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Abstract 
 
Bio-degradable lubricants are an attractive alternative for the mineral based and synthetic based lubricants. Bio-degradable lubricants 

are environmental-friendly and non-toxic. The present study deals with the tribological investigation of bio-degradable nano lubricants 
for worm gear applications. Nano additives like CuO and TiO2 were used. Bio-degradable oils like palm oil and sunflower oil were used 
as base oils. The nano lubricants were prepared by adding two nano additives and two bio-degradable oils each of 0.1 % and 0.2 % 
weight composition. Friction and wear characteristics were tested on pin-on-disc tribometer under varying load conditions. Extreme pres-
sure tests for nano lubricants were carried out using four ball tester. The wear surface obtained was analyzed using scanning electron 
microscopy (SEM) and energy dispersive spectroscopy. From the tests conducted, it was found that the addition of nano additives in bio-
degradable oils reduced the friction co-efficient and wear rate to a considerable extent.  
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1. Introduction 

Lubrication is one of the oldest and most useful technolo-
gies. A lubricant can be of solid, liquid or gas which when 
imposed between two layers, it acts as a layer of separation 
avoiding asperities of the surfaces getting into contact. Nu-
merous mechanical systems require different lubricants ac-
cording to their functions, so that the total energy consumed 
can be reduced by decreasing the friction and wear of contact-
ing surfaces. It has been suggested that the mechanism behind 
friction reduction is due to mending effect [1], rolling effect, 
protective film formation, third body material transfer, transfer 
films and formation of tribo-films [2]. Many researchers have 
tried to improve the lubrication characteristics of general lu-
bricants. The lubricant oils are generally made from three 
main categories such as mineral oil, synthetic oils and vegeta-
ble oil. The lubricant oils which are conventionally used in 
industries are mineral oils (petroleum based oils). Most of the 
lubricant which used in industries leads to environmental haz-
ards when it is dispersed due to its poor degradability. Bio-
degradable oils are used as alternative to petroleum based oils 
[3] because they are renewable, non-toxic, biodegradable and 
environmental friendly [4]. They also have important lubricant 
properties like high viscosity index, low volatility, good lu-
bricity and an excellent solvent for additives [5]. Bio-

degradable oils helps in improving the surface roughness [6]. 
Numerous researchers have reported that lubricants with 

nano particle additives were effective in decreasing wear and 
friction han conventional lubricant [7]. The results of several 
investigations reported that the metallic nano particles added 
to lubricants could improve the anti-wear properties under 
extreme pressure (EP) conditions. The metallic nano particles 
could act without any corrosive effect and also could be used 
at high temperatures [8]. It was found that addition of MoS2 
nano particles in polyalphaolefin base oil resulted in approxi-
mately 24 % reduction in coefficient of friction and increased 
load carrying capacity [9]. 

The experimental results shows that nano particles, espe-
cially copper oxide (CuO), when added to standard base oils 
exhibit good friction-reduction and anti-wear properties [10, 
11]. Nano lubricants with various concentrations (0.5, 1.0 and 
2.0 % wt) were investigated using a disk-on-disk friction and 
wear test. Results show that, the coefficient of friction is re-
duced by 14 % and 23 % for the CuO nano particle concentra-
tions of 1.0 and 2.0 % wt, respectively [12]. Addition of CuO 
nano particle to the chemically modified rapeseed oil showed 
good friction reducing property [13]. The lubrication mecha-
nism of CuO is due to the tribo-sintering effect [14].  

The mixing of TiO2 nano particles in engine oil signifi-
cantly reduces the friction and wear rate and hence improves 
the lubricating properties of engine oil [15]. The presence of 
nano additives in base oil helped to increase the performance 
characteristics of lubricants at elevated temperatures [16]. The 
viscosity of bio lubricant modified with additives was con-
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ducted using standard of ASTM D445. The tribological be-
havior was investigated using a four-ball tribometer. Results 
indicate that the viscosities of samples increased as the weight 
percentage of the nano additives increased for both 40 °C and 
100 °C [17].  

Most lubricants which are used nowadays are mineral oils 
which contain petroleum based product. The disposal of min-
eral based lubricant is the major problem. To overcome this, 
environment friendly and bio-degradable vegetable oils are 
used. The use of renewable source not only enables efficient 
carbon cycling but also reduces carbon emissions. The use of 
vegetable oils for lubricant applications is very significant in 
terms of protecting the environment [18]. 

Many nano particles were studied and tests have been con-
ducted to check its tribological properties and were found to 
be positive. Most of the research was focused on the tribologi-
cal characterization of nano additive lubricants for a generic 
purpose and not to a specific application. When developing 
lubricant for specific application such as worm gear, some 
other significant characteristics such as extreme pressure (EP) 
properties, rate of coefficient of friction, wear rate also need to 
be identified. The objective of this study is to evaluate the 
influence of TiO2 and CuO nano particle with bio-degradable 
oil as base oil with different weight percentage and also inves-
tigate its capability in reducing friction and wear for worm 
gears and compare with conventional gear oil (SAE 75). 

 
2. Experimental investigation 

2.1 Preparation of nano lubricants 

Bio-degradable oil based lubricants are used as an alterna-
tive for petroleum based lubricants. The addition of nano addi-
tives to bio oils showed better properties such as reduction of 
friction and wears and also improves the load bearing capacity 
of the oil. Bio-degradable oils like palm oil and sunflower oil 
has been chosen in this study. These two base oils were inac-
tive with the nano additives CuO and TiO2. The physical 
properties of the base oils are given in the Table 1. 

The nano additives when added to the oil starts to agglom-
erate and settle down at the bottom. Hence oleic acid, a surfac-
tant was added in the ratio 2:1 weight composition of the nano 
additive to prevent agglomeration. The nano additive lubricant 
can be prepared by mixing nano particles and oleic acid and 
made to stir manually for 5 minutes. The nano lubricants were 
dispersed using ultrasonicator. The process was carried on for 
four hours. Nano lubricants were prepared with 0.1 % and 
0.2 % of TiO2 and CuO weight fractions in sunflower (SO) 
and palm oil (PO). The nano lubricant samples prepared is 
shown in Table 2.  

 
2.2 Testing of anti-friction properties using pin-on-disk tri-

bometer 
The anti-friction properties of lubricants are tested using 

pin-on-disk tribometer (Fig. 1). The friction and wear experi-

ments were performed using pin-on-disk tribometer based on 
ASTM G99 standard. In this study, experiments were con-
ducted using nano lubricants prepared with different weight 
compositions of TiO2 and CuO with palm oil and sunflower 
oil. The pin-on-disk tribometer contains stationary pin and 
rotating disk. The material for pin was chosen as brass be-
cause of worm gear application. Table 3 presents the specifi-
cations of specimen used. The rotating disk was made up of 
cast iron. Different experiments were conducted by varying 
applied load and sliding distance using prepared 8 different 
samples. The loading conditions were chosen as 100 N and 
150 N, respectively. The sliding distance of 1500 m and 
3000 m were varied for each load. Test intervals of 8.2 min-
utes and 16.40 minutes were calculated using sliding velocity 
and sliding distance. Specimen was cleaned with acetone be-

Table 1. Physical properties of base oils [19]. 
 

Properties Sunflower oil Palm oil 

Kinematic viscosity at  
40 °C (mm2/s) 39.9 39.7 

Kinematic viscosity at 
100 °C (mm2/s) 8.6 8.2 

Viscosity index (VI) 206 188 

Density (g/cc) 910 900 

Flash point °C 252 - 

Pour point °C -12 - 

 
Table 2. Nano particles prepared. 
 

S. No Notation Compositions 

1 S1 0.1 % CuO + PO 

2 S2 0.2 % CuO + PO 

3 S3 0.1 % CuO + SO 

4 S4 0.2 % CuO +SO 

5 S5 0.1 % TiO2 + SO 

6 S6 0.2 % TiO2 + SO 

7 S7 0.1 % TiO2+PO 

8 S8 0.2 % TiO2+PO 

 

 
 
Fig. 1. Pin-on-disk tribometer. 
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fore testing. The specimen’s initial and final weights were 
measured before and after testing. With that decrease in 
weight, wear rate was calculated and using frictional force and 
applied load, co-efficient of friction was calculated. Wear 
occurrence on the specimen surface was checked using SEM 
and EDS was used to check the presence of particles on the 
surface of the specimen. 

 
2.3 Testing of EP properties using four ball tester 

The extreme pressure property of nano lubricants were 
tested using four ball tester (Fig. 2). Steel ball of 12.7 mm 
diameter was used. Test balls were placed inside a pot and the 
prepared nano lubricant was poured inside. Tests were con-
ducted according to ASTM D 2783 [20] standard for checking 
extreme pressure properties of lubricants. Initial seizure load 
(ISL) and weld load (WL) were measured. Load wear index 
(LWI) was calculated as per ASTM standard D 2783 using 
corrected load of nano lubricants. Tested balls were cleaned 
with acetone before analysing the wear scar diameter. Optical 
microscope was used to check the wear scar diameter of the 
tested balls.  

 
3. Results and discussions 

3.1 Anti-friction and anti-wear properties 

Anti-friction and anti-wear properties indicates that by the 
addition of CuO and 2TiO  to bio-degradable oils, signifi-
cantly reduced the friction and wear at the interface. The 
graphs are plotted for 150 N and 3000 m distance. From the 
Fig. 3 it is seen that the co-efficient of friction is reduced by 
51 % in sample S6, 48 % in S4 and S5 compared to the con-
ventional gear oil. All the other nano additive lubricants also 
showed significant reduction in the co-efficient of friction. 

The nano particles form a tribo-film at the interface and acts as 
a sacrificial layer. It fills the asperities and helps in reducing 
the wear of the specimen. The coefficient of friction is re-
duced because, the nano particles of present in between the 
surface act as a load bearing element and it reduces the friction 
between the surfaces. The sunflower oil forms a thick film of 
about 8-12 nm which helps in reducing the friction [21]. 

From the Figs. 4(a) and (b), it can be seen that the wear rate 
is decreased when nano additive is added to the bio- degrad-
able oil. The nano additive lubricants show better results than 
the conventional gear oil. Results show that the wear is 36 % 
less in sample S6 and 27 % less in sample S4 than the conven-
tional gear oil. S1 and S2 show poor results. But these oils 

Table 3. Specification of specimen. 
 

Pin  Brass, 8 mm diameter, 30 mm in length  
with grinded ends on both 

Disk  Cast iron disk, radial distance 80 mm 

 

 
 
Fig. 2. Four ball tester. 

 

 
 
Fig. 3. Coefficient of friction of nano lubricants for 150 N. 

 

 
(a) 

 

 
(b) 

 
Fig. 4. (a) Wear rate of CuO nano lubricants for 150 N; (b) wear rate of 
TiO2 nano lubricants for 150 N. 
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have low wear rate than the conventional gear oil. From litera-
tures it is seen that the presence of polar functional groups in 
triacyl glycerol maintain excellent lubricating properties by 
strong physical and chemical adsorption on the metal surface 
in contact.  

The polar group in the molecule forms an attachment with 
the non-polar end by forming a molecular layer thus separat-
ing the rubbing surfaces [22]. A stable lubricant film is formed 
by the presence of more polar functional groups in chemical 
derivatives which establishes a stronger interaction with the 
metal surface [23]. The sunflower oil has more polar func-
tional groups than palm oil so it reduces wear rate to a consid-
erable extent than the palm oil. 

 
3.2 Wear analysis 

The wear of the pin after testing is analysed using scanning 
electron microscopy (SEM) and energy dispersive spectros-
copy (EDS). Figs. 5-8 show the SEM and EDS analysis of 
nano lubricants. It is seen that the samples S6 and S4 has 
smoother surface. It shows that wear is less in those surfaces 
whereas samples S1 and S7 have poor surface, because the 
wear rate is high in those surfaces. The wear is less in CuO 
because mending effect takes place [1]. From the EDS analy-
sis the presence of nano particles can be seen on the wear sur-
face. Even in nano particle copper content is higher than tita-
nium because brass contains copper and zinc can also be 
found. In brass materials due to the presence of Sulphur etch-

 
(a) 

 

 
(b)  

 
Fig. 5. (a) SEM image of 0.1 % CuO with palm oil; (b) EDS analysis 
of 0.1 % CuO with palm oil. 

 

            
(a) 

 

 
(b)  

 
Fig. 6. (a) SEM image of 0.1 % TiO2 with palm oil; (b) EDS analysis 
of 0.1 % TiO2 with palm oil. 
               
 

 
(a) 

 

 
(b) 

 
Fig. 7. (a) SEM image of 0.2 % CuO with sunflower oil; (b) EDS 
analysis of 0.2 % CuO with sunflower oil. 
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ing happens during wear, but it can be seen that from the SEM 
images that etching did not occur. 

 
3.3 Extreme pressure (EP) test 

The tests were carried out using four ball tester as per the 
ASTM D 2783 standard. The wear scar diameters of various 
nano lubricants and conventional gear oil are show in Fig. 10. 
The wear scar diameter on the balls was measured using opti-
cal microscope. From Fig. 10 it is seen that, the wear scar 
diameter of S4 is lesser than other lubricants. Table 4 shows 
the extreme pressure test results of various nano lubricants. At 

last non-seizure load the lubricant properties starts degrading 
and completely fails at the weld load. Results show that weld 
load of CuO and nano additive with sunflower oil is 34 kg 
higher than the conventional gear oil and palm oil. The last 

Table 4. Extreme pressure test results. 
 

Lubricants Last non-seizure load 
(kg) 

Initial seizure load  
(kg) 

Weld load 
(kg) 

Load-wear index, LWI  
(kg) 

Gear oil 50 50 126 22.16 

0.1 % CuO+PO 50 63 126 26.90 

0.2 % CuO+PO 50 63 126 25.79 

0.1 % CuO+SO 50 63 160 36.22 

0.2 % CuO+SO 50 63 160 36.40 

0.1 % TiO2+PO 40 50 160 27.62 

0.2 % TiO2+PO 40 50 160 29.38 

0.1 % TiO2+ SO 40 50 160 29.28 

0.2 % TiO2+ SO 40 63 160 30.42 

 
 

 
(a) 

 

(b)  
 
Fig. 8. (a) SEM image of 0.2 % TiO2 with sunflower oil; (b) EDS 
analysis of 0.2 % TiO2 with sunflower oil. 

 

 
 
Fig. 9. Load wear index of various lubricants. 

 

 
 
Fig. 10. Wear scar diameter for normal loads at EP test. 
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non-seizure load of conventional gear oil is higher than the 
nano lubricants with additives, but S5 and S6 have higher 
weld load. The higher weld load indicates the sustained lubri-
cation film at the interface.   

The corrected load for nano lubricants was calculated using 
compensation wear scar diameters and then the load wear 
index (LWI) was calculated using corrected load (ASTM 
standard D 2783 – 03). The load wear index is high for S4 
(Fig. 9). It is 39 % higher than the conventional gear oil. CuO 
nano particles show high load wear index due to tribo-
sintering of nano particles at the surface.  

 
4. Conclusion 

The bio-degradable nano lubricants were prepared with 
0.1 % and 0.2 % weight concentration of TiO2 and CuO with 
sunflower and palm oil. Ultrasonicator was used for proper 
dispersion of base oil and nano additives using oleic acid as 
surfactant. Co-efficient of friction and wear rate were analysed 
on pin-on-disk tribotester. The wear surface obtained from 
pin-on-disk tribotester was analysed using SEM and EDS. 
Extreme pressure properties were tested on four ball tester. 
Based on the results of the present experimentation, following 
conclusions were drawn: 
·Friction and wear test on pin-on-disk tribotester showed 

that addition of nano additives in the base oil improved 
the anti-friction and anti-wear properties. The 0.2 % TiO2 
with sunflower oil composition has low co-efficient of 
friction which is 51 % less than conventional gear oil. 
The 0.2 % CuO with sunflower oil composition also 
showed 48 % reduction in co-efficient of friction. 
·These two nano lubricants showed lesser wear rate than 

the conventional gear oil. The mechanism of friction re-
duction was due to the formation of tribofilm through the 
deposition of TiO2 nano particles on the wear surface.  
·From the SEM analysis, it was seen that, the wear on the 

surface is less in 0.2 % TiO2 and 0.2 % CuO with sun-
flower oil and etching did not occur.  
·Extreme pressure properties were tested on four ball 

tester. It showed that nano lubricants have higher load 
carrying capacity and load wear index. 0.2 % CuO with 
sunflower has higher Load wear index (LWI) and less 
Wear scar diameter (WSD) compared to the conven-
tional gear oil. The improved tribological properties are 
due to tribosintering of CuO nano particles on the wear 
surface.  
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