results [2]. The wear rate is lower for 
UHMWPE substrate with 0.3 mm dimple diameter, as the 
amount of dimple for each density have increased. The 
increase amount of dimple helps to distribute the pressure 
more compare to substrate with lesser dimple [1]. Zhang, 
Y. L. et al. have studied that wear resistance will 
improve as the dimple diameter size decrease. 
However, dimple diameter which is smaller than 65 
μm will have difficulties in generating hydrodynamic 
pressure and hence have no further reduction toward 
wear rate [4]. Wang, X. L. et al. have stated that small 
diameter will have better hydrostatic pressure which will 
reduce the force acting towards the substrate [7]. Figure 
3 shows the SEM images of untextured and textured 
worn surfaces. It can be clearly seen that there are plastic 
flow and grooves on the surface of the samples. There 
was severe plastic flow observed on the untextured 
UHWMPE. Some of the dimples were completely filled 
with debris. This shows that the dimples have a tendency 
to trap wear debris. 

 

 
Figure 1 UHMWPE sample of 1 mm dimple diameter 

texture with (a) 5%, (b) 10%, (c) 20% of dimple 
density; 0.3 mm dimple diameter texture with (d) 5%, 

(e) 10%, (f) 20% of dimple density. 
 

 
Figure 2 Wear rate for UHMWPE substrate under serum 

lubricated condition. 

 
Figure 3 SEM images of UHMWPE worn surface (a) 
untextured; (b) 20% textured dimple density with 0.3 
mm diameter; (c) 20% textured dimple density with 1 

mm diameter. 
 
4. CONCLUSION 

The results of this study show promise towards 
improvements in surface texturing methods to reduce 
wear of the UHWMPE. It is concluded that texture 
density and diameter has strong effect on the wear rate. It 
was found high dimple density (20%) and small dimple 
diameter (0.3) have better wear reduction than that of the 
untextured, 5% and 10% textured UHMWPE. 
Furthermore, dimples also resulting in less plastic 
deformation. 
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ABSTRACT - A cryogenic turboexpander is also 
referred as rotatory expansion device used in gas 
processing and cryogenic liquefaction. The operational 
objective of cryogenic turboexpander is to refrigerate a 
gas stream, by expanding the process gas in an 
expansion turbine. A mid-sized cryogenic turboexpander 
rotates at very high speed for better aerodynamic 
efficiency. The need for high rotational speed and 
contamination free operation brings constraints on the 
selection of appropriate bearings for the turboexpander. 
Gas bearings is a solution for above requirement. 
Present work describes on design and development and 
performance study of bump-type gas foil journal 
bearing (GFJB) for a turboexpander with 16 mm rotor 
diameter rotating at 80,000 rpm.  

 
1. INTRODUCTION 

Most of the turboexpander for small and medium-
sized plants are vertically oriented for easy installation 
and maintenance. It consists of a shaft with the turbine 
fitted at the bottom end and the brake compressor at the 
other end. The major source of the radial load in a 
vertically oriented rotor is the unbalance load. Above 
radial load need to be supported by oil-free gas journal 
bearings to avoid contamination of the process gas. Due 
to the low viscosity of gas bearings, the stiffness and 
damping are inherently low. A compliant type gas 
bearing such as GFJB (Figure 1) has many attractive 
advantages compared to the rigid gas bearings such as 
compensation for misalignment, accommodation of 
thermal distortion, larger clearance, tailored damping, 
etc. [1]. This paper explains about design and 
development methodology for a pair of bump-type 
GFJB for a vertical turboexpander used in nitrogen 
liquefier operating at 80,000 rpm. The axial bearings for 
current application is a pair of aerostatic bearings. 

The unbalance radial load of the rotor for current 
application is predicted to be 10 N, due to the presence 
of unbalance in the order of 100 mg-mm. A factor of 2 
is multiplied for current radial bearing design for the 
possibility of increasing radial load during start up and 
shut down of the machine. So a GFJB with load 
carrying capacity of 20 N  is essential for current 
application. The bearings is also designed for minimum 
vibration level at the designed speed. 

A feasibility study for current application is done 
based on predicted load carrying capacity of the 
bearing. The load carrying capacity is predicted by 
solving compressible Reynolds equation, where the film 
thickness is considered to be a function geometry and 
bump deflection [1]. The work is further extended to 

determine bump parameters such as its geometry and 
material.  The structural stiffness of bump foils is 
calculated based on bending formulations. Precise bump 
formation being a bottleneck, a forming operation is 
simulated numerically to design appropriate dies for 
forming the bumps [2]. Finally, assembly of foil 
bearings is tested in the turboexpander test facility at 
NIT Rourkela, India to study its performance.     

     
2. AERODYNAMIC ANALYSIS  

The GFJB is self-acting bearing and operates on 
the principle of aerodynamics [1]. The popular and easy 
method to analyze GFJB is by solving aerodynamic and 
structural equation simultaneously based on pioneered 
work by Heshmat et al. [1]. The dimensionless 
Reynolds equation is expressed in Eqn. (1)[1]. 

( )
2

3 32 ( )
... 1

p R p phph ph
L z z  

           + =                   
 

 
Figure 1 Dimensional nomenclature of GFJB. 

 
The Finite Difference Method (FDM) is used to 

discretize, and Newton-Rapsons method is used to solve 
the nonlinear Eqn. (1). The objective of solving above 
equation is to determine bump material and its 
dimensions for desired load carrying capacity. The 
simulation is performed for the below design 
parameters: 

(a) Load carrying capacity for various feasible foil 
materials such as Inconel X-750, Phosphor 
Bronze, SS 302 and Beryllium copper.  

(b) Load carrying capacity for various foil 
thickness. 

(c) Load carrying capacity for various bump pitch 
and its half bump length. 

After extensive numerical analysis, the bump foil 
parameters are selected based on the availability of 
material, ease of forming bumps, literature studies, and 
numerical analysis. The selected bearing parameter is 
given in Table 1.  
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The pressure distribution and gas film thickness 
over the journal bearing surface are shown in Figure 2 
and 3 respectively. Integrating pressure profile 
calculates the load carrying capacity over the bearing 
surface. The load carrying capacity predicted for the 
various eccentricity ratio is plotted in Figure 4. 
 

Table1 Selected bearings parameters. 
Journal bearing parameters Dimensions 
Diameter of Shaft (2R) 16 mm 
Bearing Length (L) 16 mm 
Rotational Speed (N) 80,000 rpm 
Nominal Radial Clearance (C) 25 m 
Eccentricity ratio() 0.8 
Top Foil Thickness (tt)   0.1 mm 
Bump Foil Thickness (tb)   0.1 mm 
Bump Pitch (s ) 4.2 mm 
Bump Length (2lb ) 2.64 mm 
Bump Foil Young’s Modulus (E) 114 GPa 
Bump Foil Poisson’s Ratio (ν) 0.35 
Grid Size 80 × 80 
Viscosity 178.4×10-7 N.s/m2 

 

 
        Figure 2 Pressure profile over bearing surface. 

 

 
         Figure 3 Film thickness with designed data. 

 

        
              Figure 4 Load carrying capacity. 

 
3. DIES FOR BUMP FORMATION 

The gas bearings with a radial clearance of 25 
microns need a precise fabrication methodology. 
Maintaining uniform bump height in a bump type GFJB 
is very much essential for reliable performance. The 

designed die is simulated in DEFORM 3D to study the 
process of forming operation such as (a) displacement 
of bump foil, (b) stress during forming operation, (c) 
spring back on load removal,(d) possible damage during 
forming. Figure 5 shows the stress distribution over the 
bump foil during forming operation.  

 
     

 
Figure 5 Stress distribution during bump formation.  

 

  
Figure 6 Upper and lower dies for bump formation.  

 
The upper and lower die fabricated for bump 

formation is shown in Figure 6. The fabricated top foil, 
bump foil and assembly of these foils with bearing base 
is shown in Figure 7. An experiment shows less than 
10 % deviation on the stiffness of the fabricated bump 
foil with the predicted stiffness. 

 

  
(a) (b) 

Figure 7 (a) Top and bump foil. (b) Assembly of foils 
with bearing base. 

 
4. VIBRATION ANALYSIS OF PROTOTYPE 

TURBOEXPANDER 
Detailed performance analysis is carried out to 

study the behavior of the turboexpander at its stable 
operation. The signal from the accelerometer near 
journal bearing is recorded on a storage type 
oscilloscope during test runs.  

 

   
Figure 8 Vibration of bearing housing at upper journal 

bearing. 
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The obtained signals are converted to acceleration 
and FFT of the vibrational spectrum at 80,000 RPM is 
shown in Figure 8. The vibrational spectrum at 1X, 2X 
and 0.5X are studied carefully near lower journal 
bearing, and they are compared with the results of 
vibration analysis using tilting pad bearings in one of 
the earlier studies at NIT Rourkela [3]. The comparison 
prevails 25% reduction of the vibration level near lower 
journal bearing. The detailed vibration analysis shows 
enhanced rotor stability. 

 
5. CONCLUSION 

The work presented in this paper is a modest 
attempt to implement the gas foil journal bearings to a 
high-speed turboexpander used in nitrogen liquefier. 
The dies for bump formation is designed using FEM 
analysis for forming operation.  This analysis rectifies 
many major issues of the bump formation with a 
uniform height. Finally, from the vibration signature, the 
level vibration is found to be significantly reduced near 

both the journal bearings. This indicates gas foil bearing 
is an alternate solution to the previously developed 
tilting pad journal bearings. The author believes that the 
structured design and fabrication methodology for 
bump-type gas foil journal bearings will be useful to the 
tribologists working for other high-speed applications. 
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ABSTRACT – This study investigates the effect of 
machining parameters on the surface roughness in 
milling AISI 4340 with cutting speeds of 160- 240 
m/min, feed rate of 0.05- 0.15 mm/tooth and depth of cut 
of 0.1- 0.5 mm under dry and cryogenic conditions using 
a carbide cutting tool. The results found that the Ra 
measured for dry and cryogenic conditions were 0.20-
0.38 µm and 0.18-0.27 µm respectively. The (ANOVA) 
analysis found that the feed rate has significant influence 
and the utilization of the cryogenic technique helps to 
improve the surface roughness up to a maximum of 24% 
as compared with the dry milling. 
 
1. INTRODUCTION 

Nowadays, manufacturing industries are 
increasingly growing towards high-quality product. This 
quality is directly influenced by the surface integrity, 
dimensional accuracy, burr,  etc. The AISI 4340 steel is 
mainly used as a component for aircraft, aerospace 
components such as bush, shaft, valve, and components 
that resistance to chemical reaction. In addition, it is also 
widely used in automotive industry [1]. Stipkovic et. al 
[2] found that in machining hardened AISI 4140 alloy 
steel, the higher feed per tooth combined with higher 
cutting depth generated bad surface finish. Previous 
studies on the cryogenic method commended its positive 
impact on machining performance. Musfirah et. al [3], 
had proven that the utilization of the cryogenic technique 
improves the surface roughness to a maximum of 88%. 
This paper investigates the effect of machining 
parameters in dry and cryogenic conditions on the surface 
roughness of AISI 4340 as it directly indicates the 
product quality. 
 
2. METHODOLOGY 

The miling process was performed using AISI 4340 
using SPINNER CNC milling machine.  The machining 
process was carried out using insert carbide with detail 
cutting tool geometry in Figure 1. 

 

 
Figure 1 Cutting tool geometry for DNMA432. 
  
 

Through detail literature review of past studies on 
machining AISI 4340 [3,4] dry cutting condition was 
established as shown in Table 1. For cryogenic machining 
only 4 trials were conducted as shown in Table 2. It was 
based on lowest cutting speed and depth of cut.   

 
Table 1 Experimenl run for dry cutting condition. 

Trial Cutting speed, 
v m/min 

Feed rate, f 
mm/tooth 

Depth of 
cut, D mm 

1 180 0.10 0.3 
2 180 0.15 0.5 
3 180 0.20 0.7 
4 200 0.10 0.5 
5 200 0.15 0.7 
6 200 0.20 0.3 
7 220 0.10 0.7 
8 220 0.15 0.3 
9 220 0.20 0.5 

 
Table 2 Experimental run for cryogenic condition. 

Trial Cutting speed, 
v m/min 

Feed rate, f 
mm/tooth 

Depth of 
cut, D mm 

1 180 0.10 0.3 
2 200 0.10 0.5 
3 200 0.20 0.3 
4 220 0.15 0.3 

 
The measurement of surface roughness value was 

conducted using Mitutotyo portable surface roughness 
model SJ-310. The equipment is used to measure the 
arithmetic value of Ra. The measurement process is 
according to ISO 4288: 1996. Total measurement length 
and cut off length is 4 mm and 0.8 mm respectively. 

 
3. RESULTS AND DISCUSSION 

Table 3 shows the measured Ra in dry cutting 
conditions. The analysis of variance (ANOVA) indicates 
that the feed rate has significant influence on the surface 
roughness with 79.77% contribution followed by the 
depth of cut (9.76%) and cutting speed (8.87%). This 
result is in agreement to a study by Fratila & Caizar [5], 
when face milled aluminium alloy. The machined surface 
roughness was measured for both dry and cryogenic 
methods at selected cutting conditions. Comparisons of 
Ra values for selected dry and cryogenic conditions are 
shown in Table 4.  
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Table 3 Measured surface roughness under dry cutting 
condition. 

Test 
Cutting 
speed,  
V m/min 

Feed rate,  
F mm/tooth 

Depth 
of cut,  
D mm 

Surface 
roughness 
(µmm) 

1 180 0.10 0.3 0.287  
2 180 0.15 0.5 0.299  
3 180 0.20 0.7 0.350  
4 200 0.10 0.5 0.252  
5 200 0.15 0.7 0.203  
6 200 0.20 0.3 0.321  
7 220 0.10 0.7 0.218  
8 220 0.15 0.3 0.261  
9 220 0.20 0.5 0.382  

 
Table 4 Comparison of average surface roughness 

values  for dry and cryogenic machining. 

Test Cutting speed,  
V m/min 

Feed rate,  
F mm/tooth 

Depth 
of cut,  
D mm 

Cutting 
conditi
ons 

Surface 
roughness 
(µmm) 

1 180 0.10 0.3 
dry 0.287  
cyro 0.251 

4 200 0.10 0.5 
dry 0.252  
cryo 0.191 

6 200 0.20 0.3 
dry 0.321  
cryo 0.274 

8 220 0.15 0.3 
dry 0.261  
cyro 0.238 

 
From these results, it is clear that in comparison to 

dry machining, cryogenic machining can deliver a better 
surface finish. Similar finding was reported by Jerold and 
Kumar [6] during machining of AISI 105 steel. In this 
study, the achieved surface roughness produced during 
cryogenic machining ranged ≤ 0.28 µmm. The Ra of the 
cryogenic machined surface was improved by about 24 % 
compared to the dry milling, as shown in Figure 2 for test 
4.  

 

 
Figure 2 Comparison of a for dry and cryogenic 

conditions or for test 4. 
 
Rough surface finish in the dry cutting is most 

probably due to the adhesive effects at the workpiece-tool 
interface caused by the high temperature [7]. Besides, the 
phenomenon of flank build-up, built-up edge, or even a 
dead metal zone that usually forms at the edge of the 
radius of the insert [8], which are commonly associated 

with high cutting temperatures, might also contribute to 
the high surface roughness. The application of the 
cryogenic cooling technique which effectively reduced 
the cutting temperature, lessened all the effects 
mentioned above. In general, the experimental results 
revealed that cryogenic cooling could improve the 
surface roughness by up to 24%. 

 
4. CONCLUSION 
         From the results obtained, it can be concluded that 
the feed rate has the significant influence on the surface 
roughness. Furthermore, the utilization of cryogenic 
cooling proved to be more effective for improving the 
surface roughness of the machined surface. 
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ABSTRACT – This paper presents an investigation on 
effect of different volume percentage (vol.%) of phenolic 
resin on the mechanical and tribological properties of 
friction materials. Three brake pads composed of three 
different phenolic resin vol.% were prepared through 
powder metallurgy process. The samples were tested 
using brake inertia dynamometer and the effect of 
different vol.% of phenolic resin on friction behavior 
with respect to speed and temperature was investigated 
and discussed in this paper.  Test results indicates that 
sample R2 which composed of 10 vol. % of phenolic 
resin is the best formulation which produced stable 
coefficient of friction (COF). 
 
1. INTRODUCTION 

The friction material in the automotive brake 
system has been considered as one of the key components 
for overall performance of a vehicle. They are composed 
of four components; classified as binders, 
reinforcements, fillers and frictional additives [1]. It is 
important to note that certain ingredients in the friction 
material composition perform multiple function includes 
stable friction, adequate wear resistance and improved 
fade. In order to get the best formulation, a compromise 
is made on some of the properties to obtain reliable brake 
performance.  

Several methodologies for optimization of frictional 
material formulation have been reported [2,3,4]. They are 
based on different design of experiments to find proper 
formulations for optimum brake performance. The 
tribological properties of the ingredients have been 
studied considering various brake related issues such as 
friction stability, high temperature fade and wear 
resistance.  

Phenolic resin has the greatest influence on the 
tribological properties of brake pad due to the strongest 
influence on hardness and specific gravity [2]. In this 
study, we focused on the effect of phenolic resin 
composition on friction behavior with increasing 
temperature and speed during braking process. The effect 
of resin composition on the hardness, porosity and 
thickness loss was also discussed.  
 
2. METHODOLOGY 

Three laboratory brake friction material 
formulations have been prepared through powder 
metallurgy process. The ingredients were mixed in the 
tubular mixer for 10 minutes and then warm compacted 
in a brake-pad die under a pressure of 150 kg/cm2 at a 
temperature of 180oC. Table 1 shows the ingredients 

Vol% in the formulation. The samples were tested for the 
Rockwell hardness and porosity in accordance to 
Malaysia Standard MS 474: Part 2 and Japanese 
Industrial Standard JIS D 4418, respectively. The friction 
and wear test were performed using dynamometer in 
accordance with Recommended Practice Society of 
Automotive Engineer test procedures SAE J2522 
Dynamometer Global Break Effectiveness. The details of 
test program can be referred in the earlier publication [4]. 

 
Table 1 Sample composition. 

Ingredients  
R1 
(vol.
%) 

R2 
(vol.
%) 

R3 
(vol.
%) 

Phenolic resin 5 10 15 
Reinforcement fiber (steel, 
copper, ceramic) 30.6 29 27.4 

Frictional additive (iron 
oxide, graphite, rubber, 
MgO) 

33.8 32 30.2 

Filler (friction dust, iron 
powder, Sulphur, barium)  30.6 29 27.4 

Total (%) 100 100 100 
 
3. RESULTS AND DISCUSSION 

Table 2 shows the effects of phenolic resin on the 
material properties (hardness and porosity) when the 
compositions were changed by ±5vol%. It indicates that 
the phenolic resin significantly increases hardness, while 
in the case of porosity, the effect is opposite. Based on 
these results, it was noted that there is no direct 
correlation between vol.% of resin with the mechanical 
properties as well as the correlation between porosity 
with the hardness behaviour. This is because, the 
hardness increase with phenolic resin is attributed to 
good bonding as well as due to the high hardness of the 
thermosetting binder resin after cure [1]. On the other 
hand, phenolic resin decreases porosity because it flows 
through gaps inside the friction material during hot 
pressing process and fills voids before it is combined 
during curing.  

 
Table 2 Sample test results. 

Sample Hardness 
(Shore D) 

Porosity 
(%) 

Thickness 
loss (mm) 

R1 63.30 17.48 2.7 
R2 73.30 15.48 2.0 
R3 92.80 7.12 1.2 
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The test result shows that the thickness loss of the 
brake pad decreased with increasing vol.% phenolic resin 
in the formulation as shown in Table 2. This phenomenon 
could be due to increase in hardness and reduction in 
porosity with respect of vol.% phenolic resin increment 
in the formulation Table 1. It is obviously observed that 
there is no direct correlation between vol.% phenolic 
resin with the thickness loss during braking because other 
parameter such as wear mechanism, braking operating 
parameters and mode of braking might influence the 
thickness loss.  

 

 
Figure 1 Friction sensitivity with temperature. 

 
Figure 1 shows the COF increased with increasing 

temperature and then decreased when the surface 
temperature has reached the temperature of 230°C for all 
the three samples. Beginning of braking, the harder 
asperities on the brake disc being ploughed into the wear 
surface and widening the contact area of the brake pad 
which making the COF increased. Thereafter, the 
degradation of the phenolic resin causes the mechanical 
integrity of formulation to become gradually weaker that 
makes the COF decreased. The shearing of the peak 
asperities and formation of friction film could also reduce 
the COF as observed by other researchers [4].  

Sample R3 which composed of 15vol.% phenolic 
resin has the lowest COF. This is could be due to the 
decomposition of phenolic resin at elevated temperature 
resulting the lower bonding of the ingredients. It can be 
seen from Figure 1 that sample R2 showed an excellent 
fade resistance and more stable COF compared to sample 
R3 and R1. 

 

 
Figure 2 Friction sensitivity with speed. 

 
 

Figure 2 shows the COF slightly increased when the 
speed increased to 80-40 km/hr for all three samples, then 
decreased with increasing speed. When the brake is 
applied at higher speed, the amount of energy absorbed 
on brake pad and disc is also increased, thus increased the 
brake material surface temperature [5]. Therefore, the 
decomposition of resin which consequently causes the 
brake fades as the temperature increased. As the speed 
further increased, the surface temperature also increased 
and this decompose other polymeric materials such as 
rubber and friction dust. This further reduce the bonding 
among the ingredients and cause progressing contact 
where the particle rolls between the brake pad and disc, 
in which COF will be reduced [5]. The COF of sample 
R1 and R2 had almost a similar trend and values while 
sample R3 has the lowest COF value. It was observed 
that, the COF of sample R2 drop drastically which may 
cause the braking distance of the vehicle to increase. 
 
4. CONCLUSION 

The following phenomena can be concluded on the 
influence of phenolic resin on the mechanical and 
tribological properties of friction materials; (i) the 
porosity decreases with increasing of vol. % of resin 
while the hardness increases with increasing vol.% of 
resin. (ii) The thickness loss of brake pad decreased with 
increasing vol.% of resin. (iii) Sample R2 which 
composed of 10 vol. % of resin is the best formulation 
which produced on stable COF. 
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ABSTRACT – Dimple machining is one of the surface 
engineering methods that has been studied for decades. 
It is derived through various machining processes and 
acts as a lubricants reservoir to reduce friction on 
sliding surfaces.  Dynamic assisted tooling milling 
(DATM) was developed to produce dimple on AI6061-
T6 material. In this paper, the consistency of dimple 
spacing was analyzed to determine low frequency (LF) 
method in producing dimple structure. The consistency 
of dimple spacing (Sd) was determined through dimple 
spacing percentage errors analyzed via analytical and 
mathematical model. Consistency Sd occurred at 6 Hz 
with error value range between 5.95% to 9.42 % for 
each feed rate. This proves that LFM can produce 
consistent dimple structure at 6Hz frequency. 
 
1. INTRODUCTION 

Surface engineering is one of the methods that has 
been widely studied for decades and proved could 
reduce friction on sliding surfaces. Researches showed 
that 25% friction reduction occurred on piston ring 
using tribo meter and pin tester on disks [1-3]. 

High frequency method was widely explored by 
earlier researchers. Xu et al. [4] studies on concerning 
material remover mechanisms, tools design principles 
and machining structure using 2D rotary ultrasonic 
texturing.  Kurniawan et al. [5], studies on analytical 
model of the cutting force corresponding   with the 
experiment data using elliptical vibration texturing. 
Prihandana et al. [6] discovered that extensive tool 
setting and expensive devices was needed to produce 
dimple in high frequency method.  Research on low 
frequency method was not widely done in dimple 
fabrication process.  Low frequency method was highly 
applied in aerospace manufacturing ie airplane wing 
drilling [7] compare other industries.  The objective of 
this paper, therefore focuses an analyzed the consistency 
of dimple spacing on flat surface via analytical and 
mathematical model 
 
2. METHODOLOGY 

Development of dynamic assisted tools to produce 
dimple with stable frequency and amplitude during the 
cutting process has become one of the research 
objectives. These two factors have impact on dimples 
formed on working material surface. Dynamic assisted 
tool developed was applied on Sajo UF-52 milling 
machine, Figure 1. 

  
Figure 1 Attachment DATM on milling machine. 

 
2.1 Machining experiment 

Machining experiment was conducted on AI6061-
T6 as a workpiece. Milling machining parameters used 
in the experiment are shown on Table 1.  In this 
research, cutting tool ball nose with diameter 0.3 mm 2 
flute was used to produce dimple structure. 
 

Table 1 Machining parameters. 
Parameter Unit Values 
Cutting speed, Vc          m/min 12 
Feed rate, fr                   mm/sec 6.37, 8.73, 12.75 
Depth of cut,doc            Mm 0.015 
Frequency, f                   Hz 4, 5, 6 
Amplitude, Amp             mm 3 
Diameter ball nose, d      mm 3 
No. Flute                          - 2 

 
2.2    Visual and measurement of dimple distance 

Distance between dimple Sdexpwas measured using 
Olympus SZ61 microscope and was compared with Sdt 
value.  By using an equation (1), distance between 
dimple, Sdt [8] can be calculated based on machining 
parameters. The outcome of results is as shown in Table 
2. 

 
𝑆𝑑𝑡 = 𝑓𝑟

𝑓
                                      (1) 

Whilst dimple spacing errors between theory and 
experiment can be calculated via equation (2)[6]. 
 
 𝑒𝑟𝑟𝑜𝑟 = 𝑆𝑑𝑡 − 𝑆𝑑  𝑒𝑥𝑝.

𝑆𝑑𝑡
 x 100%            (2) 
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3. RESULTS AND DISCUSSION 
Results of the experiment have shown that the 

distance between dimple is consistent. Feed rate 
(machine) and vibration (DATM) are the main factors 
affecting distance between dimple formed, Table 2. 
Frequency parameter is the dominant factor in 
determining distance between dimple. 

 
3.1  Relationship between feed rate and frequency 

with dimple spacing 
Table 2 shows a comparison between the 

experiment and the theory of dimple spacing. Nine 
samples of dimple were measured for validation of the 
mathematical model. Dimple spacing, Sdt and Sdexp were 
measured and compared via analytical model. The 
comparison showed that frequency and feed rate are 
dominant factors affecting dimple spacing. Consistency 
of dimple spacing occurred at 6Hz based on error value 
range of 5.84 % to 9.42%, Table 2. 

 
Table 2 Constant frequency with various feed rate. 

gr(mm/s)    f(Hz)    Sdt(mm)   Sd. Exp. (mm)    H (%) 
 6.37           4          1.56           2.03                 30.13 
 8.73           4          2.14           2.40                 12.15 
 12.75         4          3.13           3.65                 16.61 
 6.37           5          1.31           1.56                 19.08 
 8.73           5          1.81           2.18                 20.44 
12.75          5          2.64           2.70                 2.27 
 6.37           6          1.01           1.09                 7.92 
 8.73           6          1.38           1.51                 9.42 
 12.75         6          2.02           2.14                 5.94                             

 

 
                                          (a) 
 

 
                                          (b) 
 

 
                                          (c)  
Figure 2 Dimple structure spacing with various feed rate 
and constant frequency = 6Hz (a) fr = 6.37 mm/s, (b) fr 

= 8.73 mm/s, (c) fr = 12.75 mm/s. 
 
 
 
 
 
 
 

4. CONCLUSION 
The result of the experiment proved that low 

frequency method could produce consistent dimple 
spacing on surface material. Consistency Sd occurred at 
6 Hz for each feed rate based on the error value range 
derived at 5.94% to 9.42%. It can be concluded that 
feed rate and frequency could determine the number of 
dimple structure needed on each surface based on 
lubrication regime tested 
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ABSTRACT – Lubricant plays a vital role to reduce 
friction in cold forging process where the temperature, 
pressure and surface expansion reach extreme levels. 
However, the current used of lubricant which is toxic and 
hazardous to the humans, need to be replaced with the 
environmental friendly source. Vegetable oil has a 
potential to substitute petroleum-based lubricant. 
Therefore, the aim of the research is to investigate 
friction performance of palm oil as cold forging lubricant 
by means of double cup extrusion test. A result shows that 
friction of palm kernel oil is comparable with commercial 
lubricant. 
 
1. INTRODUCTION 

In metal forming works, material flow, forming 
load, surface finish of final product and tool’s wear are 
greatly governed by friction condition at tool-workpiece 
interface. Cold forging is one of the metal forming where 
the pressure, temperature and surface expansion can 
reach extreme levels. A lubricant that used for cold 
forging must be able to withstand 2500 MPa pressure at 
tool-workpiece interface, temperature in the range of 
300-400 ⁰C and surface expansion up to 3000% [1]. The 
used of traditional oil-based lubricant provided a good 
lubrication and cooling properties, however the oil is 
dangerous to the human’s health and not environmental 
friendly. As the worldwide legislations regarding the use 
of hazardous lubricant in industrial application have 
become more restrictive, development of new lubrication 
system with the properties of non-toxic, non-hazardous, 
biodegradable and renewable is urgently required [2]. 
Vegetable oil is found to meet those properties, thus 
highly potential to replace the traditional oil-based 
lubricant. Lovell et al. [3] reported that canola oil has 
reduced the friction coefficient and surface roughness 
values. In cold extrusion of aluminium, Syahrullail et al. 
[4] claimed that palm oil-based lubricant provided the 
lowest extrusion load and surface roughness. In another 
study, the palm oil not only reduced the forming load, but 
also improved the mechanical properties of workpiece 
[5]. Improvement in surface roughness and reduction in 
forming load are a result of good friction performance at 
the interface of tool and workpiece. Double cup extrusion 
test is one of the tribo-test that can be used for the 
evaluation of cold forging lubricant [6]. Therefore, the 
objective of this paper is to investigate friction 
performance of palm oil-based lubricant at various 
interface pressure.  
 

2. METHODHOLOGY 
A schematic diagram of double cup extrusion test is 

presented in Figure 1. During the test, cylindrical 
workpiece is placed between die and punch. To deform 
the workpiece into two cups, the upper punch moves 
downward with the ram while the lower punch is 
stationary. Therefore, the upper workpiece has a large 
relative velocity than the lower area, hence the lower part 
of workpiece would experience restriction in material 
flow.  

 

 
Figure 1 Double cup extrusion test. 

 
The upper and lower punches and also the container 

are made of tooled steel JIS SKD11, while the workpiece 
material is pure aluminium of A1100. The workpiece has 
a diameter of 35 mm and a height of 35 mm, while the 
punch has a dimension of 15 65 mm diameter x 10 mm 
height. After deformation, a ratio of the cup heights (R) 
is determined using equation 1. The ratio is an indication 
of lubricity where the ratio increase as friction factor 
increase. Theoretically, if the die-workpiece interface is 
frictionless, the upper and lower cup heights are identical 
and the ratio is equal to 1. In the presence of friction, the 
height of upper cup is greater than the lower cup. 

𝑅 =  
ℎ1

ℎ2
                                                                                 (1) 

Where h1 and h2 are referred to height of upper cup and 
lower cup, respectively.  

Four types of lubricants were used for the friction 
measurement; additive free paraffinic mineral oil (PMO) 
VG95 and PMO VG460 are used as a benchmark oil, 
while the alternative environmentally friendly lubricant 
are refined bleached deodorized (RBD) palm stearin and 
RBD palm kernel. Physical properties of all lubricants 
are provided in Table 1. Those lubricants are applied at 
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the workpiece only and no lubrication at both punches 
and container. The double cup extrusion test is carried out 
at room temperature. In this study, the benchmark of the 
extrusion ratio, r is 0.2 (r = dpunch

2/dworkpiece
2). The 

lubricants are tested at different extrusion of 0.4, 0.6 and 
1.0. The purpose is to evaluate lubricant properties of all 
oils at different interface pressure.  
 

Table 1 Physical properties of tested lubricants. 

Physical 
properties 

RBD 
palm 
kernel 

RBD 
palm 
stearin 

PMO 
VG95 

PMO 
VG460 

Relative 
density 0.860 0.870 0.850 0.860 
Kinematic 
viscosity 
(mm/s):  

    

At 40 ⁰C 31.32 249.95 1374.6 48.29 
At 100 ⁰C 8.01 13.40 411.25 38.01 
Viscosity 
index 176 171 192 95 

 
3. RESULTS AND DISCUSSION 

Figure 2 showed a graph of ratio of cup heights as a 
function of extrusion ratio. It can be seen that the height 
ratio increased with extrusion ratio. In other words, 
friction factor increased with increasing interface 
pressure for all types of lubricants.  It was found that 
mineral oil-based lubricant demonstrated the lowest 
friction factor at each interface pressure, while RBD 
palm stearin gave the highest values. The friction 
performance of RBD palm stearin was worsened. Unlike 
others lubricants, the cup height’s ratio of RBD palm 
stearin augment sharply at each conditions of extrusion 
ratio. Meanwhile, friction performance of RBD palm 
kernel was slightly higher than mineral oil-based of PMO 
VG45.   

 

 
Figure 2 Ratio of cup height as for different lubricants. 

 

4. CONCLUSION  
From the results, only RBD palm kernel oil has a 

comparable friction performance with mineral oil-based 
lubricant. The friction performance of palm oil-based 
lubricant is not able to surpass the performance of 
commercial lubricant.  
 
ACKNOWLEDGEMENT 

The authors would like to express their thanks to the 
Research Management Centre (RMC) of Universiti 
Teknologi Malaysia for the Research University Grant, 
GUP (17H96) and Ministry of Education of Malaysia and 
Ministry of Higher Education for their support.  
 
REFERENCES 
[1] Bay, N. (1994). The state of the art in cold forging 

lubrication. Journal of Materials Processing 
Technology, 46(1-2), 19-40. 

[2] Bay, N., Azushima, A., Groche, P., Ishibashi, I., 
Merklein, M., Morishita, Nakamura, T., Schmid, S., 
& Yoshida, M. (2010). Environmentally benign 
tribo-systems for metal forming. CIRP Annals-
Manufacturing Technology, 59(2), 760-780.   

[3] Lovell, M., Higgs, C. F., Deshmukh, P., & Mobley, 
A. (2006). Increasing formability in sheet metal 
stamping operations using environmentally friendly 
lubricants. Journal of materials processing 
technology, 177(1), 87-90. 

[4] Syahrullail, S., Zubil, B. M., Azwadi, C. S. N., & 
Ridzuan, M. J. M. (2011). Experimental evaluation 
of palm oil as lubricant in cold forward extrusion 
process. International journal of mechanical 
sciences, 53(7), 549-555. 

[5] S. Ajiboye, J., A. Adebayo, S., & M. Azeez, T. 
(2014). Effects of lubricant on the mechanical 
properties of aluminum 6063 alloy after ECAE. 
Industrial Lubrication and Tribology, 66(3), 360-
364.  

[6] Schrader, T., Shirgaokar, M., & Altan, T. (2007). A 
critical evaluation of the double cup extrusion test 
for selection of cold forging lubricants. Journal of 
Materials Processing Technology, 189(1), 36-44.  

 
 
 

2

4

6

8

10

12

14

16

18

20

0.15 0.3 0.45 0.6 0.75 0.9 1.05

R
at

io
 o

f c
up

 h
ei

gh
t (
R)

Extrusion ratio, r

Palm kernel
Palm stearin
PMO VG45
PMO VG960



Proceedings of Asia International Conference on Tribology 2018, pp. 495-496, September 2018 

__________ 
© Malaysian Tribology Society 

 

Preparation and dispersion stability of graphite nanoparticles 
in palm oil 

A.N. Farhanah1,*, S. Syahrullail1, E.A. Rahim2 

 
1) Faculty of Mechanical Engineering, Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia. 

2) Faculty of Mechanical and Manufacturing Engineering, Universiti Tun Hussein Onn Malaysia,  
86400 Batu Pahat, Johor, Malaysia. 

   
*Corresponding e-mail: nurulfarhanahazman@gmail.com 

 
Keywords: Sedimentation; microscopy; nanoparticles 

 
 

ABSTRACT – Nanolubricant, which is the suspension 
of nanoparticles in a based lubricant, promises a positive 
impact on tribological performance. However, its 
stability is a cause for concern in actual applications. The 
present research evaluates the effect of dispersion 
methods on the dispersion stability of graphite in palm 
oil-based lubricant. Nanolubricants are prepared by 
different two-step methods; including magnetic stirrer, 
overhead stirrer and high-shear homogenizer. The 
dispersion stability of nanolubricants was measured by 
sedimentation photographs and metallographic 
microscopy. The results indicate that the high-shear 
homogenizer method was the most effective at providing 
a more stable suspension. 
 
1. INTRODUCTION 

Recently, significant interest has been directed 
towards the suspension of nanoparticles in based 
lubricant; since it can provide useful advantages in terms 
of tribological performance [1–4]. However, previous 
research found that the agglomeration of nanoparticles 
affected the tribological performance of the 
nanolubricant. It is therefore important to improve the 
dispersion stability of nanolubricant to provide a 
suspension without agglomeration and have a long-term 
stability, in order for it to be used in actual future 
applications. 

Some methods, including physical (one-step and 
two-step methods) and chemical treatments (use of 
surfactant, surface modification, and pH control), can be 
used to provide a stable suspension. For physical 
treatment, generally the two-step method is the most 
widely used by previous researchers to prepare a 
suspension; since it is the most economical method for 
large scale production. The selection of a preparation 
method is important to provide an established stability of 
suspension. The present research will only focus on the 
physical treatment. The aim of this study is therefore to 
evaluate the effect of the dispersion method on the 
dispersion stability of graphite (CG) nanoparticles in the 
palm kernel oil (PK) based lubricant. To achieve the aim 
of this research, three different two-step methods were 
considered, including magnetic stirrer, overhead stirrer 
and high-shear homogenizer. The dispersion stability of 
the nanolubricants was measured by sedimentation 
photographs and metallographic microscopy.  
 
 

2. METHODS 
2.1 Materials 

Refined, bleached and deodorized PK, with a 
density of 0.89 g/cm3, was used as the based lubricant. 
Graphite (CG) nanopowder, with 99.5% purity, from MK 
Impex Corp, Canada, was used for the dispersion in this 
study. The average nanoparticle size was 50 nm with a 
density of 2.26 g/cm3. The transmission electron 
micrograph (TEM) of graphite nanopowder with sheet 
morphology is shown in Figure 1.   
 

 
Figure 1 TEM image of graphite nanosheets. 

 
2.2 Nanolubricant preparation methods 

The nanolubricants were prepared by dispersing CG 
nanoparticles in PK by a two-step method. In order to 
study the effects of the nanolubricant’s dispersion 
method, CG nanoparticles, with a concentration of 0.05 
wt%, are dispersed in PK via three different two-step 
methods (magnetic stirrer, overhead stirrer and high-
shear homogenizer). The details of these preparation 
methods are summarized in Table 1. 
 

Table 1 Preparation methods of nanolubricants. 
Two-step methods Test condition 

Magnetic stirrer (M1) Speed (1200 rpm), duration 
(240 min) 

Overhead stirrer (M2) 
Speed (400 rpm), duration 
(120 min), power input (72 
W), frequency (50/60 Hz) 

High-shear 
homogenizer (M3) 

Speed (7600 rpm), duration 
(60 min), power input (800 
W), frequency (50/60 Hz) 

 
2.3 Evaluation of dispersion stability 

The effects of dispersion methods, on the stability 
of nanolubricants, are evaluated using sedimentation 
photographs and metallographic microscopy. After 
preparation of the nanolubricants, vials of 50 ml were 
filled with nanolubricant. Next, sedimentation 
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photographs were taken over a period of time. For 
metallography microscopy, the present research uses an 
optical microscope instead of electron microscopy; since 
it can characterize the aggregate size of the suspension on 
a micrometre scale [5]. 
 
3. RESULTS AND DISCUSSION 

Sedimentation photographs were taken over a 
period of time (as shown in Figure 2). Figure 2 shows that 
the fastest sedimentation rate was in the nanolubricant 
prepared by overhead stirrer; where a bigger separation 
layer of CG nanoparticles and PK based lubricant can be 
seen. Based on this figure, the stability of nanolubricants 
shows improvement after using the magnetic stirrer and 
the high-shear homogenizer. 

To further investigate the dispersion of CG in 
lubricant, metallographic micrographs were taken using 
an optical microscope (as shown in Figure 3). After 
preparation of the nanolubricant, a drop of each 
suspension was poured onto a glass slide, left to dry at 
room temperature, and observed with an optical 
microscope [6]. It was observed that dispersing CG 
nanoparticles in lubricant using the overhead stirrer 
(Figure 3b) had the highest level of agglomeration. Using 
the magnetic stirrer was apparently more effective at 
breaking the agglomerate size of the particles than using 
the overhead stirrer (see Figure 3a). Figure 3c shows that 
the high-shear homogenizer effectively diminished the 
agglomeration of CG nanoparticles. The high-shear 
homogenizer was therefore deemed to be the most 
effective two-step method of providing a more stable 
suspension than the other methods. These results show 
that different dispersion methods affect the dispersion 
stability; which agrees well with the results of a study by 
Hwang et al. [7]. The authors confirm that the high-shear 
homogenizer was the most effective dispersion method 
of all to disperse nanoparticles in the base fluid. This is 
because the high-shear homogenizer was able to provide 
sufficient energy to break down the agglomerate 
nanoparticles using high shear force. For the present 
research, it was able to provide a shear rate of up to 
40,000 s-1. 

 

 
Figure 2 Sedimentation photographs of different 

dispersion methods (M1: magnetic stirrer; M2: overhead 
stirrer; M3: high-shear homogenizer): (a) 10 days after 

preparation; (b) 20 days after preparation. 
 
 
 

 
Figure 3 Metallographic micrographs of CG in lubricant 

under different dispersion methods of (a) magnetic 
stirrer; (b) overhead stirrer; (c) high-shear homogenizer. 
 
4. CONCLUSION 

The present research revealed that different 
dispersion methods displayed different dispersion 
stabilities of suspension. Among the two-step methods 
employed, the high-shear homogenizer method was 
found to be the most effective at providing a stable 
suspension. The dispersal mechanism of nanoparticles in 
a based lubricant additive requires further investigation. 
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ABSTRACT – Magnesium alloy AZ91D is used 
extensively in automotive industry because of its high 
strength to weight ratio properties. The experimental 
work involved the use of uncoated carbide end mill 
cutting tool, with the utilization of full factorial (L16) 
design of experiment at cutting speed of 900 and 1300 
m/min, feed rate of 0.02 and 0.05 mm/tooth, axial depth 
of cut of 0.2 and 0.3 mm and radial depth of cut of 10 and 
40 mm in both dry and cryogenic for high speed milling 
operation. For this range of cutting conditions, a mirror 
like surface roughness in the range of 0.05- 0.27 µm were 
achieved. Furthermore, there were no microstructure 
changes observed beneath the machine surface for this 
range of cutting conditions. In comparison to dry 
machining, the utilization of cryogenic cooling improves 
the surface roughness by to 47% compared to dry 
machining. 
 
1. INTRODUCTION 

Magnesium alloy are known for its excellency in 
physical and mechanical properties such as low density, 
very high strength to weight ratio, high stiffness and 
mechanical cast ability. They are more preferred than 
aluminium or steel alloy in automotive industry due to its 
promising high strength to weight ratio characteristic [1]. 
Unfortunately, owing to the poor corrosion resistance 
characteristic of magnesium alloy, it has limited their 
practical applications. Nevertheless, it is largely utilized 
in automotive industry because of its advantage in term 
of energy and environmental concerns. Recently, leading 
car manufacturers, for instance Ford have investigated 
the replacement of steel with lighter material such as 
magnesium to achieve lightweight construction (for car 
seat frame construction) without compensating on 
rigidity. Consequently, can lead to greenhouse gas 
reductions and limiting the amount of exhaust emissions 
to satisfy legislative and consumers’ requirements for 
safer, cleaner vehicles [2]. 

Pu et al. [3], investigated the effect of machining 
AZ31B Magnesium alloy in dry and cryogenic by using 
different cutting-edge radius tool on surface integrity. It 
was found that with the utilization of cryogenic coolant 
(liquid nitrogen) and by using a large edge radius tool has 
improved surface roughness by about 20% compared to 
dry machining. 

 

2. METHODOLOGY 
The dry and cryogenic machining experiments were 

conducted on a CNC milling machine (SPINNER 
VC450) which capable achieving of achieving maximum 
speed of 15,000 rpm. The workpiece material is 
Magnesium Alloy AZ91D with dimension of 150 x 150 
x 50 mm. The chemical composition of AZ91D as shown 
in Table 1. Table 2 shows the machining parameters 
employed in this study. Based from the factors and level 
shown in Table 2, a total of 16 experiments was 
developed using full factorial design of experiment. The 
cryogenic condition was employed by using liquid 
nitrogen and was delivered directly to the cutting zone 
during machining process via nozzle, as shown in Figure 
1. 

 
Table 1 AZ91D composition. 

Chemical Composition (%) 
Al Zn Mn Cu Ni Si Fe Mg 

8.73 0.69 0.2 0.0017 0.00081 0.017 0.001 Balance 

 
Table 2 Factors and levels used for the experiments. 

Factor  
                   Level 
0                           1 

Cutting speed, Vc 900 m/min 1300 m/min 
Feed rate, fz 0.02mm/tooth 0.05 mm/tooth 
Axial depth of cut, Ap 0.2 mm 0.3 mm 
Radial depth of cut, Ae 10 mm 40 mm 

 

 
Figure 1 Delivery of liquid nitrogen during the high-

speed milling process. 
The measurement of surface roughness value was 

conducted using Mitutotyo portable surface roughness 
model SJ-310. The equipment is used to measure the 
arithmetic value of Ra. The measurement process is 
according to ISO 4288: 1996. Total measurement length 
and cut off length is 4 mm and 0.8 mm respectively. 
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3. RESULTS AND DISCUSSION 
3.1 Surface roughness 

The measured surface roughness (Ra) value at 
beginning of cut in dry and cryogenic conditions are 
shown in Figure 2. Based from the graph, it can be seen 
that in dry machining lowest Ra value is 0.068 µmm at 
experiment trial 1 while for cryogenic machining 0.055 
at experiment trial 10. Machining using cryogenic 
coolant has improved surface finish by up to 19%. The 
surface roughness readings are unstable and it might be 
due to chips sticking to the rake face or build up edge 
occurred. From the dry tool wear result, experiment trial 
6 was the optimum parameter, and the surface roughness 
achieved is 0.082 µmm. compared to experiment trial 1, 
which the surface finish is better. However, the tool life 
achieved is around 260 min. Thus, it can be stated that 
good surface finish can be achieved, with longer tool life 
duration, hence less cost can be realized.   

Figure 2 Surface roughness (Ra) for dry and cryogenic 
conditions. 

 
3.2  Micro structure beneath the machined surface 

Machining process generates thermal effect at 
cutting zone and it lead to changes of the microstructure 
in terms of reshaping and resizing of the grains or even 
phase transformation in near surface. The changes in 
microstructure depends on the selection of cutting 
parameter and cutting condition. Figure 3 shows the 
subsurface optical micrographs for experiment trial at 
beginning of cut and at flank wear land. VB =0.2 mm for 
both dry and cryogenic condition at Vc: 900m/min, Fz: 
0.02 mm/tooth, Ap: 0.3mm, and Ae: 40mm. 

 
4. CONCLUSION 

From the results obtained, it can be concluded that 
the feed rate has the significant influence on the surface 
roughness. Furthermore, the utilization of cryogenic 
cooling proved to be more effective for improving the 
surface roughness of the machined surface. 

 
 
 
 
 
 
 
 
 

 

 
Figure 3 (a) dry cutting condition, (b) cryogenic 

condition (need to zoom out the area of comparison) 
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ABSTRACT – The behaviour of lubricant molecules, 
especially the molecules near the solid surface is very 
important to the property of the whole tribo-system. 
However, how do the liquid molecules behave in a 
nano-confined space, especially in a nano lubricant 
film? Thin film lubrication (TFL) theory has been 
invoked to characterize the molecular pattern in 
lubrication film less than hundred nanometers, which 
effectively bridged the gap between elastohydrodynamic 
lubrication (EHL) and boundary lubrication. 
Unfortunately, to date, the molecular model of TFL 
which was proposed 20 years ago has not been well 
proven. Recently a novel method based on surface-
enhanced Raman spectroscopy developed in our group 
allows us to access the molecular behavior in a nano-
confined film, along with both the packing and 
orientation of the liquid molecules in TFL regime. The 
presentation attempts to systematically review the major 
developments of TFL, including the state-of-art studies 
on experimental technologies, researches and 
applications. Future prospects of relevant researches and 
applications will be also discussed. 
 
1. INTRODUCTION 

A remarkable lubrication regime to solve the 
transition from boundary lubrication to EHL has been 
revealed, termed thin film lubrication (TFL) [1-3], 
which has been systematically investigated since 1990s 
by a number of researchers, such as Johnston et al. [4], 
Luo et al. [5,6], Tichy [7], Hartal et al. [8], Matsuoka 
and Kato [9], Guangteng and Spikes [10] and so on. Luo 
and Yian [11] suggested a gap-bridging model in terms 
of description of interlaced change of qualitative 
lubrication and quantitative parameters in 1989, which 
can be considered to be the embryo of thin film 
lubrication model. In the meanwhile, the super thin film 
lubrication was proposed and developed by Spikes and 
Johnston et al. [4], describing the situation with 
lubricating films less than 15nm. Gupta and Sharma et 
al. [12] succeeded with revealing the microscopic 
behavior of lubricant films ranging from 1 to 10 nm, by 
examining various contributions to the disjoining 
pressure, in which both the van der waals force and the 
structural force resulted from the molecular orientation 
and packing have been emphasized. In 1994, the 
physical model of thin film lubrication (TFL) was 
respectively proposed by Luo and Wen, as shown in 
Figure 1, indicating that the combined effect of 
molecules attached on surfaces and in the thin 
lubricating film resulting in a distinct lubrication 
performance. From that time forth, growing interest has 
been stimulated to reveal the origins and characteristics 

of thin film lubrication model, bringing numerous 
advances in both experimental and theoretical studies.  

 

 
Figure 1 Thin film lubrication model. 

 
2. RESEARCHES AT MOLECULAR LEVEL 

The central idea of TFL theory is the surface-and 
friction-induced molecular ordering and packing. Futher 
researches have been conducted to explore the 
molecular behaviours in TFL regime. Xie et al. [13] 
demonstrated a “freezing” of lubricant in a nanogap. 
Such freezing can be observed for both polar liquids and 
nonpolar ones. The freezing process of n-hexadecane 
with a thickness of around 12 nm, as demonstrated in 
Figure 2, can be explained by the ordering alignment in 
the central contact region under the external electric 
field. 

 

 
Figure 2 The sketch of the experimental setup for TFL 

under external electrical field. 
 

During the lubrication process in TFL, in each 
layer lubricant molecules aligned in various pattern. 
This result opened up a new view on the investigation of 
lubricant at molecular level. By employing the in-situ 
Raman spectroscopy, Zhang et al. [14] and Zhang [15] 
has successfully detected the molecular structure of both 
polar and nonpolar lubricant molecules in nano 
lubrication films, as shown in Figure 3. The orientation 
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along the rolling direction is found to still exist in the 
ordered film in nonpolar solvents, but it disappears in 
polar solvents. Furthermore, Gao et al. [16] explore the 
molecular structure and orientation of lubricant 
molecules by trapping different liquid crystals between 
two solid surfaces. Nematic liquid crystals with 
different length of molecular side chain from CB family 
were utilized. It has been indicated that both shearing 
velocity and the alkyl chain length will affect the 
orientation of liquid crystal molecules confined in a 
nanoscale gap. 

 

 
Figure 3 Molecular structures of 5CB in (a) nonpolar 
solvent (hexadecane) and (b) polar solvent (decanol). 

 
Recently, a method based on surface-enhanced 

Raman spectroscopy was developed to show both the 
packing and orientating of liquid molecules in the TFL 
regime. By trapping liquid crystal molecules between a 
structured silver surface and a glass surface, a layered 
structure consisting of an adsorbed layer, an ordered-
molecule layer and a fluid layer was finally 
demonstrated even in a nano gap. It was found that the 
orientation of the 6CB molecules is determined by the 
growth direction of the Ag structure in the static state, 
caused by the vertical adsorption of the 6CB molecules 
on the silver through C-N bonds. The molecules align 
vertically near the surfaces but horizontally in the fluid 
layer. It was indicated that the Ag nanorods would be 
reoriented to the flow direction by the shearing force, 
resulting in the 6CB molecules adsorbed on it being 
aligned perpendicularly to the shearing direction. 

 

 
Figure 4 Evolution of the molecular orientation of the 

absorbed layer on Ag substrate. 
 
3. SUMMARY 

A remarkable mode of lubrication has been 
revealed since two decades ago, termed thin film 
lubrication (TFL), in which, the lubricant film could be 
divided into absorbed film, ordered film, and fluid film. 
Since the establishment of the theory and concept of 

TFL twenty years ago, it has become a great concern, 
and attracted the interests of not only tribologists, but 
also physicists and chemists. Innovative explorations 
and studies on the TFL have been have been reviewed. 
We have focused on the researches about molecular 
behaviours in TFL regime, providing new perspectives 
for the development and applications of TFL.  
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ABSTRACT – The aim of this study is to analyze the 
tribological characteristics of synthetic oil (SAE 10W40) 
and palm oil with titanium oxide (TiO2) nanoparticles as 
additives. Pin on specifically on wear rate and surface 
characterization. The pin-on-disc test was conducted for 
wear rate characteristics with varying weight percentage 
of TiO2 nanoparticles i.e. from 0 to 1% wt. percentage 
and 21 nm in size of additive. The wear rate was 
evaluated on the basis of volume loss of materials. For 
the surface characterization, Scanning Electron 
Microscope (SEM) was deployed to get the surface 
morphological characteristics. It was found that the wear 
rate of palm oil has higher that than that of SAE 10W40 
by 49.06%. 
 
1. INTRODUCTION 

In automotive applications, the conventional 
additives used are antioxidants and extreme pressure 
agents (EP) additives such as sulphur, chlorine and 
phosphorus [1]. These EP additives prevent excessive 
wear by metal-to-metal contact under extreme load. 
However, these additives specifically sulphur, and 
chlorine have been restricted due to their environmental 
impacts.  

Due to recent advancement in nanotechnology, the 
use of nanoparticles as additive in lubricants provides 
plausible alternative solution to conventional additives 
with environmental limitation. Nanoparticle additives 
have advantages such as promoting smooth performance 
of engine components and are more remarkable and 
environmental-friendly [2–3]. Lubricants display 
significant improvement in the tribological properties 
when added with nanoparticles. The addition of 
nanoparticles in different shapes, sizes and 
concentrations may affect the level of friction and wear 
reduction [1–3]. 

This study examined the tribological effect of TiO2 
nanoparticles have been investigated using pin-on-disc 
tribotester. For optimization purposes, Response Surface 
Methodology (RSM) using Box-Behnken Design (BBD) 
design was deployed in this work. This has enabled 
simultaneous consideration of many variants. 
 
2. RESPONSE SURFACE METHODOLOGY 

The RSM associated with the experimental design 
is applied in this study for illustrating the multiplicity of 
the self-determining input variables and construct 
mathematical models. This will contribute for examining 
an appropriate measuring relationship between input 
variables and the output reactions [4]. 

 

3. METHODOLOGY 
Using Box-Behnken approach, a set of 

experimental design was produced as shown in Table 1. 
In the experimental design, the three parameters (speed, 
load and concentration of TiO2) were assigned at 
different configuration for each run. In total, there are 15 
experimental runs as shown in Table 2 by using Minitab 
16.0 statistical software.   

 
Table 1 Experimental level of independent variable 

selected. 

Variables 
Symbol Coded levels 

Uncoded Coded -1 0 +1 
Speed (rpm) X1 x1 200 1100 2000 

Load (kg) X2 x2 10 15 20 
Concentration 
(%wt) X x3 0 0.5 1 

  
Table 2 The BBD matrix design. 

Run 
order 

Coded variables Real variables 

x1 x2 x3 X1 X2 X3 

1 +1 -1 0 1100 15 0.5 

2 +1 0 -1 1100 10 0.0 

3 -1 0 +1 200 15 0.0 

4 +1 0 +1 1100 20 1.0 

5 +1 +1 0 1100 15 0.5 

6 0 0 0 2000 20 0.5 

7 0 0 0 2000 15 1.0 

8 -1 -1 0 200 10 0.5 

9 0 -1 -1 200 15 1.0 

10 0 +1 +1 1100 15 0.5 

11 -1 +1 0 200 20 0.5 

12 0 0 0 2000 15 0.0 

13 -1 -1 -1 1100 10 1.0 

14 0 0 -1 2000 10 0.5 

15 0 0 +1 1100 20 0.0 
 

The nano-lubricant was prepared by dispersing 
TiO2 nanoparticles from 0 to 1 wt% in SAE 10W40 and 
palm oil using ultrasonic homogenizer. The pin-on-disc 
apparatus was utilized to study the wear analysis as 
shown in Figure 1. The samples were prepared according 
to ASTM G99 standard and done at constant room 
temperature, 26° C for 60 seconds duration.  

 
4. RESULTS AND DISCUSSION 

From Table 3, it is evidently noted that palm oil has 
higher wear rate than synthetic oil by 49.06% at 200 rpm, 
10 kg and 0.5 wt% of TiO2 nanoparticles. This is due to 
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the chemistry and polarity nature that promotes the 
adsorption of metal surface resulting in wear reduction. 
They form a thin layer that improves the metal-to-metal 
separation. Nevertheless, if the nanoparticles cannot 
penetrate into the contact area, their deposition on the 
metal surface will be more severe, which increases the 
wear [5]. 

Besides that, several studies in the literature 
reported satisfactory results where nano oxides are used 
as extreme pressure (EP) additives in synthetic oil and 
palm oil as they reduce friction and wear resistance. 
However, this work shows that nano oxides deteriorate 
the performance of palm oil. Hence, this suggests that 
extreme-pressure additive action of nano oxides depends 
on the base stock of lubricant [6]. 

 

 
Figure1 Pin-on-disc tribotester specification. 

 
Table 3 The wear rate results of synthetic oil and palm 

oil based on run orders. 

Run 
Order 

Operating Conditions Wear rate x 10-3  
(mm3/ N.m) 

Speed 
(rpm) 

Load 
(kg) 

Concentration 
(%) 

Synthetic 
Oil Palm Oil 

1 1100 15 0.5 0.000497 0.000062 
2 1100 10 0.0 0.002357 0.002047 

3 200 15 0.0 0.067050 0.013643 

4 1100 20 1.0 0.000124 0.010838 

5 1100 15 0.5 0.000124 0.000621 

6 2000 20 0.5 0.000060 0.000026 

7 2000 15 1.0 0.008793 0.000239 

8 200 10 0.5 0.100204 0.196700 

9 200 15 1.0 0.000797 0.041522 

10 1100 15 0.5 0.000165 0.000031 

11 200 20 0.5 0.054244 0.038229 

12 2000 15 0.0 0.000011 0.000114 

13 1100 10 1.0 0.002361 0.000031 

14 2000 10 0.5 0.000017 0.000017 

15 1100 20 0.0 0.000572 0.005831 

 
For further analysis, Scanning Electron Microscope 

(SEM) with 1000x magnification is used in order to 
investigate the presence of debris and TiO2 nanoparticles 
from the glass slide. As shown in Figure 2, nanoparticles 
and debris are found on the glass slide after experiment. 
From observation, it is clearly seen that palm oil has a 
larger debris than synthetic oil. The synthetic oil exhibits 

excellent high pressure and anti-wear due to the extreme-
pressure (EP) additive. This property provides better 
metal wetting attractions and helps to keep dirt and debris 
off from metal surfaces. 

 

 
Figure 2 SEM Images of (a) palm oil and (b) synthetic 

oil with 0.5 wt% of TiO2 nanoparticles after experiment 
conducted. 

 
5. CONCLUSION 

Preliminary work has been carried out on the effect 
of TiO2 nanoparticles on synthetic oil and palm oil 
towards wear. Based on the results, it is observed that 
palm oil has higher wear rate than synthetic oil by 
49.06% at 200 rpm, 10 kg and 0.5 wt% of TiO2 
nanoparticles. 
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ABSTRACT – An investigation of static coefficient of 
friction (COF) for lubricated and unlubricated conditions 
for the case of the micro fiber fabrics as well as young 
and mature pistia leaves is discussed in this study. Two 
different types of oils namely palm oil and VG 68 
hydraulic oil were tested on the micro fiber fabrics and 
pistia of young and mature leaves. The morphological 
structures of the samples were observed using variable 
pressure scanning electron microscope (VP-SEM). 
Meanwhile, the static COF was examined by using 
aluminum surface of a horizontal inclined plane with the 
samples.  The static COF was calculated by using an 
Equation 1. It was found that pistia leaves have lower 
COF values than micro fiber fabrics and can mimicked to 
artificial technologies. 
 
1. INTRODUCTION 

Surface roughness or functional surfaces with micro 
textures of material with two contact surfaces condition 
getting much more attention in many applications either 
soft or hard material especially in fluid flow. But, so far 
very little attention has been paid on micro fiber fabrics 
and hairy structure of plant leaves like pistia leaves. 

Many successful attempts to develop advanced 
functional material or device by modifying surface 
texturing and by mimicking from nature behaviour in 
order to decrease the friction coefficient [1,2]. Numerous 
hypotheses and observations explain the influence of 
value of COF towards two contact surfaces [3,4].  

Various cleaning cloths have been disclosed in prior 
art as being useful for wiping off dirt and grime, to clean 
and polish. Rags, cloths, paper towels and textiles are 
used to wipe off dirty surfaces such as kitchen counter 
tops, floors, desks, hands or body after shower and cars. 
Textiles or fabrics are used in laboratories, factories or in 
car repair shops to wipe off grease, oils or chemical [5,6]. 
A fabric may define as a planar assembly of fibers, yarns 
or combination of these element. The particular fabric 
selected for a given application depends on the 
performance requirements imposed by the end use and 
the desired aesthetic characteristics of the end user with 
the consideration of cost and price.  

In this study, micro fiber polishing cloths were used 
due to behaviour of the cloths as absorbent applicator 
with oleophilicity characteristic. The cloths suitable for 
polishing a painted exterior surface of a car, boat, 
motorcycle, bicycle and the like. The performance of 
lubricated and unlubricated fabrics surfaces was 
compared to lubricated and unlubricated pistia leaves 
surfaces. 

The purpose of this study to see the effect of friction 

on fabrics as well as young and mature pistia leaves 
surface when oils applied on those surfaces. The different 
COF values between micro fiber fabrics and pistia leaves 
have compared.   

 
2. METHODOLOGY 

Two different maturity of pistia leaves were used 
which classified as young and mature leaves. The leaves 
were characterized based on size and colour of the leaf 
and two different textures of micro fiber fabrics. Two 
types of oil deployed were palm oil and hydraulic oil VG 
68  during experiments [7,8]. 

The morphological structure of two micro fiber 
fabrics and pistia leaves surfaces were carried out using 
a high-resolution VP-SEM SU5000 Hitachi model. The 
two micro fibers were coated with thin layer of gold on 
its surface using Auto Fined Coater of JEOL-JFC1600 
meanwhile the examination of the surface topography of 
pistia leaves surfaces were observed without any special 
coating needed on the specimen. Each sample was cut to 
size 5 mm x 5 mm and affixed to aluminum stubs with 
double sided adhesive tape.  

A bespoke apparatus for measuring the static 
coefficient of friction has been designed due to soft and 
fragile of samples which are fabrics and plant leaves 
surfaces. This experiment was carried out by following 
ASTM F1677 standards. Conditions on the samples 
surfaces with oil and without oil were investigated to 
examine the coefficient of friction. The COF values were 
calculated by using Equation (1). 

 
3. RESULTS AND DISCUSSION 

The morphologies of two different micro fiber 
fabrics and real leaves of pistia were observed. The two 
micro fiber fabrics have different structures as shown in  

Figure 1 (a) show knitting style of texture and 
Figure 1 (b) show unweaving method of fabric texture. 
The micro fiber fabrics exhibit a significant change in its 
morphology as seen in Figure 1 (b). Interestingly, young 
and mature pistia leaves shown different length of hairy 
structure on their surfaces. The hairy acrylic conical 
shape became longer with maturity [8]. A segmenting 
acrylic shape at the center of cell were observed. 
According to [8] the adaxial surface of pistia leaves are 
densely covered with complex multicellular hairs. 

Calculated results of COFs calculated using 
Equation (1) are presented in Figure 2. Based on the 
result as shown in Figure 2, COF value for unlubricated 
samples are higher than that of the lubricated samples in 
the range of 0.30 until 0.58. This is as expected due to 
relatively high friction occurred between aluminum 
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inclined plane and the samples. VG 68 hydraulic oil gave 
lower COF values than palm oil due to additive added in 
the oil for effective performance [9]. The range of the 
COF value of VG 68 hydraulic oil is from 0.22 to 0.38 
which is lower than those of palm oil for all cases of 
surfaces. Overall pistia leaves have good COF values 
than micro fiber fabric. This warran the potential of pistia 
leaves may mimicking their surface for polishing cloth 
application soon. 

The static coefficient of friction was calculated by 
using Equation (1) [10]; 
μ = tan θ             (1) 

 

  
(a) (b) 

  

  
 

(c) (d) 
4.  

Figure 1 VP-SEM images of (a) micro fiber fabric 1, (b) 
micro fiber fabric 2, (c) pistia young leaf and (d) pistia 

mature leaf. 

 
Figure 2 Static coefficient of friction of fabric 1, fabric 

2, young and mature pistia leaves. 
 

5. CONCLUSION 
This study is about biomimetic inspired structured 

surfaces for fluid flow application. Young and mature 
pistia leaves were used to investigate the property on 
oleophilicity characteristics. For comparison purposes, 
two different structures of commercial fabrics were also 
deployed. As for the lubricants, Palm oil and hydraulic 
VG 68 oil were used in this study. It was found that the 
COF value of pistia leaves were lower than micro fiber 
fabric with values ranging from 0.24 to 0.37 including 

cases in the absent of oil. Hydraulic VG68 oil has shown 
the lowest COF values than palm oil and required the 
smallest angle to drag down on the inclined plane. 
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ABSTRACT – This study aims at formulating new 
ceramic based friction materials and investigate its 
physical properties as well as performance under internal 
shear test. The amount of ceramic fibres in the friction 
materials were 3%, 6%, and 9 % for C1, C2 and C3 
respectively. The results showed that as the amount of the 
ceramic fibre increases, the internal shear strength 
decreases, with C3 depicted the lowest internal shear 
strength, 27.6 MPa. C1, with only 3 % ceramic fibre 
depicted 34.6 MPa. However, the coefficient of friction 
(COF) of C1 is the lowest at high temperatures. In 
conclusion, C2 has the best formulations with 6% volume 
percentage of ceramic fibres as it has high internal shear 
strength, high COF at high temperatures and considerable  
wear. 
 
1. INTRODUCTION 

There are generally two types of brake system used 
in current vehicles; (a) disc brake system and (a) drum 
brake system [1,2]. When the brake pedal is pressed, 
brake fluid is pushed against the pistons of the brake 
caliper, which will then forces the brake pads to clamp 
the brake rotor. This clamping action of the brake pads 
converts its kinetic energy to thermal energy through 
friction, thus decelerates the vehicles [2].  

A lot of study have been done on the composition 
of the brake friction materials and its tribological 
properties. Brake pads used in industries need to have a 
certain criteria to be able to be manufactured and used in 
vehicles, such as (a) coefficient of friction of 0.3 or more, 
(b) maintain a sufficiently high friction coefficient 
subjected to various operating conditions, such as applied 
loads, temperatures, speeds as well as mode of braking 
and (c) it possess low wear rate, high thermal stability 
and does not damage the brake disc [1,2]. There are 
typically four sub-components in brake pads in which 
each component plays an important role (a) frictional 
additives that determine the frictional properties of brake 
(b) fillers that improvise the manufacturability of brake 
pads (c) binder that binds and holds all components 
together and (d) reinforcing fibres that provides 
mechanical strength [1,3].  

In early 1990s, C-fibre reinforced SiC are being 
used for brake applications [4]. Now, two decades later, 
companies such as Porsche AG, Daimler AG, and Audi 
AG have been using ceramic brake disc to their sedan 
cars [4]. Ceramic brake disc have lower weight with no 
health and environmental problems estimated, compared 
to brake pads that contains heavy metals [4]. 

  Thus, the objective of this study is to formulate a 

new ceramic based friction material for brake and 
investigate its performance subjected to internal shear 
test to determine the best formulation.  
 
2. METHODOLOGY 

Three brake friction material formulations have 
been prepared through powder metallurgy route. Powder 
metallurgy route was chosen as it is easier to obtain 
uniform parts and less expensive compared to the 
machining process. The processes include (i) selection of 
raw materials, (ii) mixing (iii) pre-form compacting (iv) 
warm compcting and (v) post-baking. The ceramic fibres 
volume percentage (vol. %) in the samples are shown in 
Table 1.   

Table 1 shows the formulation of three different 
ceramic brake pads marked as C1, C2 and C3. It 
comprises of resin, ceramic fibre, reinforcing 
fibre,frictional additive and filler. The volume of ceramic 
fibres is increased by 3 % increment.  

 
Table 1 The formulation of C1, C2 and C3. 

Ingredients 
C1 C2 C3 
(Vol
.%) 

(Vol
.%) 

(Vol
.%) 

Phenolic resin  10.3 10 9.7 
Ceramic fibre 3.0 6 9.0 
Reinforcing fibre  23.7 23 22.3 
Frictional additives  33.0 32 31.0 
Filler  29.9 29 28.1 
Total 100 100 100 

 
 The samples were subjected to porosity and 

Rockwell hardness tests in R scale in accordance with 
Japanese Industrial Standard JIS D 4418 1996 and 
Malaysia Standard MS 474: Part 2, respectively.  

The test samples were cut from baking plate using 
hacksaw. Then the sample was cut using a fine cutter with 
the dimension of 20mm x 20mm x 5mm each. These 
samples are then subjected to the friction and wear test in 
compliance with Society of Automotive Engineer SAE 
J661 test procedures, in which the sample was pressed 
against a rotating drum. The samples thickness before 
and after testing were measured. 

Each sample then underwent internal shear test in 
accordance to Malaysian Standard MS ISO 6311:2003 
PART 5; Internal Shear Strength of Lining Material – Test 
Procedure using Instron machine at SIRIM BERHAD, 
AMREC.  
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3. RESULTS AND DISCUSSION 
The porosity, hardness test and the internal shear 

test results of each friction material were tabulated in 
Table 2. From the table, it could be observed that the 
porosity of the ceramic based friction material increases 
as the amount of ceramic fibre increases while its internal 
shear strength decreases. Porosity in brake friction 
material functions as energy and heat absorber, which is 
an important feature for the effectiveness of the system. 
According to Maleque et. al [3], theoretically lower 
porosity will result in higher friction coefficient and wear 
rate. This is due to the higher contact areas between the 
mating surfaces [3]. However, C1, that has the lowest % 
porosity have the lowest coefficient of friction (as in 
Figure 1). Table 2 also shows that C3, which has 9% 
volume % of ceramic fibres has the highest hardness, 
which indicates its brittleness properties. 
 

Table 2 The porosity, hardness and internal shear test 
results. 

 Porosity 
(%) 

Hardness 
(HRR) 

Internal 
shear 
(MPa) 

Thickness 
loss 
(mm) 

C1 14.07 68.41 34.59 1.7 
C2 15.03 73.30 31.97 2.1 
C3 15.48 74.72   27.58 3.3 

 
Figure 1 below shows the friction coefficient for all 

three friction brake materials when the surface 
temperature increases. The friction coefficient increases 
from 93.3- 132.2oC/200 - 270°F.  Above 132.2 oC,/ 270°F 
the friction coefficient decreases significantly for all 
three materials. 

 

 
Figure 1 The coefficient of friction of C1, C2 and C3 

with increasing surface temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 

4. CONCLUSION 
The internal shear strength of C1 is the highest 

(which was 34.59 MPa)., while its porosity is the lowest 
compared to the other two. This indicates that the 
porosity of the friction brake material correlate to the 
internal shear strength. In C2 and C3, where the Vol % of 
ceramic fibres was 6% and 9%, its porosity was 15.03 
and 15.48 and the internal shear strength were 31.97 MPa 
and 27.58 MPa, respectively.  

Another significant observation is the increasing 
thickness loss with the increase of Vol % of ceramic 
fibres. Overall, sample C2 which composed of 6% 
volume percentage of ceramic fibres is the best 
formulation based on its high internal shear strength 
properties and high friction coefficient even at high 
temperaatures, with considerable wear.  
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ABSTRACT – Vegetable based oils are showing great 
potential and are highly attractive candidate to replace 
the conventional mineral oils for the use in lubricant 
production because they are structurally similar to the 
long chained hydrocarbons in mineral oils with 
characteristics of being renewable, non-toxic, economic 
and environmental friendly. There is an interest in using 
palm oils as lubricants, basically due to its inherent 
good biodegradability. Due to high demand towards 
sustainability, it is important to make an effort for bio-
lubricant to be competitive at the same shelf as the 
mineral oil in the lubricant market. In this study, friction 
coefficient property of the palm oil bio-lubricant with 
nanoclay surface modified as additives were 
investigated on journal bearing test rig. Palm oil bio-
lubricant with nanoclay as additive at weight ratios of 
0.02 to 0.08% were mixed using an ultrasonic mixer. As 
a result, this will optimize the usage of palm oil with 
nanoclay as additives in lubricant. 
 
1. INTRODUCTION 

Nowadays, environmental issues are of great 
importance. Current lubricants are formulated from 
mineral oil and frequently different types of additives 
are used that are not environmentally friendly [1], and 
their production process produces some 
environmentally hazardous chemical components. 
Therefore, the scientific world is now looking for 
alternative lubricants that are more environmentally 
friendly. Some of bio-lubricants have attracted attention 
due to their good friction and wear characteristics. On 
the other side, eco-tribology deals with energy 
consumption minimization as well as environmental 
effects of the specific lubricant that will be used to 
minimize energy consumption [2]. 

There has been an enormous amount of research 
conducted on using vegetable oil as a lubricant [3-5]. 
Vegetable oil has a positive impact in use as a lubricant 
and has high viscosity index, a high flashpoint, high 
biodegradability, and a reduced friction coefficient. 

In addition, the fluctuations and uncertainty in the 
crude oil market, increasing crude oil prices, and issues 
related to environment make bio-based lubricants more 
valuable. However, vegetable oil has some drawbacks, 
such as low oxidation stability, low thermal stability, 
and a comparatively high wear rate. Bowden and Tabor 
[6] stated that the wear rate is high due to chemical 

attack on the surface by the fatty acids present in bio-
based lubricants. Biodegradability is the main concern 
in eco-tribology, because 40% of the lubricant can be 
lost to the environment [7]. Previous studies have found 
that nanoclay offer many improved properties in tensile 
modulus and strength, thermal properties and heat 
distortion temperature, resistance to flammability, and 
reduced permeability to liquids or gases [8]. 

In this work, nanoclay has been used as the 
additives in palm oil bio-lubricant. The palm oil bio-
lubricant with suitable composition of nanoclay was 
tested to observe their performance towards the friction 
coefficient in journal bearing test rig. 
 
2. METHODOLOGY 

In current study, palm cooking oil from the shelf 
was mixed with nanoclay additive at weight ratio of 
0.02 to 0.08% by using ultrasonic mixer. Nanoclay 
surface modified contains 0.5-5 wt% Amino Propyl 
Triethoxy Silane 15-35 wt% maker by Aldrich was used 
as additive.  

The Journal Bearing test rig in Figure 1(a) was 
used in this experiment. The loading arm is mounted to 
the bearing. The frictional force sensor is mounted on 
the spindle housing as shown in Figure 1(b). When the 
loading arm presses the loading pin, the force sensor 
will record the friction values. A pneumatic bellow is 
used to apply the required load. The maximum speed of 
the journal test rig is 1000 rpm. The speed values used 
for testing were 300, 400 and 500 rpm. 

The tests were conducted at load 10kN. Oil 
pressure supply remained in the range of 150 to 200kPa. 
Details of test bearing dimensions, lubricant properties 
and operating parameters are given in Table 1. 

 
Table 1 Bearing parameters and sensor specifications. 

Parameter               Values 
Journal bearing, D 
Bearing length, L 
Radial clearance, c 
Load, W 
Journal speed 
Load sensor 

Model 
Range 
Type 
Accuracy 

100 mm 
50 mm 
52 µm 
10 kN 
300 and 500 rpm 
 
Sensortronic 
30 kg 
Beam 
0.01± 1% Nm  
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(a) 

 
(b) 

Figure 1 (a) Journal bearing test rig diagram and (b) 
friction force sensor. 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the comparison coefficient of 
friction for different concentration of palm oil with 
Nano-clay additives. It shows that, the optimum 
concentration of lubricant is palm oil with 0.07%wt of 
Nano-clay additives.  

 

 
Figure 2 Coefficient of friction for different 

concentration of palm oil with Nano-clay additives. 
 
Figure 3 shows the coefficient of friction for 

different types of lubricant in journal bearing. Three 
types lubrication that been tested namely mineral oil, 
pure palm oil and palm oil with 0.07%wt of Nano-clay 
additive. From the graph plotted, it’s proved that palm 
oil lubrication with 0.07%wt Nano-clay additives has 
the lowest value coefficient of friction among the three 
lubricants used.  

 
Figure 3 Coefficient of friction for different type of 

lubricant in journal bearing. 
 

4. CONCLUSIONS 
(a) Palm oil with 0.07%wt Nanoclay is the 

optimum concentrations based on coefficient of 
friction obtain by four ball tester. 

(b) Palm oil with 0.07% Nanoclay additive provide 
lowest coefficient in journal bearing. By that, 
adding additives in palm oil had significant 
effects to the friction coefficient. 

 
ACKNOWLDGEMENT 

The authors would like to express their thanks to 
Institute of Research Management & Innovation (IRMI) 
of Universiti Teknologi MARA for the Research 
University Grant, LESTARI (087/2017), Faculty of 
Mechanical Engineering UiTM, and Ministry of Higher 
Education for their support. 
 
REFERENCES 
[1] Michael Cisson, C., Rausina, G. A., & 

Stonebraker, P. M. (1996). Human health and 
environmental hazard characterisation of 
lubricating oil additives. Lubrication Science, 8(2), 
145-177. 

[2] Bartz, W. J. (2006). Ecotribology: environmentally 
acceptable tribological practices. Tribology 
International, 39(8), 728-733. 

[3] Garcés Mancheño, R., Martínez-Force, E., & 
Salas, J. J. (2011). Vegetable oil basestocks for 
lubricants. 

[4] Salih, N., Salimon, J., & Yousif, E. (2011). The 
physicochemical and tribological properties of 
oleic acid based triester biolubricants. Industrial 
Crops and Products, 34(1), 1089-1096. 

[5] Syahrullail, S., Zubil, B. M., Azwadi, C. S. N., & 
Ridzuan, M. J. M. (2011). Experimental evaluation 
of palm oil as lubricant in cold forward extrusion 
process. International journal of mechanical 
sciences, 53(7), 549-555. 

[6] Bowden, F. P., Bowden, F. P., & Tabor, D. 
(2001). The friction and lubrication of solids (Vol. 
1). Oxford university press. 

[7] Castro, W., Perez, J. M., Erhan, S. Z., & Caputo, F. 
(2006). A study of the oxidation and wear 

0.074 0.0715

0.0575 0.062 0.063 0.0675

0.0435

0.0575

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

PPO PPO +
0.02%

NC

PPO +
0.03%

NC

PPO +
0.04%

NC

PPO +
0.05%

NC

PPO +
0.06%

NC

PPO +
0.07%

NC

PPO +
0.08%

NC

Co
ef

fic
ie

nt
 o

f f
ric

tio
n

Oil types

Coefficient of friction comparison

0.019518
0.019882

0.020059

0.019971 0.019871 0.020040

0.017864 0.017805 0.017883

0.0175

0.0180

0.0185

0.0190

0.0195

0.0200

0.0205

200 300 400 500 600

Co
ef

fic
ie

nt
 o

f F
ric

tio
n

Motor Speed (rpm)

Coefficient of friction for different type of 
lubricant in journal bearing

Mineral Oil
Pure Palm Oil
Palm Oil + 0.07% Nano-clay



Ahmad Fuad et al., 2018 

510 
 

properties of vegetable oils: soybean oil without 
additives. Journal of the American Oil Chemists' 
Society, 83(1), 47-52. 

[8] Okada, A., & Usuki, A. (1995). The chemistry of 
polymer-clay hybrids. Materials Science and 
Engineering: C, 3(2), 109-115. 

 



Proceedings of Asia International Conference on Tribology 2018, pp. 511-512, September 2018 

__________ 
© Malaysian Tribology Society 
 

Tribological study: Friction and wear of hydroxyapatite (HAp) ceramic 
material for scaffold applications 

Siti Norazlini Abd Aziz1,2, Mimi Azlina Abu Bakar2,*, Muhammad Hussain Ismail2 

 
1) Faculty of Mechanical Engineering, Universiti Teknologi MARA, 40450 Shah Alam, Malaysia. 

2) Centre of Advance Materials Research (CAMAR), Universiti Teknologi MARA, 40450 Shah Alam, Malaysia. 
 

*Corresponding e-mail: mimi_azlina@salam.uitm.edu.my 
 

Keywords: Tribology, wear, hydrxyapatite. 
 
 
ABSTRACT – This paper investigates the vital 
characteristic of an innovative ceramic injection 
moulding (CIM) and improved tribological properties 
such as friction and wear which were affected by 
complex tribological interactions, whether lubricated 
like hip implants and other artificial prostheses. Sintered 
Hydroxyapatite (HAp), widely used as an implant 
material, is a potential candidate but its friction and 
wear properties need to be investigated in the scope of 
these new applications. Hydroyapatite offers good 
mechanical properties due to have 70% similar 
properties as natural human bone good corrosion 
resistance and good thermal conductivity, thus make it 
suitable for tribological applications. The effect of 
sintering temperature was investigated according to 
tribology properties. Several tests have been performed 
on the samples with using the Tribometer in Linear 
mode. The Coefficient of friction was evaluated 
according to the results, sample Green obtained the 
lowest average value for the coefficient of friction with 
0.117, whereas sample 1100°C obtained the highest 
one: 0.787. The Wear rate was analysed according to 
the results, sample Green obtained the lowest average 
wear rate with 0.0066 mm3/N.m, whereas sample 900°C 
obtained the highest one: 0.94 mm3/N.m. while the 
sample of 1100°C the wear rate was 0.42 mm3/N.m. 
 
1. INTRODUCTION 

Friction, wear and lubrication have to be 
considered in most everyday situations where physical 
movement is of importance. The science and technology 
of interacting surfaces in relative motion, which 
encompasses friction, wear and lubrication, is called 
Tribology. Friction arises as a resistance to motion when 
a solid surface moves over another surface. The 
tangential friction force (FF) is proportional to the 
normal load (FN) by the coefficient of friction (μ), 
therefore the friction equation can be expressed as: 

 
This proportional law is called the First Law of 

Friction by Amonton 1699. The coefficient of friction 
depends on the materials in contact and will change 
with time as the surfaces change. At each point of 
contact, the softest material will deform and the material 
with lowest shear strength will be sheared.  

However, when the surrounding conditions 

change, e.g. a lubricant is added, the temperature 
changes and so on, the coefficient of friction will 
change. The friction is not only a parameter for the 
original materials in contact, it is a parameter for the 
whole, dynamic system [1-2]. The materials in contact 
have to be well adapted to the system and therefore 
materials science is essential for tribology. The optimal 
friction is different for different systems. To reduce the 
energy losses in machine elements, the friction should 
be low. A low friction is also desired in hip joints to 
facilitate body movement. Wear of ceramics are 
dominated by cracking and chemically induced surface 
transformations. Plastic deformation does occur but 
more rarely. There are typically two wear regimes for 
ceramics, mild and severe wear [3-4]. In sliding under 
low contact pressures, the wear is mild, the surfaces 
become polished, the roughness decreases, and the wear 
rate is low. Smooth surfaces and low pressures give 
lower coefficients of friction. Conversely, severe wear 
takes place under higher contact pressures where 
stresses exceed the tensile strength of the material and 
grain fracture lead to formation of wear debris and an 
increased wear rate. 

 
2. METHODOLOGY 

Three samples of HAp (green part, and 2 sintered 
specimens of sintering temperature 900°C and 1100°C) 
were provided in order to measure their coefficient of 
friction and wear properties. Several tests have been 
performed on the samples using the tribometer, which 
principle and specifications are discussed. The tribology 
is suited to study the friction and wear behavior of 
almost every solid-state material combination, with 
varying time, contact pressure, velocity, atmosphere, 
temperature, etc. A flat or a sphere-shaped static partner 
is loaded on to the test sample with a precisely known 
force. The static partner, (a pin or a ball), is mounted on 
a stiff lever, designed as a frictionless force transducer. 
As the disk is rotating, resulting frictional forces acting 
between the pin and the disk are measured by very small 
deflections of the lever using an LVDT sensor. Wear 
coefficients for both the pin and sample are calculated 
from the volume of material lost during a specific 
friction run. This simple method facilitates the 
determination and study of friction and wear behavior of 
almost every solid-state material combination, with 
varying time, contact pressure, velocity, temperature, 
humidity, lubrication, etc. 

 
 

 
 

 



Abd Aziz et al. 2018 

512 
 

3. RESULTS AND DISCUSSION 
Several tests have been performed on the samples 

with using the Tribometer in Linear mode. The results 
of the tests are discussed accordingly. A coefficient of 
friction is a value that shows the relationship between 
the force of friction between two objects and the normal 
reaction between the objects that are involved. It is a 
value that is sometimes used in physics to find an 
object's normal force or frictional force when other 
methods are unavailable.  
According to the results, sample Green obtained the 
lowest average value for the coefficient of friction with 
0.117, sintered sample of 900°C obtain 0.710 whereas 
sample 1100°C obtained the highest one: 0.787.  
               

µ (-1) Green 
Part 

Sintered HAp 
(900°C) 

Sintered HAp 
(1100°C) 

Data 1 0.116 0.711 0.787 
Data 2 0.119 0.710 0.787 
Mean 0.117 0.710 0.787 
St.Dev 0.002 0.001 0.000 
 

Furthermore, the HAp friction of coefficient has 
good agreement with alumina wear performance which 
is in the same group material as ceramic material. As 
reported by Ucar et al. [5], the alumina friction 
coefficient with different load applied for 2.5N was 
about 0.769 and 5N was 0.704 accordingly. From the 
result above, it believes that HAp has low fracture 
toughness and might influence the load and speed 
values resulted from the effect of the rate of frictional 
energy dissipation at the interface spots. 

According to the results, the sintered sample of 
1100°C obtained the wear rate was 0.42 (mm2/N) 
compare to the alumina wear rate was 6.34 x 10-8 
(mm2/N). This have good justification why alumina has 
lower wear rate compare to HAp ceramic even though 
these two materials are ceramics group. Alumina is 
known as harder ceramic material compare to HAp 
ceramic. The mechanical properties of alumina have big 
influence on tribology properties. 
 
Material Wear rate (mm2/N) Hardness (HV) 
HAp 0.42 40 to 60 
Alumina 6.34 x 10-8 750 to 900 
 

Enhancing the mechanical performance of polymer 
composites with convenient tribological performance, 
low specific wear rate and friction coefficient has been 
the main aim of many studies. Hence, they have 
considered the reverse relation between mechanical 
performance and tribological performance which 
materializes the optimal performance as reported by 
Alajmi and Shalwan [6]. 
 
 
 
 
 
 
 
 

4. CONCLUSION 
The ceramic material (HAp) have capable 

interaction with single based binder system and it 
present the different tribological behaviours in terms of 
friction coefficient and wear. In front which thet has 
correlation with the speed which the specific wear rate 
increases with the increase in load, while at 1 m/s test 
speeds the specific wear rate decreases with the increase 
in load. It is well known that wear processes involving 
fracture. 
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ABSTRACT – Boronizing is a thermo-chemical surface 
hardening process in which boron atoms diffuse into 
metal surface. This research investigated on boronized 
layer thickness of different grooved surfaces. Four 
different groove shapes were engraved on specimens that 
were treated with boronizing process at several durations 
and temperatures. The surfaces were characterized to 
reveal the layer thickness of respective process duration 
and temperature. The results of boronized layer 
thicknesses were analyzed and activation energies for the 
boronizing processes were calculated. Different values of 
activation energy were determined for different grooved 
shapes, and this finding suggests that the surface contours 
affect the outcome of boronized metal surface. 
 
1. INTRODUCTION 

It is known that almost all metals can be treated with 
boronizing to harden the outer surfaces. However, the 
content of alloying elements as well as the grain size of 
materials can influence the diffusion rate of boronizing 
process [1]. Diffusion of boron atoms can produce layer 
thickness of around 10 μm to 200 μm, that increase 
surface hardness up to 1400 HV to 2000 HV [2, 3].  

The boronizing process can be applied to any shapes 
of industrial parts and components [4], but the results of 
boronizing on these different applications have not been 
discussed qualitatively and quantitatively. Although a 
study reported that geometry has no effect on the formed 
boride layer thickness [5], the study agreed that there was 
geometrical effect at the high stress concentration areas, 
and boronizing at this particular parts has not yet been 
addressed in details.  

As industrial parts include a lot of surface contours 
and shapes, boronizing at high stress concentration areas 
is unavoidable. Thus, is it important to quantify the effect 
of boronizing at the high stress concentration surfaces so 
that a strong knowledge on this matter can be acquired. 

This current study investigates on the effect of 
boronizing on grooved metal surfaces. These surfaces 
represent high stress concentration areas that can be 
found in real boronizing parts. Thicknesses of boride 
layer formed at these grooved surfaces are analysed and 
activation energies are determined for all grooved 
surfaces. The results provide a quantified effect of 
boronizing on grooved surfaces which can benefit the 
surface engineering field.    
 
 

2. METHODOLOGY 
Nine cube specimens (20 mm x 20 mm x 20 mm) 

with four different groove surfaces were prepared from 
standard mild steel material, as shown schematically in 
Figure 1. The details of groove shapes in this study are 
listed in Table 1.  

 

 
Figure 1 Schematic of grooved surfaces specimen. 

 
Table 1 Details of groove shapes. 

Groove shapes Details of cross-section 
U-shape Square 2 mm x 2 mm 
c-shape Semi-circle diameter 2 mm 
C-shape Semi-circle diameter 4 mm 
V-shape Triangle height 2 mm 

 
All specimens were boronized at temperatures 

between 1123 K and 1223 K for durations between 2 to 6 
hours, respectively, by following the procedures as 
described in earlier study [6]. After boronizing, the 
specimens were undergone metallographic procedures 
for characterization under optical and scanning electron 
microscopes (SEM). Boride layer thicknesses for 
respective groove shapes were observed and measured. 
Average values were calculated from all the specimens. 
Activation energies for all groove shapes were 
determined by using Arrhenius equation as in Equation 
(1) and following procedures as described in previous 
study [7].  
𝐾 = 𝐾𝑜𝑒−𝐸𝑎 𝑅𝑇⁄                   (1) 
Where K = growth rate constant; Ko = pre-exponential 
constant; Ea = activation energy; R = universal gas 
constant; T = absolute temperature. 
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3. RESULTS AND DISCUSSION 
Figure 2 shows the example of boride layer 

thickness measurement for a groove shape. Meanwhile, 
Figure 3 shows tabulation of boride layer thickness for 
different grooved surfaces at 6 hours duration. The 
activation energies for all grooved surfaces were 
calculated using Equation (1) and listed in Table 2. The 
activation energy results showed all single values without 
deviations since they were derived from the 
mathematical equation.  
 

 
Figure 2 SEM cross-section image of C-shape groove at 

1123 K for 6 hours. 
 

 
Figure 3 Boride layer thickness for different grooved 

surfaces at 6 hours duration. 
 

Table 2 Activation energy of different grooved surfaces. 
Groove shapes Activation energy, Ea 
U-shape 148.64 kJ/mol 
c-shape 244.36 kJ/mol 
C-shape 76.51 kJ/mol 
V-shape 241.33 kJ/mol 

 

Result in Table 2 shows that grooved surface of C-
shape was having the lowest value of activation energy 
as compared to that of other grooved surfaces. This can 
be understood as being the lowest energy required by 
boron atoms to diffuse into the surface. The finding from 
this study is a new interesting phenomenon that requires 
further detail and in depth study, as this is found as 
contradict to that mentioned by Calik et al. [5]. It was 
shown in this study that geometries of high stress 
concentration areas affect the formation of boride layer 
thickness on metal.   
 
4. SUMMARY 

The values of activation energies were found as 
different for all grooved surfaces. The finding showed 
that geometries of high stress concentration areas such as 
grooved surfaces need to be well considered and cannot 
be ignored during boronizing process. As boronizing is 
widely applied in surface hardening industry, this study 
contributes to a new knowledge on the effect of 
geometries on boronized metal surfaces.    
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ABSTRACT – The study is conducted to obtain the 
friction and wear characteristics by using four-ball tester 
set-up. The natural oil-based lubricants involved in this 
study are refined glycerin, and oleic methyl ester with 
0.01wt% of hBN as additive. Based on the result for 
wear property, the effect of 0.01wt% hBN as additive 
outstanding for both oleic methyl ester (OME) and 
refined glycerin (RG). In term of the effect of hBN on 
coefficient of friction (COF), the reduction of COF only 
occurred for refine glycerin (RG). 
 
1. INTRODUCTION 

Nano lubricants are seen as the next generation of 
lubricant additive. One of the most popular additive on 
the nano scale is hexagonal boron nitride (hBN). Due to 
their roller-like shape, polishing property, extremely 
small particle size and unique mechanical properties 
they present several major advantages over organic 
molecules that are currently used as lubricant additives 
[1]. Their nanometer size allows them to enter the 
contact area between rubbing surfaces and act as roller 
between surfaces and reducing the wear and friction on 
the contacting surface. hBN can immediately efficient, 
even at ambient temperatures. Therefore, no induction 
period is necessary to obtain an obvious improvement in 
tribological properties. 

 
2. METHODOLOGY  

Friction and wear test were carried out by using 
four-ball tester apparatus. This machine works by using 
four balls, three balls at the bottom and one ball at the 
top. The three-bottom balls are held firmly in a ball pot 
including the lubricant being examined and pressed 
against the top ball. The top ball is designed to rotate at 
the desired speed while the bottom three balls are 
pushed against it. The surfaces of the components were 
cleaned with acetone before conducting each test. From 
this work, friction and wear evaluation was performed 
at 40 kg loading with the speed of 1200 rpm for 60 
minutes at lubricant temperature of 75°C. 

While the coefficient of friction evaluation needs 
to perform pre-conditioning for ball at 40kg loading 
with the speed of 600rpm for 60 minutes at temperature 
of paraffin oil as wear in solution at 75°C. Then the 
evaluation is carried out at 10kg loading at lubricant 

temperature 75°C with the speed of 600rpm for 10 
minutes interval. Addition of 10 kg every 10 minutes 
until seisure.  

The test was divided into two parts. First part of 
the tests was conducted without mixing the lubricants 
with the additive and the second part of the tests was 
conducted by adding the 0.01wt% amount of hBN 
which are diameter of 30 nm. The mixing process was 
carried out by using a sonic homogenizer. Both tests 
were conducted based on ASTM D-4172 B and ASTM 
D5183 − 05 standard [4]. 

The natural lubricants use for the tests are refined 
glycerin (RG) and oleic methyl ester (OME) oil. Table 1 
shows some of property of RG and OME used in this 
test. 
 

Table 1 Properties of bio-based lubricant. 

Sample Refined 
Glycerin 

Oleic 
Methyl 
Ester 

Flash point, oC 192 173 
Viscosity at 
75oC, cPs 412.92 36.98 

 
3. RESULTS AND DISCUSSION 
3.1  Wear scar diameter 

Table 2 shows the wear scar diameter that obtain 
from the wear test. The diameter of wear scar is 
measured by using circle method in High power 
microscope that connected to a computer. This method 
is conducted by locating an adjustable circular diameter 
measurer where the wear scar on the bearing ball best 
fitted in the area of the circle. Based on the overall 
result as shown in Table 2, the effect of hBN as additive 
is outstanding for both RG and OME as the wear scar 
diameter is reduce up to 99%.  

The reduction in wear scar diameter are 
contributed by the size of the additive which is in nano 
scale allow the improvement as the smaller the additive 
particle can improve the tribological properties [5]. The 
ability to reduce wear at the ball may be the hBN 
special characteristic which is ‘ball bearing’ effect and 
‘polishing’ effect [1]. 
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Table 2 Wear scar test result. 

Lubricant 
1st 
ball 
(mm) 

2nd 
ball 
(mm) 

3rd 
ball 
(mm) 

Average 
(mm) 

Mineral oil 
(ASTM) - - - 0.72 

Refined 
glycerin 0.479 0.482 0.500 0.487 

Oleic methyl 
ether  0.623 0.610 0.649 0.627 

Refined 
glycerin + 
0.01% hbn 

0.005 0.005 0.006 0.005 

OME + 0.01% 
hBN 0.007 0.007 0.007 0.007 

 
3.2  Coefficient of friction 

The results for coefficient of friction (COF) test 
against loads using the four-ball tester are shown in 
Figure 1. Referring to Figure 1, it is shown that there is 
a rapid increment of COF at the beginning of the test for 
RG and rapid decrement for OME. This trend continues 
until reach 40 kg load and the COF start to stabilize, 

The result for coefficient for friction of lubricant 
with and without additive are shown in Figure 1, shows 
the reduction of COF only occurred for RG sample. 
However, hBN is giving opposite effect for OME as the 
COF from the mixing is larger than the sample without 
the additive. This may be cause by hBN additive to 
OME change the anti-wear property with the expense of 
anti-friction property [2]. 
 

 
Figure 1 Coefficient of friction against time. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. CONCLUSION 
Based on the experimental results, the present of 
additive of hBN 0.01wt% in both OME and RG the 
anti-wear property is improve as the wear scar diameter 
is reduced by 99%. hBN 0.01wt% has reduced the COF 
value for RG mixture but increase the COF value for 
OME mixture. Overall, hBN as additive can improve 
the tribological property of natural oil-based lubricant. 
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ABSTRACT – The sliding wear of black-fiber palm 
wood was first investigated under dry conditions against 
smooth steel. Tests were carried out with a pin on disc 
apparatus. The anti-parallel, in plane fiber orientation 
resulted in the highest values of friction coefficient and 
specific wear rate. The normal and parallel fiber 
orientations showed a better performance. In all cases, 
the coefficient of friction was rather high (average range 
between 0.4 to 0.7) whereas the specific wear rates 
varied between 10-6 to 10-5 mm3/(Nm). A following 
impregnation in various oils reduced the wear rates, and 
the friction coefficients went down to values between 
0.1 and 0.3. The different efficiency of the various oils 
was discussed. 

1. INTRODUCTION
It is known that wood (being a natural composite)

can be an excellent material for applications in which 
friction and wear are critical issues (bearings; brakes). 
The material under consideration here was black-fiber 
palm wood. Its black fibers (which are actually vascular 
bundles (VB)) that give the wood its characteristic look 
and hardness, are embedded in a lighter tan or light 
brown colored body. Fibers are more densely packed 
toward the outside of the tree trunk, becoming more and 
more sparse toward the center of the tree. The VBs 
consist, in turn, of thick-walled, longitudinal cells 
having a multilayered structure. Further details and 
corresponding references are summarized in our 
previous papers [1, 2]. The objective of this study was 
focused on the sliding behavior of black-fiber palm 
wood against smooth metallic counterparts under dry 
and lubricated conditions.  

2. EXPERIMENTAL
The black-fiber palm wood had an age of more

than 15 years after tree cutting. During this time, it was 
exposed to laboratory environment, i.e. a temperature of 
22°C and a relative humidity of about 45%, on the 
average. The density of the wood, according to the use 
of a hydrostatic balance, amounted to 865 kg/m3 (i.e. 
average close to the literature value given in [2]).  

A Computer Micro-Tomography System 3D, Type 
Nanotom (µCT), a High-Resolution Scanning Electron 
Microscope, Brand: Zeiss, Model: Supra 40, and a light 
microscope, type “Leica DM6000 M”, were used for 
studying the microstructure and worn surfaces. 

Sliding wear tests were carried out with a pin-on-
disc device according to ASTM D3702. The square 
cross section of the specimen pin (4 × 4 × 12 mm3) was 
slid against a polished 100 Cr6 steel disc with an initial 
surface roughness of 220 nm, using a contact pressure of 
0.5 MPa and a sliding velocity of 1 m/s. The mass loss 

of the specimen was measured to calculate the specific 
wear rate by the Equation (1): 
wS = m/( FN L)  in [mm3/(N·m)]                (1)     
Where Δm is the mass loss of the specimen, ρ is the 
density of the specimen, FN is the normal load applied 
on the specimen during sliding, and L is the total sliding 
distance. m /  is equal to the volume loss V. 

The following abbreviations N, P, and AP were 
used to identify the orientation of the fibers relative to 
the sliding direction: N-orientation = fiber ends are 
normal to the surface of the steel counterpart; P-
orientation = fibers are in plane and parallel to the 
scratch direction of the counterpart asperities; AP-
orientation = fibers are in plane and anti-parallel 
(transvers) to the scratch direction of the counterpart 
asperities. 

For the tribological tests with oil impregnated 
wood, the following fluids were used: (a) All Climate 
Motor Oil SAE 15W-40 (Liqui Moly), (b) Sunflower Oil 
SB46 (Schäfer-Additivsysteme), and (c) Hexadecan HD 
(Sigma-Aldrich). Impregnation of the wooden 
specimens (pins of the size 4x4x12 mm3) took place by 
exposure of the pin in the liquids over a period of three 
days.  

3. RESULTS AND DISCUSSION
Figure 1 illustrates the internal structure of the

black fiber palm wood in low and high magnification. 
The diameters of the individual black fibers (vascular 
bundles = VB) are different in size (between 1 and 1.6 
mm). Each VB contains a continuous major vessel at the 
edge of each bundle. Within the cells of the VBs 
secondary smaller vessels also exist. The volume 
fraction VF of the black fibers in this particular segment 
amounted to about 59 %. 

Figure 1 Structure of the black-fiber palm wood: Photo 
of the fiber arrangement within the wooden block (left); 

3D μ-CT image of a small section (right).  

From thermogravimetric analyses (TGA), reported 
in [1], it turned out that, during the exposure in 
laboratory environment, the wood had taken up a certain 
amount of moisture, since all samples exhibited an 
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initial weight loss due to water evaporation at around 
100 ºC, associated with a weight loss of 3.4 %. It was 
followed by further thermal degradation of 
hemicellulose, cellulose, and lignin related components 
between 272 and 308 ºC, leading to a weight loss of 
about 17 %. 

Figure 2 illustrates the specific sliding wear rates 
and the corresponding friction coefficients of the black 
fiber palm wood pins. Here, the P-orientation proved to 
be better than the N- orientation, whereas the AP-
orientation gave the worst results. In all the three cases, 
the coefficient of friction was nearly the same, i.e. 0.59 
to 0.66. 

 

 
Figure 2 Relation between specific sliding wear rate, 

friction coefficient, and sliding orientation of black-fiber 
palm wood pins against a steel disc surface. 

 
A look at the steel discs exhibits a different 

material transfer for the different fiber orientations. 
Compared to the unworn disc, the worn samples showed 
irregular black lines in the sliding direction of the 
wooden pins. The amount of the black patches was 
lowest for the P-orientation, that also possessed the 
lowest wear rate and friction coefficient.  

Many of the woods used for various bearing 
applications possess either a self-lubricating ability or 
are externally lubricated by (a) previous oil 
impregnation or (b) addition of grease or oil into the 
bearing system from time to time. In the present case, 
the wood samples were pre-impregnated with different 
lubricants and then tested over certain periods of time. 
Figure 3 illustrates that the coefficient of friction µ is 
drastically reduced from µ = 0.63 (for dry sliding) down 
to µ = 0.1 – 0.23 for the samples impregnated with three 
different fluidic lubricants. During the first four hours 
the greatest reduction in µ was measured for the low 
viscosity fluid Hexadecan. But this effect deteriorated 
quickly so that after additional five hours the friction 
coefficient increased up to the level of the dry sliding 
condition.  

This was associated with a drastic increase in the 
height loss h, i.e. with a drastic increase in the specific 
wear rate. In addition, an increase in temperature by ca. 
10 °C was observed. 

For further comparison, the friction coefficients 
and specific wear rates of the palm wood samples after 
impregnation in sunflower hydraulic oil SB46 are 
summarized against the three different fiber orientations 
in Figure 4. Both, the average wear rates as well as the 
average coefficients of friction are clearly below those 
values measured for this material under dry conditions.  

 

 
Figure 3 Variation in friction coefficient as a function of 

testing duration for palm wood after impregnation in 
different fluids.  

 

 
Figure 4 Friction coefficient and specific wear rate of 

palm wood after impregnation in hydraulic oil SB46 as a 
function of orientation against smooth steel. 

 
4. CONCLUSION 

The present paper concentrated on the sliding 
friction and wear behavior of black-fiber palm wood. 
Tests were carried out in three major fiber orientations, 
i.e. with fibers either in plane and parallel (P) or anti-
parallel (AP) to the sliding direction of the smooth steel 
counterpart, or with fibers under normal (N) orientation 
to the sliding contact area. It turned out that in most 
cases the P-orientation led to the lowest values in 
specific wear rate (wS) and friction coefficient (µ), 
followed by the N-orientation. The worst conditions 
were found under AP-orientation. Additional studies on 
the effect of internal wood lubrication as a result of 
impregnation with three different fluids showed that the 
viscosity of the fluid (i.e. low for Hexadecan; medium 
for sunflower hydraulic oil; high for 15W-40 motor oil) 
reduced the coefficient of friction more or less 
effectively.  
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