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Abstract 

The purpose of this study is to determine the optimal design parameters, and indicate which of these design parameters are statistically 

significant for obtaining a low Coefficient of Friction (COF) with hexagonal boron nitride (hBN) and alumina (Al2O3) nanoparticles, 

dispersed in conventional diesel engine oil (SAE 15W40). Design of Experiment (DOE) was constructed using the Taguchi method, 

which consists of L9 orthogonal arrays. Tribological testing was conducted using a four-ball tester according to ASTM standard D4172 

procedures. From analysis of Signal-to-Noise (S/N) ratio and Analysis of Variance (ANOVA), COF and wear scar diameter reduced 

significantly by dispersing several concentrations of hBN nanoparticles in conventional diesel engine oil, compared to without 

nanoparticles and with Al2O3 nanoparticle additive. Contribution of 0.5 vol.% of hBN and 0.3 vol.% of oleic acid, as a surfactant, can be 

an optimal composition additive in conventional diesel engine oil, to obtain a lower COF. In addition, the predicted value of COF by 

utilizing the levels of the optimal design parameters (0.5 vol.% hBN, 0.3 vol.% surfactant), as made by the Taguchi optimization method, 

was consistent with the confirmation test (average value of COF = 0.07215), which fell within a 95% Confidence Interval (CI). 

© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 

Nanoparticles can be considered as modern lubricant additives. They present several major advantages over organic 

molecules that are currently used as lubricant additives. Their nanometer size allows them to enter into the contact area like 

molecules. They are immediately efficient; even at ambient temperatures. Therefore, no induction period is necessary to 

obtain interesting tribological properties. Various types of nanoparticles were used to prepare nano lubricants, including 

polymers, metals, and organic and inorganic materials [1-4]. Studies reported that copper (Cu) nanoparticle used as oil 

additives can improve the anti-wear, load-carrying, and friction-reduction performance of SJ 15W/40 gasoline engine oil 

[5]. This was in agreement with several other authors’ work, where they used nanoparticles of zirconia/silica (ZrO3/SiO2) 

composite, copper oxide (CuO), titanium oxide (TiO2), and nano-diamond as oil additives [6-8]. Even the addition of a low 

concentration of nanoparticles (between 0.2% and 3% vol.) into lubricating oil is sufficient to improve tribological 

properties [9]. Qiu et al. [10] found that a concentration of nickel (Ni) nanoparticle between 0.2 and 0.5% provided the best 

anti-wear behavior and friction reduction. Tao et al. [11] demonstrated that 1% was considered the optimum concentration 

for diamond nanoparticle in paraffin oil. 

The need to improve fuel economy, while reducing emissions, is constantly motivating the demand for research to 

increase engine performance by improving the lubricants. Nanoparticles are well recognized as being promising additives 
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that reduce friction and wear; with respect to current conventional lubricant oil. A variety of mechanisms have been 

proposed to explain the lubrication enhancement of nanoparticle-suspended lubrication oil, including the ball bearing effect, 

protective film, the mending effect, and the polishing effect. In Malaysia, no study has been carried out thus far to 

investigate the potential of a combination of hBN/Al2O3 nanoparticles, used as diesel engine oil additives. Therefore, it is 

imperative to investigate the tribological performance of hBN/Al2O3 nanoparticles dispersed in conventional diesel engine 

oil. Good lubrication and thermal conductivity properties, which can simultaneously improve tribological performance and 

boost heat transfer in engines, were the key factors in using hBN and Al2O3. Furthermore, both types of nanoparticles are 

environmentally friendly.  

2. Experimental procedures 

2.1 Design of Experiment (DOE) 

In this study, the Taguchi method consisting of L9 orthogonal arrays was used, with nine rows (corresponding to the 

number of tests), and three columns at three levels. This array has eight Degrees of Freedom (DOF), in which six are 

assigned to three factors (each one has two DOF), and two DOF were assigned to errors. In order to observe the degree of 

significant of the design parameters in vol.% contributions, three factors (each at three levels), were taken into account (as 

shown in Table 1). COF values corresponding to each experiment are shown in Table 2. Table 2 also shows the DOE with 

L9 orthogonal arrays using Minitab statistical software. 

                                  Table 1. HBN/Al2O3 contents and experimental condition: three parameters and three levels. 

Level 

Parameters 

Alumina  

(vol.%) 

hBN  

(vol.%) 

Surfactant  

(vol.%) 

1 0 0 0 

2 0.05 0.05 0.1 

3 0.5 0.5 0.3 

 

                                      Table 2. DOE with L9 (3
3) orthogonal arrays. 

Test no. 

Factors 

Al2O3  

vol. %) 

hBN 

 (vol. %) 

Surfactant  

 (vol. %) 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

2.2 Samples preparation 

Based on the DOE shown in Table 2, where the brand of diesel engine oil could be a noise factor, nano-oil samples were 

prepared by dispersing several concentrations of 70nm sized hBN and Al2O3 in two different brands of conventional diesel 

engine oil (SAE 15W40). The samples could be stabilized with only the addition of an appropriate amount of surfactant 

(oleic acid). The mixture of solid particles in diesel engine oil was homogenized for 20 minutes using an ultrasonic 

homogenizer (Sartorius Labsonic P) with 50% amplitude and 0.5 active time interval. 
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2.3 Tribological test 

According to Table 2, tribological testing was carried to determine the COF using a four-ball tester (TR 20). Testing 

followed ASTM standard D4172 procedures. The speed, load, time, and temperature were 1200 rpm, 392.4 N, 3600 secs, 

and 75oC, respectively. Within the four-ball tester, three 12.7 mm diameter carbon-chrome steel balls were clamped together 

and covered with lubricant for evaluation. Fourth steel ball (of the same diameter), referred to as the top ball, was held in a 

special collet inside a spindle, and rotated by an AC motor. The top ball was rotated in contact with the three fixed balls, 

which were immersed in the sample oil. The COF was recorded using a data terminal processing system. Detailed 

mechanical properties of the balls are shown in Table 3. 

                                       Table 3. Mechanical properties of material. 

Properties Ball bearing (Carbon-chromium steel) 

Hardness (H), HRC 61 

Density (), g/cm3 7.79 

Surface roughness Ra, µm 0.022 

3. Results and discussion 

3.1 Analysis of the S/N ratio 

According to Taguchi method studies, response variation using the S/N ratio is important, because it can result in the 

minimization of quality characteristic variation, due to uncontrollable parameters. The COF was considered as being the 

quality characteristic, using the concept of “the smaller-the-better”. The S/N ratio used for this type response was given by: 
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Where, n is the number of measurement values in a test, in this case, n=2, and y is the measured value in the test. S/N 

ratio values are calculated by taking into consideration Eqn. 1. The COF values measured from the test, and their 

corresponding S/N ratio values, are shown in Table 4. According to the category of the performance characteristic, a greater 

S/N value corresponds to a better performance. Therefore, the optimal level of COF parameters is the level with the greatest 

S/N value. Based on the analysis of the S/N ratio, the optimal COF for the vol.% contribution was obtained as 0.05 vol.% 

Al2O3 and 0.5 vol.% hBN (as shown in Fig. 1). 

 Table 4. COF values and S/N ratio values for test run. 

Test no. 
Respond (COF) S/N ratio 

Brand A Brand B (dB) 

1 0.0884 0.1389 18.6812 

2 0.1476 0.0726 18.6866 

3 0.0593 0.1227 20.3204 

4 0.1325 0.0746 19.3705 

5 0.1580 0.0804 18.0370 

6 0.0936 0.0939 20.5596 

7 0.0972 0.1565 17.7042 

8 0.1506 0.1340 16.9204 

9 0.1511 0.1393 16.7532 

    Although conventional diesel engine oil containing Al2O3 nanoparticle showed a greater influence on the S/N ratio, it 

affected the negative impact, where the COF increased significantly with the Al2O3 concentration. This was because the 

Al2O3 nanoparticle themselves made tiny grooves on the contact surface (Fig. 2(c)), which may be formed by the ploughing 

effect of harder Al2O3 nanoparticle, resulting in an increase in surface roughness (Ra = 0.182 µm). However, the COF 

decreased significantly with hBN concentration. To some extent, this suggests that hBN nanoparticles effectively played the 
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role of ball bearings; where the sliding friction was changed into rolling friction between the friction pair, resulting in 

reducing the contact area between the frictional surfaces. Furthermore, Fig. 2 shows that a smoother worn surface (Ra = 

0.043µm) was also obtained due to the polishing effect of lubrication containing hBN nanoparticles. This is in accordance 

with a significant reduction of wear scar diameter. These results showed that the conventional diesel engine oil containing a 

certain amount of hBN nanoparticle could reduce both friction and wear in the friction pairs. 

 

 

Fig. 1. Main effect plot for S/N ratio’s effect on COF. 

 

 

Fig. 2. SEM micrograph of worn surfaces on the ball under lubricated conditions of (a) conventional diesel engine oil, (b) with 0.5 vol. % of hBN additive, 

and (c) with 0.5 vol. % of Al2O3 additive. 

3.2 Analysis of Variance (ANOVA) 

ANOVA is statistically based, used for detecting differentials occurring in the average performance of groups of items 

tested. ANOVA helps in formally testing the significance of all main factors and their interactions by comparing the mean 

square against an estimate of the experimental errors at specific confidence levels. First, the total sum of squared deviations 

SST from the total mean S/N ratio nm is calculated as follows: 
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Where, n is the number of experiments in the orthogonal array and nm is the mean S/N ratio for the i experiment. The 

percentage contribution P can be calculated as: 
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Where, SSd is the sum of the squared deviations. The ANOVA results are shown in Table 5. 

A function known as the F test, which was named after Fisher [12], uses F to see the most significant effect on design 

parameters, based on the quality characteristic. The F-ratio is a ratio of the mean square error to the residual error, and is 

traditionally used to determine the significance of a factor.  

The P-value usually reports the significance level, which shows either a suitable or an unsuitable level for the 

optimization (as shown in Table 5). Contribution (in unit %) is defined as the significance vol.% parameter on COF 

performance. Tables 5(a) and (b) show that the contribution percentage of hBN gave a more significant S/N ratio compared 

to the means, which obtained 18.01% compared to 10.01%. In contrast, contribution percentage of surfactant was obtained 

by both ANOVA for mean and ANOVA for S/N ratio, had little effect. In addition, Al2O3 showed more significance on the 

ANOVA for mean compared to the S/N ratio. However, the behavior of the Al2O3 itself could create higher surface 

roughness on the contact surfaces and significantly increase the COF. Therefore, it would be wise to eliminate the Al2O3. 

This indicates that the addition of hBN and surfactant has significance in reducing the COF value within the test. By 

combining the analysis of S/N ratio and ANOVA, the optimal parameters are 0.5 vol.% of hBN and 0.3 vol. % of surfactant. 

                    Table  5(a) ANOVA for COF S/N ratios. 

Source of Variation  DOF 

Sum of 

squares  

(SS) 

Variance  

(V) 

F-ratio   

(F) 

P-value  

(P) 

Contribution 

% 

Alumina 2 9.2577 4.6289 3.77 0.209 62.79 

hBN   2 2.6553 1.3276 1.08 0.48 18.01 

Surfactant 2 0.3778 0.1889 0.15 0.867 2.56 

Residual Error    2 2.453 1.2265 
   

Total   8 14.7439         

                     Table 5(b). ANOVA for COF Means. 

Source of Variation DOF 

Sum of 

squares  

(SS) 

Variance  

(V) 

F-ratio   

(F) 

P-value 

(P) 

Contribution 

% 

Alumina 2 0.002167 0.001083 4.91 0.169 72.55 

hBN   2 0.000299 0.000150 0.68 0.596 10.01 

Surfactant 2 0.000080 0.000040 0.18 0.846 2.68 

Residual Error    2 0.000441 0.000221 
   

Total   8 0.002987         

3.3 Confirmation test 

The confirmation test was the final stage to verify the results obtain from the Taguchi design approach. The confirmation 

test is a crucial step and is highly recommended by Taguchi to verify test results [13]. In this study, several confirmation 

tests were performed by utilizing the levels of the optimal design parameters (0.5 vol. % hBN, 0.3 vol. % surfactant). Table 

6 shows that an average value of COF (0.7215) falls within the 95% CI. Therefore, the predicted value of COF made by the 

Taguchi optimization method was consistent with the confirmation test. The CI can be calculated as: 
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Where, F(1, n2) is the F value from the F table for factor DOF and error DOF at the confidence level desired, Ve is the 

variance of the error term (from ANOVA), and Ne is the effective number of replications: 
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               Table 6. Summarized calculation for 95% CI for COF. 

Variable n 
Predicted 

value 

Experimental  

Value (average) 
F(1,n) Ve Ne 95% CI 

Mean COF 9 0.11618 0.07215 5.77 0.000221 0.333333 (0.054329 , 0.17803) 

4. Conclusions 

In conclusion, COF and wear scar diameter were reduced significantly by dispersing several concentrations of hBN 

nanoparticle in conventional diesel engine oil. This was because the hBN nanoparticle made both “ball bearing effect” and 

“polishing effect”, by changed the sliding friction into rolling friction between the friction pair and consequently smoothing 

the rough friction contact surfaces. Moreover, the negative effect of friction reduction and wear was observed in 

conventional diesel engine oil containing Al2O3 nanoparticle due the ploughing effect of harder Al2O3 nanoparticle. It was 

found that a contribution of 0.5 vol.% of hBN and 0.3 vol.% of oleic acid as a surfactant can be used as an optimal additive 

composition in conventional diesel engine oil, to obtain a lower COF. For verification, the predicted value of COF by 

utilizing the levels of the optimal design parameters (0.5 vol. % hBN, 0.3 vol. % surfactant), as made by the Taguchi 

optimization method, was consistent with the confirmation test (average value of COF = 0.07215), which fell within a 95% 

CI. 
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