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ABSTRACT

Al 8011alloy has been reinforced with 6 vol. % of
aluminum diboride (AlB

2
) particles by in-situ synthesis

process to prepare 8011/AlB
2 

composite.Composite was
characterized by XRD, Optical microscopy, Scanning
Electron Microscopy (SEM) hardness and wear studies. AlB

2

particles were identified by XRD analysis. Microstructural
studies reveal the morphology and distribution of AlB

2

particles. Enhancement in hardness was observed due to the
presence of AlB

2 
 particles in the matrix. Wear results reveal

that composite has lower wear rate than unreinforced alloy
sliding under same sliding conditions. Worn surfaces
examined under SEM reveals the mode of wear involved.

1. INTRODUCTION

Aluminum matrix composites (AMCs) are widely used
because of high stiffness, high strength to weight ratio, low
coefficient of thermal expansion and good wear resistance
as compared their conventional alloys [1]. In-situ technique
is mostly used to prepare AMCs as it o ffers some
advantages over ex-situ process such as finer particle,
homogeneity, isotropy, better thermal stability and simple to
adopt [2].

Some studies are done in past by using Al8011 alloy
as matrix and AlB

2 
as reinforcement materials to improve the

properties of alloy. Vembu and Ganesan [3] synthesized
Al8011/15% SiC

p
 composite through stir casting and

optimized the aging parameters to obtain maximum strength
and hardness. Karthik kumar et al. [4] also reported
improvement in mechanical properties with the addition of
B

4
C and red mud particles into Al 8011 alloy. Deppisch et al.

[5] prepared high purity AlB
2
 flake reinforced aluminum matrix

composite by melting. In-situ liquid heat treatment was
applied to produce AlB

2
 flakes in the matrix. In another study

Deppisch et al. [6] analysedthe crystallization and growth
behavior of AlB

2
 flakes in aluminum matrix. Ficici et al. [7]

studieddry sliding wear behavior of in-situ AlB
(2)

/Al metal
matrix composite. Koksal et al. [8] developed wear rate
prediction model for wear using Taguchi�s technique in terms

of wear parameters sliding velocity, normal load, sliding
distance and reinforcement ratio. Moldovan et al. [9]
developed 3 wt % AlBx (x=2,12) /AA6060/AlB

2
, and AA5083

composite through in-situ technique using KBF
4
 powder.

Developed composites show higher resistance to crack
initiation than unreinforced alloy. Recently Radhika and
Raghu [10] studied the mechanical and abrasive wear
behavior of functionally graded Al/AlB

2
 composite by

centrifugal casting.In the present study an effort is made to
prepare the Al/AlB

2
 composites by in-situ technique and to

study its microstructure and dry sliding wear characteristics.

2. EXPERIMENTAL DETAILS

Al 8011alloy (Cu 0.001%, Mg 0.04%, Si 0.67%, Mn
0.002%, Zn 0.0028%, Pb 0.001%, Fe 1.01%, rest aluminium)
and potassium tetra flouro borate (KBF

4
) having purity of

96% salt are used as raw materials to prepare Al8011/AlB
2

aluminum matrix composite. In-situ reaction takes place at
8500C between aluminum and KBF

4
 as per Equation (1).

Required amount aluminum and salt were melted at 8500C to
form 6 vol. % AlB

2
 particles. Composite melt was stirred

intermittently to get uniform distribution of AlB
2
 particles.

After degassing the melt was poured into preheated (2000C)
steel mold and kept to solidify naturally.

XRD (Rigaku), Optical microscope (Leitz Metallux-3)
and SEM (ZEISS), model EVO 18, are used for phase and
microstructure examination. Vickers Hardness tester (LIECA)
is used to measure the hardness of prepared samples. Sliding
wear test was conducted on pin-on-disc apparatus
(DUCOM) at ambient temperature for different applied loads
10, 20 and 30N at fixed sliding distance and sliding velocity
2.7 Km and 1.5 m/s respectively.

3Al + 2KBF
4
  �>  AlB

2  
+   2KF + 2AlF

3
(1)

3. RESULTS AND DISCUSSION

3.1 XRD and Microstructural Examination

XRD pattern of prepared composite is shown in Fig.1,
in which AlB

2
 diffraction peaks are identified.  Presence of
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AlB
2
 peaks is the confirmation of formation of particles in

the aluminum matrix.

Fig. 3: SEM micrograph showing (a) distribution and
morphology of AlB

2
 particle

3.3 Wear Characteristics

Figure 4 shows variation of weight loss with applied
load for base alloy and Al 8011/6 vol. % AlB

2 
composite. It

is observed that weight loss increases with increase in
applied load for both the alloy and composite. The possible
reason for increased weight loss may be due to increase in
contact area between the two surfaces with increase in load,
which results into generation of large amount of frictional
heat.Frictional heating leads to softening of the pin sample
and therefore hard asperities penetrate deeply into soft pin
surface and weight loss increases [2].

However the weight loss of composite is lower as
compared to alloy. The reduced weight loss is attributed to
AlB

2
 particles which enhanced hardness and strength of

composite.

Fig. 1: XRD pattern of prepared composite

Optical micrograph (Fig. 2) of composite shows AlB
2

particles present in the matrix. In order to have adetail idea
about morphology and distribution o f AlB

2
, SEM

examination is carried out. AlB
2
 particles are distributed in

the matrix and observed in flakes and hexagonal shapes in
the size range of 2.5 mm to 10 mm. (Fig. 3a-b),

Fig. 2: Optical micrograph of 8011/AlB
2 
composite

3.2  Hardness Measurement

Vickers�s hardness is measured at 1 Kg load and 10

seconds dwell time. Hardness of composite was observed
to be improved by 19.5% as compared to base alloy. This is
attributed to the presence of hard particles in the soft
aluminum matrix. Fig. 4: Variation of weight loss with applied load
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Figure 5 a-b shows the worn surface morphology of
alloy and composite at 10 N load after sliding 2.7 km at
sliding velocity of 1.5m/s.At low loadworn surface shows
relatively smooth areas with shallow grooves, on the both
the samplesand wear mode is oxidative but as the load
increase to 30 N oxidative mode changes to metallic and wear
surface exhibits deep grooves, severely damaged areas, and
delamination which leads to the increased wear loss
(Fig. 6 a-b).

vi. Oxidative wear mode is dominated at low load and
converted to metallic as the load increases.

vii. Worn surface morphology is in agreement with the
wear results.

5. REFERENCES

[1] Yuan, L., Han, J., Liu, J. and Jiang, Z. Mechanical
properties and tribological behavior of aluminum matrix
composites reinforced with in-situ AlB

2
 particles.

Tribology International, 2016, Vol.  98,  pp.41-47.

[2] Kumar, N., Gautam, G., Gautam, R.K., Mohan, A. and
Mohan, S. Wear, friction and profilometer studies of
insitu AA5052/ZrB

2
 composites. Tribology

International, 2016, Vol. 97,  pp. 313-326.

[3] Vembu, V. and Ganesan, G. Heat treatment optimization
for tensile properties of 8011Al/15%SiCp metal matrix
composite using response surface methodology.
Defence Technology, 2015, Vol. 11(4), pp.390-395.

[4] Karthikkumar, C., Baranirajan, R., Premnauth, I. and
Manimaran, P. Investigations on mechanical properties
of Al 8011 reinforced with micro B

4
C/Red Mud by stir

casting method. International Journal of Engineering
Research and General Science, 2016, Vol.4(2)

[5] Deppisch, C., Liu, G., Shang, J.K. and Economy, J.
Processing and mechanical properties of AlB2 flake
reinforced Al-alloy composites. Materials Science and
Engineering: A, 1997, Vol. 225(1-2), pp.153-161.

[6] Deppisch, C., Liu, G., Hall, A., Xu, Y., Zangvil, A.,
Shang, J.K. and Economy, J.The crystallization and
growth of AlB2 single crystal flakes in aluminum.
Journal of materials research, 1998, Vol. 13(12), pp.
3485-3498.

[7] Ficici, F., Koksal, S., Kayikci, R. and Savas, O.
Investigation of unlubricated sliding wear behaviours
of in-situ AlB(2)/Al metal matrix composite. Advanced
Composites Letters, 2011,Vol. 20(4), pp.109-116.

[8] Koksal, S., Ficici, F., Kayikci, R. and Savas, O.
Experimental optimization of dry sliding wear behavior
of in situ AlB

2
/Al composite based on Taguchi�s

method. Materials & Design, 2012, Vol. 42, pp.124-130.

[9] Moldovan, P., Dragut, D.V., Butu, M., Besea, L.M. and
Preda, E.A.In situ development of AlBx/AA6060 and
AA5083 alloys cast composites. Composites Part B:
Engineering, 2016, Vol. 97, pp.9-17.

[10] Radhika, N. and Raghu, R. Effect of abrasive medium
on wear behavior of Al/AlB

2
 functionally graded metal

matrix composite. Tribology Online, 2016, Vol. 11(3),
pp. 487-493.

Fig. 5: Worn surface of (a) base alloy (b) Al8011/6 vol.
% AlB

2
 composite at 10 N load

Fig. 6: Worn surface of (a) base alloy (b) Al8011/6 vol.
% AlB

2
 composite at 30 N load

4. CONCLUSION

i. In-situ process has been successfully employed to
prepare the Al 8011/6 vol. % AlB

2
 composite.

ii. XRD analysis confirms the presence of AlB
2
 particles

in the aluminum matrix.

iii. AlB
2
 particles are observed in hexagonal and flakes

morphology with greyish color in the size range of 2.5
mm to 10 mm.

iv. Vickers hardness of the composite is improved by
19.5% when compared to base alloy.

v. Weight loss of composite is less as compared to base
alloy operating under same sliding conditions which
concludes its reduced wear rate.
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ABSTRACT

The tribological use of Mg-alloys can be promoted in
many applications by protecting them against corrosion and
wear. Localized protection of contacting surface helps in
reduction of wear and corrosion as they are surface related
phenomenon. Present study deals with the development of
ceramic based coatings on AZ91 alloy using thermal spray.
The Al

2
O

3
 and Al

2
O

3
 doped with CeO

2
 were deposited on

AZ91 alloy using D-gun spray and contribution of ceria in
enhancement of tribological and mechanical properties is
investigated. The surface and subsurface characterization
was done prior and post experiments using SEM/EDS.
Further, the metallurgical characteristics of coatings were
recorded using the X-ray diffractometer and tribological
responses were studied using tribometer. The scratch
resistance of the coatings was tested under the ramp load.
The CeO

2
 doped Al

2
O

3
 coated AZ91 alloy showed better

properties as compare to the bare and Al
2
O

3
 coated AZ91

alloy. The improvements can be attributed to the refined
microstructure and increased hardness. It can be suggested
that ceria plays an important role in enhancing the lubricity
of coating and tribological properties.

1. INTRODUCTION

AZ91 Mg alloys are being preferred over the other

Mg alloys due to their good castability, cheap prices and

suitable mechanical and corrosion properties under room

temperature conditions. They are widely used in the form of

die casted thin components which can be operated in the

range of 110-125°C due to their limited corrosion and wear

resistance [1], [2]. Therefore, there is need to improve the

wear and corrosion properties of the alloy so as to extend its

use, beyond limitation, in various industrial applications.

Many efforts have been made by various researchers to over-

come the limitations [3]�[6]. There are various methods

which can be explored such as alloying, surface treatment

and heat treatment to impart favorable properties to the Mg-

alloys [7]. One of the method to enhance the mechanical and

tribological properties of the material is surface coatings.

Surface modification of Mg-alloys can be done by deposit-

ing or producing various coatings or layers of either similar

or dissimilar material. Surface coating technologies such as

chemical vapor deposition (CVD) [8], [9], physical vapor

deposition (PVD) [8]�[10], electro-deposition [11], [12],

micro-arc oxidation [3], [11], thermal spray [13], [14], cold

spray [14], [15] have been developed to extend the use of

Mg-alloys in different industries. The surface properties can

be altered by developing the coating with high hardness,

refined microstructure, high adhesion strength etc. and can

be achieved by thermal spray techniques such as HVOF,

plasma spray etc. [16].

In recent years, rare earth elements (REE) have been success-

fully employed to enhance the wear and corrosion resistance

by influencing the microstructure [17]. Zhang et al. [18] de-

veloped rare earth metals and Ni-based coatings using su-

personic plasma spray technique.  They observed that the

addition of rare earth elements resulted in increase of wear

resistant.

They explored the surface microstructures and suggested

that it was more compact and less porous. Rare earth, being

possession of purifying and refining properties they also

exhibits excellent tribological and mechanical properties

and hence, suitable for engineering the surfaces[18]. In an

investigation made by Wang et al. [19]it was observed that

deposition of ceramic coating on Mg alloy gives rise to in-

crease in hardness and anticorrosion properties Sharma [16]

carried out a study by depositing CeO
2 
doped Ni/WC based

coating via HVOF technique and observed that there is an

improvement in wear resistance. They found that addition

of CeO
2
 played an important role in enhancing the wear

resistance by increasing the hardness of coatings. Liu et al.

[20] also investigated the effect of CeO
2
 addition in HVOF

sprayed WC-12wt. %Co coating. They reported that the

CeO
2
 doped coating was the less porous than undoped ones

and the mechanical properties were improved.

In this study, tribological behavior of bare and coated AZ91

alloy is investigated by depositing the D-gun spray. Al
2
O

3

and Al
2
O

3
+0.4% CeO

2 
coatings are deposited on AZ91 al-

loy. The scratch resistance and friction behavior of the coat-

ings were recorded under tribometer. The samples were char-

acterized using microhardness tester and SEM/EDS respec-

tively. Further, contact angle measurements and surface en-

ergy of the samples were also recorded to comment on the

nature of the surfaces.

mailto:dkumar@itmmec.iitd.ac.in
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2. EXPERIMENTAL

2.1 Methods and Materials

The base materials selected for study were cast
magnesium alloy AZ91 (Mg-9wt.%Al-1wt.%Zn)  and near
eutectic Al-11.3%Si (Al-11.3wt.%Si-0.7wt.%Fe-1.8wt.%Cu-
0.2wt.%Mn-0.6wt.%Zn-0.2wt.%Mg) alloy. The cast AZ91 Mg
alloy was procured from XI�anYuechen Metal Products Co.,

Ltd. China. Whereas, the near eutectic Al-11.3% alloy was
supplied by Ye Chiu, Malaysia.

The samples having dimensions 10 mm x 10mm x 50 mm
were cut from the as cast AZ91 Mg alloy block. The near
eutectic Al-11.3%Si alloy samples having dimensions 20 mm
x 40 mm x 6 mm were cut from the as cast shaft. All the
samples were cut using electro discharge machining (EDM)
wire cut. These samples were further polished using 400,
600, 800, 1000 and 2500 grit size emery paper followed by
the cloth polishing with Al

2
O

3
 having particle size 1 µm.

The Al
2
O

3
 and Al

2
O

3 
doped with 0.4wt.%CeO

2
 coatings

were deposited on AZ91 Mg alloy using D-gun thermal spray
technique. The coatings were deposited at SVX �M� Surface

Engineering, Noida, India. The parameters of spray gun were
kept constant as shown in Table 1.

Table1. D-gun process parameters

Gases Pressure (MPa)

Oxygen 0.2

Acetylene  0.14

Nitrogen  0.4

Consumption of powder per shot 0.05-0.02 g/shot

Water consumption rate 15-25 liter/minute

Firing rate 3 shot/s

Coating thickness per shot 25-30 µm

Spraying distance 165 mm

Prior to coating, the powders were ball milled for 8 h in
order to achieve the homogeneous dispersion. The rpm of
the ball mill was 70 (approximately) and kept constant. The
samples were grit blasted prior to coating deposition to
increase the surface roughness and hence increase the
substrate � coating adherence.

3. RESULTS AND DISCUSSION

3.1. Microstructure

The as sprayed morphology of Al
2
O

3
 and

Al
2
O

3
+0.4%CeO

2
 coatings are shown in Fig. 1. The CeO

2

doped Al
2
O

3
 coating (Fig. 1b) shows more intact, uniform

and dense microstructure as compare to pure Al
2
O

3
 coating.

The intactness and refined microstructure of CeO
2
 doped

coating can be attributed to the rare earth effect; which alters
the microstructure by repositioning of Ce sites.

Fig. 2 and Fig. 3 shows the SEM micrograph of polished
Al

2
O

3 
and Al

2
O

3
 + 0.4wt.% CeO

2
 coated AZ91 alloy along

with their corresponding X-ray mapping.

Fig. 1: SEM micrograph of as sprayed (a) Al
2
O

3
 and (b)

Al
2
O

3
+0.4%CeO

2
 coating respectively

Fig. 2: SEM micrograph of polished Al
2
O

3
 coated AZ91

alloy along with corresponding X-ray mapping

Fig. 3 shows the X-ray mapping of Al
2
O

3
 + 0.4wt.%CeO

2

in which the uniform distribution of CeO
2
 can be observed.

Also, the CeO
2
 doped coating (Fig. 3) contains less porosity

and defects as compared to the undoped (Fig. 2) one.

Fig. 3: SEM micrograph of polished Al
2
O

3
 + 0.4wt.% CeO

2

coated AZ91 alloy along with corresponding X-ray
mapping

CeO
2
 plays an important ro le in controlling the

microstructure of the coating by the mechanism of site
occupancy at grain boundary [21]in large amount and more
grain formation as well.
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3.2 Hardness

The microhardness of both the coating was recorded
and is summarized in Table 2.

Table. 2 Microhardness at various regions

Region         Microhardness, GPa

Al
2
O

3 
Coating Al

2
O

3
+0.4wt.

% CeO
2
 Coating

Top surface 14.2 ± 0.30 15.8 ± 0.63

Coating (Cross- 8.86 ± 0.26 10.4 ± 0.44
sectional)

At interface 6.3 ± 0.29 6.7 ± 0.64

At substrate 0.82 ± 0.06 0.81 ± 0.03

It can be observed from the Table 2 that the top surface
have attained the high hardness as compared to the cross-
section of coating.  The reduction of hardness from top to
the cross-sectional coating can be justified by the layered
structure of the coatings (Fig. 4). This can be further
explained by the slipping phenomenon that might have
occurred between the inter layers.

On the other hand, the increase in hardness due to CeO
2

doping can be attributed to the microstructural refinement
and the segregation of the CeO

2
 at the grain boundary[21]

which led to generate stresses at the boundary and ultimately
leading to the increase in hardness and hence imparting the
mechanical and tribological properties as well.

Al
2
O

3
+0.4%CeO

2
 coating. The increase in scratch resistance

of Al
2
O

3
+0.4%CeO

2
 coating can be attributed due to the

combined effect of microstructural and mechanical properties
improvement as imparted by the dopingof CeO

2
.

Fig. 4: SEM micrograph showing layered structure of the
(a) Al

2
O

3
 and (b) Al

2
O

3
+0.4%CeO

2
 coating respectively

3.3 Scratch test

The scratch test of Al
2
O

3
 and Al

2
O

3
+0.4%CeO

2 
coating

was performed on tribometer, under the ramp load of 5-25 N.
The ramp load was applied for the 30 s. The SEM micrograph
of the scratched coatings is shown in Fig. 5. Fig. 5 shows
that the scratch resistance of both the coatings was high as
no peeling or complete delamination observed under the load
range of 5-25N. Although, Al

2
O

3
 coating (Fig. 5a) exhibits

the little bit high damage as compared to Al
2
O

3
+0.4%CeO

2

coating (Fig. 5b).

As the indenter scratches at high load i.e. towards 25N,
the failure of coating along one side of the groove can be
noticed (Fig. 5a), which is absent for Al

2
O

3
+0.4%CeO

2

coating. The heap of detached particles can be observed in
case of Al

2
O

3 
coating which is no t in the case of

Fig. 5: SEM micrograph showing the scratch on (a) Al
2
O

3

and (b) Al
2
O

3
+0.4% CeO

2
 coating under the load of

5-25N respectively

3.3 Contact angle and surface energy

The contact angle was measured using DI (de-ionized)
water with sessile drop method and each drop consisted 2
µl volume with dosing rate of 0.16 µl/s. The Al

2
O

3
 coating

consisted the water contact angle of 55° whereas the CeO
2

doped Al
2
O

3
 coating recorded the angle close to 80°. It has

been reported by Azimi et al. [22] that rare earth oxides shows
hydrophobicity due to their  electronic structural
arrangement. The surface free energy of the bare and coated
samples were estimated using Young-Dupre method and
found to be; 33.12mJ/m2, 29.47 mJ/m2 and 29.40 mJ/m2 for bare,
Al

2
O

3
 coated and CeO

2
 doped Al

2
O

3
 coated AZ91

respectively. It was also observed that the reduction in
surface energies was majorly due to decrease in polar
component.

3.4 Friction and wear behavior

Fig.6 shows the coefficient of friction behavior of bare,
Al

2
O

3
 and Al

2
O

3
+0.4% CeO

2 
coated AZ91 alloy. The effect

of ceria doping can be clearly seen as CeO
2 

doped Al
2
O

3

Fig. 6:Variation of coefficient of friction of bare, Al
2
O

3

coated and Al
2
O

3
+0.4%CeO

2 
coated AZ91 alloy when slid

against near eutectic Al-11.3%Si alloy under the 20 N
load and 0.05m/s sliding velocity
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coated AZ91 alloy exhibits the lowest coefficient of friction
followed by Al

2
O

3
 coated and bare AZ91 alloy. The reduction

in coefficient of friction may be attributed to the rare earth
effect by which the CeO

2
 has contributed to increase in

hardness and provide lubricating effect, since CeO
2
 imparted

the tribological properties.

The improved tribological response of CeO
2 

doped
coating can be attributed to the refined microstructure. It is
reported that the addition of CeO

2
 led to dense and compact

microstructure [18]. Due to increase in hardness the
penetration depth will be less and hence the formation of
fine groove. This leads to reduction in effective contact area
hence reduced coefficient of friction [16]. It has been reported
in literature that the friction behaviour of the tribopair
depends on the wettability of the surface by lubricant[23].
Pawlak et al. concluded that the tribology of the contact
surfaces can be controlled by controlling the surface
energies [24].

As far as wear is considered, the coated specimen
showed no wear under the constant load of 20 N with sliding
velocity of 0.05 m/s. Although, bare specimen recorded the
wear rate of 3.41 x 10-4 mm3/N-m. On the other hand the
counter surfaces showed the wear rate in the range of (1.04
� 1.8) x 10-4 mm3/N-m when slid against bare and coated
AZ91 alloy. The Al

2
O

3
 based ceramic coatings showed better

wear resistance as compared to that of bare alloy.

4. CONCLUSIONS

The CeO
2
 doped Al

2
O

3
 coating showed the better

tribological properties as compared to that of Al
2
O

3
 coated

and bare AZ91 alloy. The rare earth ceria has played an
important role in improving the hardness, scratch resistance
and frictional behavior of AZ91 alloy. The following
conclusions can be made from the tribological study
investigated:

1. The Al
2
O

3
 based ceramic coatings can be deposited

on AZ91 alloy using D-gun spray technique.

2. The rare earth oxide i.e. CeO
2
 played important role in

refining the microstructure of Al
2
O

3
 coatings by grain

growth mechanism.

3. The CeO
2
 doping led to increase the hardness of the

coating and hence controlling the tribology of the
coatings. CeO

2
 doped Al

2
O

3
 coating recorded the

lowest coefficient of friction.

4. The contact angle and surface/interfacial energies also
plays in controlling the tribology behavior of the
tribopair by decrease in polar component of the
surface energy in CeO

2
 doped Al

2
O

3
 coating.
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ABSTRACT

Present study deals with the utilization of reduced
Graphene oxide (rGO) as additive to grease and recording
their effect on friction, vibration and noise. Nano-composite
grease was prepared by dispersing rGO nano-sheets into
commercial lithium base grease. The continuous supply of
grease to the point contact is evaluated for ball-on-disc
configuration for near rolling and rolling-sliding mixed motion
by varying slide-roll-ratio percent (SRR %) under fixed load.
Frictional response was recorded using elastohydrodymanic
(EHD) rig. Recording of noise and vibration signals was
carried out on EHD rig using sound analyzer and non-
contact type capacitive transducer, respectively. The results
show that there is an optimum concentration of rGO at which
the levels of friction, noise and vibration are minimum.
Almost 30 % reduction in friction coefficient was recorded
along with suppression of many noise frequencies and
reduction in level of vibrations.

1. INTRODUCTION

 Greases are semi-solid lubricant and are composed of
base oil, thickener and additives. Greases are characterized
by three dimensional network of thickener fibers dispersed
in base oil . The presence o f these 3-D networks in
greases enables them to  behave more or less like a
sponge (Cousseau, et al. [1]). Grease prompts to release oil
during an application of mechanical stress and this oil is
further reabsorbed on removal of the stresses (Huang, et
al.[2]). Further, these 3-D fibrous structure of grease traps
the additive particles ranging from nano to few microns
in size.

The nanomaterials as additives to lubricants can
significantly improve the tribological performance. Several
nanomaterials have been exploited as additives for
tribological applications including carbon nanotubes
(Mohamed, et al. [3]), graphite powder (Zhang, et al. [4]) etc.
It easily shears at the contact interfaces owing to lamellar
structure and reduces the friction. Further, high mechanical
strength of graphene provides excellent anti-wear property
and load-bearing capacity. These few layers of graphene
offer easy shearing. Present work is an attempt to explore
the frictional response of nano-composite greases and
establish the correlation with noise and vibration.

2. METHODOLOGY

Chrome steel (AISI 52100) was used disc and ball
material of average surface roughness (Ra) around 0.01 ¼m.

Ball and disc diameter were 19.05 mm and 100 mm
respectively. Nano-composite grease was formulated using
commercial Lithium grease. The nano-composite grease was
formulated by dispersing rGO into grease. The rGO was
prepared as reported by Mungse, et al. [5]. Prior to
dispersion in to grease, the rGO was first sonicated in
toluene for 1 hour to ensure the breakage of its agglomerates
and larger sheets. The nano-composite grease was achieved
by drop-wise addition of this dispersion into hot lithium
grease (maintained at 110!) under heavy mechanical stirring.
Mechanical stirring was done through magnetic stirrer for
45-50 minutes. Mixture is allowed to cool down to room
temperature under normal environmental conditions to obtain
desired nano-composite grease.

The structural features of rGO were probed with with
XRD and HRTEM. The dispersion was characterized using
DLS (Particulate Systems NanoPlus from Micromatrics, USA)
and size of rGO distribution was estimated. The tribological
evaluation of grease was done under ball-on-disc
configuration using fu lly automated EHD rig (PCS
Instruments, London). Experiments were performed by
varying sliding speed from 0.3 m/s to 1.5 m/s at a constant
load of 30 N. The rolling condition was constrained at slide-
roll-ratio (SRR) of 3% and 27%. Sound pressure level (SPL)
was measured to estimate the noise under �A� weighting

condition in decibels (dB) using sound analyzer (CEL-500
from CASELLA CEL LTD., UK). The microphone of sound
analyzer was placed near to tribological contact by using
tripod. Vibration signals were recorded using non-contact
type capacitance based transducer also positioned near
tribological contact. The vibration signals were passed
through amplifier (Accumeasure 9000, by MTI Instruments
Inc., USA) to display and store in FFT Analyzer CF-3200 (by
ONOSOKKI Co. Ltd., Japan). The amplitudes of vibration
signals were measured in terms of displacement.

3. RESULTS AND DISCUSSION

3.1 Characterization

The XRD pattern of rGO nano sheets (Fig. 1a) reveals
very broad characteristic peak (002) centered at 2  ̧= ~24.8°
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owing to its lamellar structure and is corresponding of
interlayer spacing (d) of ~0.35 nm. The ripples and folded
regions are also seen in HRTEM image (Fig. 1b) of rGO nano
sheets. Fig. 1c shows that there are some nano-sized particle
of rGO along with micron size clusters.

3.2   Frictional response of greases

The difference in level of friction between rolling (3%
SRR) and sliding-rolling (27% SRR) contact can be explained
with the level of rubbing of surfaces involved due to sliding
(Fig. 2). The level of sliding induces rubbing between tribo
pair with increase in sliding velocity, which results an
increase in friction. The blending of 0.4% (w/w) rGO registers
minimum friction coefficient in both the cases.

3.3   Noise and Vibration

The overall noise and vibration level are suppressed
by blending of rGO to the commercial lithium grease. These
parameters were minimum for 0.4% (w/w) rGO in base grease.

The optimality of rGO concentration in grease can be
explained with following arguments (i) at lower concentration
there is a starvation of rGO into contact and (ii) at higher
concentration, the rGO is present in the form of micro-
agglomerates, which are not able to enter the contact zone.

Fig. 3: Sound pressure levels in dB (A) for grease samples
at (a) 3% SRR and (b) 27% SRR.

Fig. 1: (a) XRD pattern, (b) HRTEM and (c) DLS of rGO
nano sheets in toluene.

Fig. 2: Friction response of grease samples at point
contact for (a) 3% SRR (b) 27% SRR.

Fig. 4: Overall vibration levels in ¼m for grease samples

at (a) 3% SRR and (b) 27% SRR.

4. CONCLUSION

Potential of rGO as additive to grease is explored and
commercial grease is modified. The results show that the
blending of optimum amount of rGO can improve the
tribological, noise and vibration responses, all together. The
blending of 0.4% (w/w) rGO to grease leads to almost 30%
reduction in friction under both rolling and rolling coupled
with sliding tribological contact. The friction seems to be
controlled by the lamellar structure of the rGO and its
concentration. At optimum concentration of rGO, overall
noise and vibration level were also at their minima.
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ABSTRACT

This work demonstrates the method fo r correct
predict ion of contact parameters by account ing the
asymmetry in summit height. The contact parameters are
calculated for high value of plasticity index. The Isotropic
Gaussian rough surface is generated using 2D FIR (finite
impulse response) technique with fast Fourier transform. The
spectral moment and summit identification (SID) methods are
used to determine the summit parameters. On comparison,
significant difference in summit parameters are found. The
contact parameters (total real contact area and total normal
load) for isotropic Gaussian surface are calculated assuming
Gaussian and non-Gaussian distribution of summit height.
The results indicate that, asymmetry in summit height should
be considered for correct prediction of contact parameters
for isotropic Gaussian rough surfaces.

INTRODUCTION

Many engineered rough surface are random, anisotropic
and non-Gaussian.But it is equally known that some
machined rough surfaces are also isotropic and Gaussian.
Previous reported works[1- 4] showed that most of the effort
has been made for characterization of rough surfaces,
statistical and numerical contact modeling of rough surfaces.
In all these reported works, numerical simulations are
performed for very low value of plasticity index. High value
of plasticity index is achieved in many tribo logical
applications i.e. gears, cams, seals, rolling bearings, to name
a few. Kogut and Etsion [4] developed a FEM based elastic-
plastic model for rough surfaces. They increased the
plasticity index up to 8 considering Gaussian distribution of
asperity heights. The literature showed that, the elastic-
plastic contact model of isotropic random Gaussian rough
surface containing asymmetry in summit height for high
value of plasticity index have not been reported earlier. In
this work an attempt is made to fill this gap. The isotropic
random Gaussian rough surface is generated using 2D filter
technique, proposed by Hu and Tonder [5]. Summit
(asperity) parameters are calculated and compared using
both spectral moment and summit identification methods. To
demonstrate the significance of asymmetry in summit height,
a rough surface contact simulation is made for polysilicon
surfaces. Normalized Weibull distribution is used to account

the asymmetry in summit height. Contact parameters (real
contact area, total normal load) are calculated for Weibull
distribution of asperity heights and compared with those
obtained by assuming Gaussian distribution of summit
height.

METHODOLOGY

Numerical Generation of Rough Surface

The isotropic Gaussian rough surface is generated by
using the method proposed by Hu and Tonder [5]. Overall
procedure for generation of isotropic Gaussian rough surface
can be summarized as follows:

1. Generate random input sequence of order N×M, h
(I, J) which follows the propert ies of Gaussian
distribution i.e. mean (m = 0), standard deviation (S

q

=1 µm).

where I = 0, 1, 2, 3, 4���N; J =0, 1, 2, 3, 4���M

and N and M are total number of sampling points.

2. Specify the negative exponential form of autocorrelation
function R_exp (k, l) [3].

where k = 0, 1, 2, 3, 4����., N/2; l =0, 1, 2, 3, 4���,

M/2; b
x
 and b

y
 are the correlation lengths in x and y

direction respectively.

3. Obtain the power spectral density S
exp

 (
x
, 

y
) of

negative autocorrelation function by taking the inverse
fast Fourier transform.

4. Obtain power spectral density   by taking the fast Fourier
transform (FFT) of a random input sequence h (I, J).
Computational expression (in MATLAB 2014) for

mailto:*mayankt@iitp.ac.in
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obtaining the power spectral density can be expressed
as follows:

             MN / )))  yx,ç   fft2  conj.yx,(ç (fft2  (fftshift    absyù,xùçS 

where, S

 is spectral density of input sequence which

will be a constant value (C) for a random sequence of a
white noise type.

5. The filter function H (
x
, 

y
) in frequency domain is

generated by the formula.

6. The fi lter function in spatial domain is by taking the
inverse fast Fourier transform of H (ù

x
, ù

y
).

7. The filter function h (k, l) and modified input sequence
(I, J), numerical rough surface can be generated by
taking the convolution of (I, J) and h (k, l).

Fig.1 Surface map of numerically simulated random
isotropic Gaussian rough surface. The rough surface
consists of 200 x 200 sampling point with 1ìm sampling

interval in both x and y directions. The correlation lengths
in both x and y directions are taken same (b

x 
= b

y
 = 10mm)

for getting the isotropic surface.

Fig. 1. Surface map of numerically simulatedisotropic
Gaussian rough surfaces

CALCULATION OF SURFACE TOPOGRAP HY
PARAMETERS

Summit Identification Me thod (SID): Surface
topography parameters such as mean summit radius of
curvature; summit density are two most important quantities
extensively used for statistical contact modeling of rough
surfaces [3]. In this work, surface topography parameters are
calculated using summit identification (SID) method. Summit
identification method is based on identifying the summits
(asperities) with in nominal (sample) area (A

n
). In this method,

a summit is considered as local maxima with height greater
than its eight nearest-neighbor point. Identifying all the

summits (N
sum

) in a nominal area, summit density (h = N
sum

/
A

n
) can be obtained by dividing total number of summit to

nominal area (sample area). To obtain summit radius of
curvature (R), summit curvature for each i th summit is
calculated in two orthogonal directions

 using central finite

difference formula and then, summit radius of curvature (R
i
)

of each summit �i� can be obtained by taking the inverse mean

of k
x1

 and k
y,1

[3]. Mean summit radius of curvature is
calculated by taking the arithmetic mean of all individual
summit radii.

Spectral Moment Method: Calculation of spectral
moments from power spectrum is difficult because correct
estimation of lower and higher cut�off frequency is also

difficult due to its dependency on sampling length and
resolution of instruments. For digitized data of rough surface,
center finite difference formula is another way to calculate
spectral moments approximately [3]. Advantage of this
method is due to its dependency on only two parameters
namely (i) three adjacent value of surface heights (ii)
sampling interval. In this work even order (m

0
, m

2
, m

4
)

spectral moments are calculated using center finite difference
formula [3]. Spectral moments (m

0
, m

2
, m

4
) are calculated over

200 cross sections in both the direction i.e. in x and y
direction and average value of spectral moment is used in
this work. For isotropic Gaussian rough surfaces, only three
surface moments (m0, m2 and m4) are required to determine
the surface topography parameters [3].

Equations for determining equivalent bandwidth
parameter (a), mean summit curvature (k

m
) or summit radius

of curvature (R=1/k
m
), skewness (s

sk
) of summit height [6]

and standard deviation (s
s
) of summit height can be written

as follows [3,6]:

Table 1 shows the comparison of surface topography
parameters determined using both summit identification (SID)
and spectral moment methods. The bandwidth parameters
(a) is calculated by using expression, developed in Ref. [1].
It can be seen from Table 1 that there is asymmetry in summit
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height (s
sk

 = 0.164), and it is necessary to include this
asymmetry in contact modeling of Gaussian rough surfaces.

Table 1 Comparison of summit parameters calculated
from spectral moment and SID methods

Parameters  SID method Spectral moment
method

h (1/mm2) 5.61×10-2 5.13×10-2

s
s
 (mm) 7.57×10-1 7.87×10-1

R (mm) 7.27×10-1 6.09×10-1

s 3.635×10-2 3.1×10-2

s
sk

1.64×10-1 1.20×10-1

b
ku

3.14 3.005

a N/A 2.3909

Y 8 8

RESULTS AND DISCUSSION

To demonstrates the effect of asymmetry in summit
(asperity) height, a contact rough surface simulation is
performed by considering the properties (young modulus,
poison ratio, hardness) of polysilicon surfaces [6]. The
elastic-plastic rough surface contact model developed by
Zhao et al. [2] is adopted for contact modeling. The equations
for determining the real contact area and total normal load
developed in Ref. [2] can be re-written as follows:

where, A*
t
 = A

t
/A

nom
 is the dimensionless total real

contact area, W*
t
 = W

t
/(EA

nom
) is the dimensionless total

normal load carried by asperity, b is the constant which is
product of summit density, summit radius of curvature and
standard deviation of surface height, p*(z*) the normalized
distribution of summit heights, H is the hardness of material,
h* is the normalized separation between mean of rough
surface and rigid smooth plane, w * is the normalized
deformation of summit height, E is the equivalent Young

modulus, A
nom 

is the nominal area of the surface, which is
200×200 mm2 in this work. It should be noted that, all
parameters are normalized with standard deviation of summit
height (s

s
).

DISTRIBUTION OF SUMMIT HEIGHT

(i) Weibull distribution:

The expression for normalized Weibull distribution [6]
used in this work for accounting the asymmetry in summit
height, can be written as:

where, B
n
 is the Gamma function can be written as:

The skewness (s
sk

) of summit height is used to
determine the b

w
.

(i) Gaussian distribution

For comparison purpose, the contact parameters are
calculated assuming Gaussian distribution of summit height.
The expression for normalized Gaussian distribution can be
written as:

Fig. 2 shows the non-dimensional load variation with
normalized surface separation (h*). It can be seen that, load
carried by asperity increases with decrease in surface
separation. As the surface separation decreases, more
number of asperity coming into contact which required
higher load to deform the asperities. The difference in
prediction of total normal load assuming Gaussian and
Weibull distribution of asperity height can be also seen from
Fig. 2. For a particular value of surface separation, total
normal load required for deformation of asperities is higher
for Weibull case.

Fig. 3 shows variation of total real contact area (A*)
with normalized surface separation (h*). From Fig.3 it can be
seen that, real contact area decreases with increase in surface
separation. For a particular value of surface separation,
predicted total real contact area is higher for Weibull
distribution.
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Fig. 2. Variation of non-dimensional load (P*) with

surface separation (h*)

Fig. 3. variation of non-dimensional real contact area (A*)
with surface separation (h*)

OBSERVATIONS

In this work, new results are presented considering SID
with Weibull distribution of asperity heights for high value
of plasticity (Y  = 8) index which was not discussed in Ref.
[4]. It can be seen from Fig. 2 that; total normal contact load

is higher for a particular value of surface separation (h*)
considering asymmetry (Weibull distribution) in asperity
heights. Fig. 3 presents variation of non-dimensional real
contact area   with normalized surface separation (h*) for high
value of plasticity index Y =8, considering both Gaussian and
Weibull distribution of asperity heights. Large real contact
area obtained for Weibull distribution of asperity heights
resulting in lower the contact stress between asperities and
rigid flat. From this work, it is clear that asymmetry in asperity
heights should be considered even for random isotropic
Gaussian surface for obtaining the better results as obtained
with assuming Gaussian distribution of asperity height.
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ABSTRACT

The influence of surface texture geometry on the steady
state characteristics of hydrodynamic step-slider bearing has
been investigated. A single dimple located on the stationary
surface of the finite step-slider bearing has been considered.
Three cases of dimple locationnamely the lower step, higher
step and on both steps have been studied. Both negative
(recessed) and positive (protruding) dimples have been
considered. The dimple geometries modeled are rectangle,
Triangle and Trapezoid. The parameters considered are
dimple depth to film thickness ratio, distance of the dimple
from the nearest edge along its length to the length of the
dimple, distance of the dimple from the nearest edge along
its width to the width of the dimple and density ratio (area
of dimples to the total pad area). The governing Navier-
Stokes equations considering incompressible fluid for an
isothermal case have been solved by the finite volume
method using ANSYS FLUENT. The load carrying capacity,
friction force and coefficient of friction have been calculated
and normalized with smooth case.  It has been observed that
a negative dimple on the lower step results in a reduction in
the coefficient of friction whereas a positive dimple on the
higher step gives significant reduction in coefficient of
friction of the bearing. The magnitude of reduction in
coefficient of friction is not uniform and varies with the
texture geometry, texture density and film thickness ratio.

INTRODUCTION

Surfaces with textures also called as dimples on a
stationary surface of a bearing have shown to generate
pressure and carry load. These textures have shown to reduce
coefficient of friction. Textures can be created using lasers,
chemical etching and machining [1]. The encouraging results
led to further studies by creating textures on surfaces of face
seals to minimize leakage and friction, in piston rings of
internal combustion engines to reduce friction and thrust
bearings to increase load carrying capacity and step slider
bearing�s [1-4].  Experimental and CFD studies on
performance of thrust bearings with textures have been
reported [5,6]. In a CFD study the influence of surface
texture geometries on the stationary surfaces of a step slider

hydrodynamic bearing was performed to determine the
steady state characteristics of the bearing. The open pocket
texture on the bearing surface was found to give higher load
carrying capacity[6].

In this study the influence of surface texture on the
performance of step slider bearing has been done by solving
the Navier-stokes equations using computational fluid
dynamics method (CFD). The CFD based modeling approach
provides us with a detailed information on the bearing
texture region which would not have been obtained by the
solution of Reynolds Equation. The steady state properties
of the step-slider bearing have been evaluated. Different
texture geometries have been created on the stationary
bearing surface to evaluate their influence on the reduction
of coefficient of friction.

METHODOLOGY

Governing Equations:

Considering the flow to be laminar and assuming
isothermal conditions, the mass conservation and momentum
equations can be written as [6].

(1)

(2)

where V is the velocity vector, P the static pressure, r
the fluid density and m the viscosity. The above equations
(1) and (2) are solved using the finite volume method with
the second order scheme as adopted by commercial package
ANSYS-FLUENT as described in [6].

Geometries, Boundary Conditions and Parameters Studied:

A typical Step slider bearing considered in this study
is as shown in Fig. 1. The smooth bearing geometry data
for step slider bearing used is from earlier reported work
[7, 8].

The surface texture consists of a single dimple of
rectangular, triangular, trapezoidal geometries on either the
lower step or the top step and both the steps. Both positive
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and negative dimples are considered in this study. Positive
dimples are protrusions on the surface whereas the negative
dimples are recesses. A typical step slider bearing with
negative dimple is shown in Fig. 2 and with positive dimple
in Fig. 3. The geometries considered in this study are
rectangular, triangular and trapezoidal are shown in Fig. 5.

Simulations have been done for different dimpledepths
and the maximum depth considered is limited to less than
twice the minimum film thickness. The texture density,
defined as the area of the texture to the pad area, is varied
between 4.75% and 11%. The texture density is varied by
changing two parameters (zeta and beta). Zeta is the length
ratio and beta is the width ratio. The length ratio is defined
as the ratio of   distance of the dimple from the edge of the
bearing in length direction to the length of the dimple. The
width ratio is defined as ratio of the distance of dimple from
the edge of the bearing in width direction to the width of
the bearing. A zeta and beta of 1 gives a density ratio of
11.11%. Similarly a zeta of 1 and beta of 2 results in a density
ratio of 9.5% and a zeta of 1 and beta of 3 results in density
ratio of 4.75%.

The bearing geometry has been meshed completely
using Multi  Zone hex mesh. The geometry can be
subdivided for meshing into two parts, the step-slider
bearing and the dimple. The edge meshing option has been
used to mesh the step slider bearing and the dimple. The
edges along the width have been divided into 200-250
number of divisions. The edges along the length have been
divided independently till the step, thus the number of
divisions for each step along the length is around 100-125.
The thickness of the fluid at inlet is also meshed using the
edge option with 10-15 number of divisions. This results in
about 250 divisions along the length and breadth and 10-15
layers across the height. With these settings there are
approximately 4,00,000-5,00,000 elements. A meshed step
slider being is shown in Fig. 4. The bearing with dimple is
meshed in a similar manner. Depending upon the geometry
and the area density of the dimple, the number of divisions
along its length, width and height are decided. About 50-75
number of divisions along the length and width and 4-6
number of divisions for the thickness of the dimple. The
complete meshed model contains about 5,00,000-8,00,000
elements present in it.

A mesh independency study to find out the optimum
number of elements required has been performed. This is
done by plotting a graph between the load carrying capacity
(W) versus the number of elements (N). In this study further
refinement of mesh is limited when a change of less than
1% is seen in the load carrying capacity with the change in
number of elements. For a smooth bearing it is observed to
be about 4,50,000 elements and for bearing with dimple on
the surface the number of elements are around 5,50,000.

The lubricant is assumed as incompressible and
isothermal conditions have been considered. The lubricant

pressure has been assumed to be higher than vapor pressure
of the lubricant hence cavi tation has not been
considered.The pressures at the inlet and outlet boundaries
of the bearing are set to atmospheric pressure.Half-
Sommerfield type of boundary conditions for calculation of
load capacity has been used and the negative pressures are
made equal to zero [6]. At walls, no slip conditions are
assumed. The pressure staggering option (PRESTO in
FLUENT) is used for pressure calculation. The pressure
distribution obtained by solving the governing equations
is integrated to calculate the load carrying capacity. The
friction force and coefficient force are also calculated.

Simulations have been done for different geometries
and varying dimple depths. Results are plotted as load
carrying capacity ratio (ratio of load carrying capacity of
bearing with a dimple to the smooth case) with change in
film thickness ratio (ratio of the dimple depth to the minimum
film thickness). The corresponding friction force ratio and
the coefficient of friction ratios are plotted with the variation
in film thickness ratio.

Fig 1: Geometry of the Step slider bearing

Fig 2: Geometry of step slider bearing with negative dimples

Fig 3: Geometry of step slider bearing with positive dimples
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Fig. 4: Meshed Step Slider bearing

Table 1: Dimensions of step slider bearing [8]

Length of bearing 50 mm

Width of bering 50 mm

Initial Step length 25 mm

Inlet film thickness 0.02-0.04 mm

Outlet film thickness 0.02 mm

Runner velocity 5 m/s

Viscosity 0.02 kg/m-s

Density of lubricant 900 kg/m3

VALIDATION OF THE CFD MODEL

The validation of thesmooth case of Rayleigh step
bearing model was done for two sliding velocities of 10m/s
and 30m/s[7]. A typical mid plane pressure distribution
obtained is shown in Fig 6. The maximum pressure compares
within 1% of the reported results.

Using the data from Table 1full 3D CFD analysis has
been performed. The load carrying capacity is plotted with
variation in h1/h2 and b1/b2 as shown in Fig 7. This is done
by a trial-error procedure to obtain the optimum height by
fixing the minimum film thickness at outlet and varying the
thickness at inlet. After fixing the height, the width ratio is
varied to obtain the optimum bearing geometry based on
maximum load carrying capacity.The optimum ratios thus
obtained are h1/h2 =1.68 and b1/b2=1.26 as shown in Fig. 7.
These two results are within 1.1% and 5% respectively of
the reported results[8].

RESULTS AND DISCUSSION

The dimple geometries have been created on the
bearing geometry with optimum width ratio.A single dimple
either negative or positive texture has been considered on
the lower step, top step and both steps.

A typical 3-D pressure distribution and the pressure
contour for a step slider bearing with rectangular dimple at
the lower step is shown in Fig 8. The pressure distribution
and contours for other geometries considered was similar in
nature. However the magnitude of the maximum pressure
varies.

The steady state characteristics of step-slider bearing
with a rectangle dimple with varying density ratios are
shown in Fig. 9. The load carrying capacity increases up to
a film thickness ratio of 0.4, correspondingly the friction force
ratio decreases and consequently the coefficient of friction
decreases by about 1.1% compared to the smooth case.

Fig 6: Mid Plane pressure distribution of smooth step

slider bearing at 10 m/s and 30 m/s
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Fig. 5: Step slider bearing with dimples - The dimple orientations considered in the study for negative and positve dimples
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Fig 8:  Pressure contour, 3-D pressure distribution of step
slider with a rectangular dimple on lower step

In case of the trapezoidal dimple with the smaller base
facing outlet and an area density of 11% on lower step
demonstrated a reduction of coefficient of friction of about
1.76% and an increase in load carrying capacity by 1.53% at
film thickness ratio of 0.4. In the triangular dimple with its
base facing outlet on lower step with a film thickness ratio
of 0.4 and at the area density of 11.11%, a reduction in

coefficient of friction by 1.70% was observed. For the
trapezoidal dimple with smaller base facing inlet on lower
step and at the same film thickness ratio and area density,
the coefficient of friction dropped by 1.52% and the load
carrying capacity increased by 1.28%.  Slight increase in load
carrying capacity and drop in coefficient of friction was noted
for triangular dimple with its base facing inlet on lower step
at same film thickness ratio and area density.

Of all the geometries considered, rectangular dimple on
lower step demonstrated a greater reduction in coefficient
of friction of about 1.7% with significant increase in the load
carrying capacity of 1.55% at the film thickness ratio of 0.4
and area density of 11.11%.

The reduction in the Coefficient of friction is primarily
due to the increase in the load carrying capacity and also
due to reduction in the friction force compared to the smooth
case. The dimples with higher density ratio show a greater
influence on reduction in coefficient of friction[9].

The decrease in load carrying capacity ratio after film
thickness ratio of 0.4 can be explained by studying the
velocity vectors in the negative dimple located on lower
step. It is observed that a strong flow recirculation occurs
at film thickness ratio greater than 0.4 (Fig. 10).This
contributes to reduction in the pressure generated and hence
the load carrying capacity. This observation is in line with
earlier reported studies[10,11].

In case of negative dimples at top step and both steps
of the step slider the load carrying capacity decreases and
the friction force increases. As a result the coefficient of
friction increases.This behavior could be due to a flow
reversal observed on the bottom step which causes a drop
in pressure, thus decreasing the load carrying capacity. The
flow recirculation observed in Fig 10 is also observed for
bearing with surface textures on both the steps.

Fig 7: (a) Load capacity vs Height ratio, (b) Load

capacity vs Width ratio for Smooth Bearing
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Fig 9: Non dimensional parameter versus film thickness
ratio � negative rectangle dimple on bottom step

Fig 10: Velocity vectors - negative rectangular dimple on
the bottom step.

In case of step slider bearing with positive dimple on
top step significant improvement in load carrying capacity
has been found. A typical 3-D pressure distribution with
contours for positive triangle dimple with base facing outlet
located on the top step is shown in Fig 11. There is a
significant increase in the load carrying capacity due to
increase in the peak pressure. However at the exit region
negative pressures were observed. These have been equated
to zero while calculating the load carrying capacityas
explained in literature [6]. Negative pressures are however
not observed for positive dimples on lower step and also
when the dimples are located on bothbottom and top steps.

In case of a triangular dimple with base facing the outlet,
the reduction in coefficient of friction is about 23% at a film
thickness ratio of 0.75 and area density of 11.11%. At a film
thickness ratio of 0.625 and area density of 4.75, the
rectangular dimple on top step demonstrates a reduction of
coefficient of friction of 17.85%. At a film thickness ratio of
0.75 and area density of 11.11%, the trapezoidal dimple with
smaller base facing inlet on top step reduces the coefficient
of friction by 15.71%. At same film thickness ratio, area
density and location, trapezoidal dimple with smaller base
facing outlet reduces the coefficient of friction by 11.67%.
The triangular dimple with base facing inlet on top step at a
film thickness ratio of 0.75 and area density of 4.75% reduces
the coefficient of friction by 6.75%.

The increase in load carrying capacity in positive
dimples on top surface could be due to their location being
close to the maximum pressure region as has been reported
in earlier studies [10]. We also observethe magnitude of
increase in load carrying capacity and friction force varies
with film thickness height. This causes the coefficient of
friction to have a maximum and a minimum point as shown
in Fig 12(c).At higher film thickness ratio there is flow
reversaland increase in shear stress.
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Fig 11: Pressure distribution of Positive Triangular
Dimple on Top surface (a) pressure contours (b) 3-D

pressure curve

Fig 12: Non dimensional parameters vs film thickness
ratio � Positive triangular dimple with base facing outlet

on top step

CONCLUSION

Presence of dimples on the surface of the step slider
bearing has influence on the steady state characteristics of
the bearing. The change in coefficient of (increase or
decrease) depends on the geometry type, the density of the
dimple, dimple geometry orientation and the film thickness
ratio. A reduction in coefficient of friction is observed when
using a negative dimple on the lower step and a positive
dimple on the top step of the step slider bearing. Negative
rectangular dimple on bottom step and positive triangle
dimple with base facing outlet on top steps exhibit the
highest reduction in coefficient of friction.
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ABSTRACT

Biodiesel, defined as the mono-alkyl esters of vegetable
oils or animal fats, is an �alternative� diesel fuel that is

becoming accepted in a steadily growing number of
countries around the world. Since the source of biodiesel
varies with the location, it is important to possess data on
how the various fatty acid profiles of the different sources
can influence biodiesel fuel properties. The properties of the
various individual fatty esters that comprise biodiesel
determine the overall fuel properties of the biodiesel fuel. In
turn, the properties of the various fatty esters are determined
by the structural features of the fatty acid and the alcohol
moieties that comprise a fatty ester. Structural features that
influence the physical and fuel properties of a fatty ester
molecule are chain length, degree of un-saturation, and
branching of the chain [10].

The aim of this work is to study the use of Biodiesel
derived from various oil seeds of different fatty acid
composition. The Palm Oil, Soybean Oil and Dillo Oil
(Calophyllum Inophyllum) taken for this study. The biodiesel
synthesized from these oils by transesterification reaction
are mixed in different doses with mineral Diesel oil of BS IV
and studied for physico-chemical properties as well as their
lubricity properties in High Frequency Reciprocating Rig
(HFRR) as per international standard test Method. The
availability of these edible & non-edible seeds alone is not
enough to fulfil the biodiesel demand of the country. From
this study, the mixture of biodiesels from various oil seeds
is a suitable option to meet the biodiesel demand of Country.

INTRODUCTION

Biodiesel is a renewable biofuel that is a viable
alternative to fossil diesel. Its use has several environmental
benefits related to the decrease of CO

2 
emissions as well as

several other air pollutants such as particulate matter, carbon
monoxide, sulphur and polycyclic aromatic hydrocarbons.
Biodiesel is mainly produced by a trans-esterification
reaction where the oils or fats react with a short chain
alcoho l, u sual ly methanol , in the presence of  a
homogeneous basic catalyst.

With the adoption of hydrodesulfurization (DHDS)
process in oil refineries for reduction of total sulphur content
in diesel fuel as per auto fuel policy, the diesel fuel loses its
inherent lubricity, however certain amount of lubricity of
diesel fuel is needed to save .

Several engine components from wear and failure.
Though the loss of lubricity of the diesel fuel is observed
with the removal of sulfur, it is mainly due to the loss of
nitrogen and oxygen based polar trace compounds which
are also removed in the DHDS process. All diesel fuel
injection equipment has some reliance on diesel fuel as a
lubricant. The lubricating properties of diesel fuel are
important, especially for rotary and distributor type fuel
injection pumps. Low lubricity fuel may cause high wear and
scarring and high lubricity fuel may provide reduced wear
and longer component life. Therefore, the lubricity of diesel
fuel can vary dramatically. It is dependent on a wide variety
of factors, which include the crude oil source from which
the fuel was produced, the refining processes used to
produce the fuel, how the fuel has been handled throughout
the distribution chain, and the inclusion of lubricity
enhancing additives whether alone or in a package with
other performance enhancing additives.

The addition of biodiesel, even in very small quantities,
has been shown to provide increases in fuel lubricity using
a variety of bench scale test methods. The High Frequency
Reciprocating Rig (HFRR) is commonly used for both the
neat fuels and with fuels containing biodiesel.

In this study, biodiesel blends tested by high-frequency
reciprocating rig (HFRR) for wear scar dia in mm. This study
found that the biodiesel blends up to 20% with the diesel
fuel (BS-IV) can effectively reduces both the wear of the
tribo-contact surfaces as well as the friction coefficient in
HFRR. These test  results also showed a significant
improvement in lubricity when adding mixture of three
biodiesels (Palm oil, Soybean oil and Dillo oil) in the ratios
of 5%,10% and 20% in BS-IV Diesel Fuel in comparison to
individual FAME of particular oil.

mailto:senapatis@indianoil.in


Indian Journal of Tribology24

MATERIALS

Fatty acid methyl ester of Palm, Soya and Dilo oils were
prepared by base-catalyzed transesterification with methanol
in the presence of NaOH as catalyst with constant stirring
at 60C for 1hr duration. These Biodiesels (FAME) were
designated here as SOME (Soybean oil methyl ester), POME
(Palm oil methyl ester) and DOME (Dillo oil methyl ester)
and tested for various physico-chemical properties as per
standard test methods.

Table-2: Fatty acid composition of vegetable oils

Fatty acids Acronym Soybean oil Palm oil Dillo Oil

Palmitic 16:0 11.0 43.5 15.3

Stearic 18:0 4.0 5.5 15.3

Oleic 18:1 23.0 40.5 35.7

linoleic 18:2 53.0 9.5 32.0

linolenic 18:3 9.0 1.0 1.7

Table-1: Typical test results of raw vegetable oils

S.No. Properties Soybean Palm Dillo
Oil Oil Oil

1. Appearance Clear Clear Dark
yellow yellow green
liquid liquid liquid

2. Density @15°C, g/cc 0.910 0.913 0.916

3. Kin.Viscosity 35.60 40.45 33.2
@40C,cSt

4. Kin.Viscosity 8.27 9.41 7.76
@100C,cSt

5. Viscosity Index (VI) 219 225 216

6. Toatal Acid No.(TAN), 0.40 0.10 10.3
mgKOH/g

7. Saponification Value, 189 197 190
mg KOH/g

8. Pour Point,C -9 +9 +6

9. Flash Point 240 248 223

10. Iodine value 127 52.4 84

Table-3: Typical test results of B100 (Biodiesel)

Properties IS:15607-  SOME  POME DOME
2016

Appearance & color C&B C&B C&B C&B

Density@15°C,g/cc 0.860-
0.900 0.870 0.875 0.880

Kin. Viscosity @ 3.5 � 5.0 4.752 4.649 4.795
40°C,c St

Acid Value. 0.50 0.15 0.22 0.28
mgKOH/g, Max.

Water content, 500 110 105 120
mg/kg, Max.

Ester content,% 96.5 97.5 97.8 96.8
by mass, Min.

Free Glycerol, % 0.02 0.012 0.014 0.018
by mass, Max.

Total Glycerol, 0.25 0.03 0.05 0.10
% by mass, Max.

Pour Point, C To report -6 6 -6

Flash Point, °C Min. 101 164 172 174

Table-4: Test results of Biodiesel blends

Properties                         Biodiesel blends

Blend No. 1 5 6 7 8 9 10

Density 826.7 828.7 829.0 829.3 829.0 829.7 830.0
15°C

KV@40°C, 2.852 3.461 3.688 3.798 3.279 3.422 3.707

Flash pt,°C 45.5 47.0 48.0 48.5 47.5 48.5 50.5

Sulphur, 41 39 38 40 38 39 34
ppm

EXPERIMENTAL

Lubricity test of esters and various blends were tested
by High-Frequency Reciprocating Rig (HFRR) as per ISO
12156 at IOC, R&D. The BS-IV HSD of Panipat Refinery is
taken for the experiments in this study. HFRR Test carried
out for SOME, POME & DOME in the doses of 5% in BS-IV
Diesel Fuel individually ( designated as  blend No.6,7 & 8)
and Blend of above three FAME mixtures prepared in equal
ratios and from this, the doses of 5%, 10% and 20% of mixture
FAMEs ( designated as blend No. 8, 9&10) blended with BS-
IV Diesel Fuel.

The HFRR test is a computer-controlled reciprocating
friction and wears test system. The HFRR test consists of a
ball that is placed on a flat surface. Sample is put into

Fig-1: HFRR testing instrument

mailto:Density@15�C
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experimental place at 60C temperature. Steel ball is placed
on a holder which is vertically tightly and then it is pressed
on flat surface which is fixed horizontally with applying
load. While contact surface is completely submerged into
the fluid. The ball is then vibrated rapidly back and forth
using a 1-mm stroke while a 200-g mass is applied for 75
minutes. HFRR testing was performed at Tribology
department of IOC, R&D.

Kinematic Viscosity:

Viscosity is directly related to the atomization, lubricity,
impinging distance, and burning efficiency of a liquid fuel.
Biodiesel generally has a higher viscosity than petro-diesel,
and thus has inferior atomization and spray, resulting in a
larger mean liquid droplet diameter and a longer ignition
delay. Figure 2 shows that the kinematic viscosity of the
biodiesel samples at 40°C is determined and the blends of

biodiesels in different ratios are within the limit of standard
specification D6751. The KV@40°C of individual FAMEs are

also within the specification limit of IS 15607-2016 standard.

It is observed, that the greater FAME conversion
corresponds to a lower viscosity. However the viscosity of
each methyl esters is higher than petrodiesel and their blends
with petrodiesel increases to little extent, but remains within
limit of IS: 16531-2016 specification

Ester Content:

Ester content is a measure of transesterification
reaction completion. A higher conversion of triglycerides
into methyl esters leads to a better engine performance. Ester
content of biodiesel can vary greatly depending on the
different technologies used and the raw materials available.
Indian biodiesel standard, IS 15607-2016, sets a limit for the
ester content of at least 96.5% while the American standard
for biodiesel, ASTM D 6751does not specify a minimum for
the ester content [8]. The ester content determined for the
biodiesel obtained by alkali methanolysis of Soybean Oil,
Palm Oil and Dillo  Oil  was determined by gas
chromatography. The resulted data were processed, yielding
a value of more than 96.5% ester content, indicating an
almost complete conversion of triglycerides into methyl
esters. Also free and total glycerin contents are within the
specification limit values. Interference of free fatty acids and
un-reacted glycerides contributes to better lubricity over
neat esters due to their polarity-imparting oxygen atom, but
have negative effect on engine performance. That�s why, the

estimation of free fatty acid and free glyceride contents
essential before lubricity test by HFRR.

Flash Point:

The flash point determines the flammability of the
material. In general, the flash point value specified by the
quality standards is relatively high, for safety reasons

regarding storage and transport and also to ensure that the
alcohol is removed from the finished product. Low flash
points may indicate alcohol residue in biodiesel. Studies in
literature have shown that a methanol content of only 1%
biodiesel can reduce the flash point of 170°C to less than

40°C. Thus, by introducing a quality specification of

minimum flash po int of  101°C, the Indian standard

15607:2016 implicitly limits the amount of alcohol at a very
low value (<0.05%). Indian biodiesel standard, IS 15607:2016,
sets a minimum limit for the flash point of 101°C while the

American standard for biodiesel, ASTM D 6751, sets a
minimum limit for the flash point of 130°C.  Alcohol can also

affect fuel pumps, seals, elastomers, and can result in poor
combustion properties. The flash point for the biodiesel
obtained by alkali methanolysis of Soybean, Palm and Dillo
oils were more than 160°C which corresponds to quality

requirements imposed by the quality standard ASTM D 6751.
Due to the higher flash point of methyl esters, the resultant
flash point of the biodiesel blends gradually increases with
increase of FAME content.

RESULTS & DISCUSSIONS

The lubricity is defined by the ability to reduce friction
and wear on surfaces under load and relative motion.
Generally, smaller wear scar signifies greater lubricity that
ensures the effectiveness of interfacial lubricant fuel film on
the separating action of these surfaces. This thin film is
formed by adsorption of polar molecules of fuel on metal
surfaces. Lubricity increases somewhat with chain length.
However, the lubricity-enhancing effects of double bonds
are greater than that of extended chain length. The wear scar
value of neat methyl linolenate and methyl linoleate is low
incomparison to methyl oleate and methyl stearate. The
methyl palmitate shows higher wear scar value in HFRR in
comparison to above mentioned esters [11].

From the HFRR wear scar value of neat esters, the
SOME shows low value in comparison to Dillo and Palm Oil

Fig-2: Wear scar, mm by HFRR
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and hence better lubricity. DOME shows lower wear scar
over POME due to presence of more methyl linoleate
content. it shows that the mixture of the biodiesels derived
from these three oils in equal ratios shows better lubricity
value in HFRR data in comparison to the individual esters.
The mixture of the different fatty acids of different oils
contributes towards lower wear scar value as per HFRR test
results.

CONCLUSIONS

In this study, the test results obtained with the high-
frequency reciprocating rig (HFRR) lubricity tester give clear
data concerning such factors as the influence of different
fatty acid composition of vegetable oils on lubricity. The
effects of blending compounds found in biodiesel on
petrodiesel lubricity observed in the test results of mixture
of fatty ester blend. This concluded that fatty compounds
possess better lubricity than hydrocarbons, because of their
polarity-imparting O atoms. Also, Lubricity improves
somewhat with the chain length and the presence of double
bonds.
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