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Abstract  

Friction, existed in almost every motion process in nature, causes a significant waste of energy. In order to reduce the energy 
waste, the lubricity performance of the lubricant oil was largely improved by introducing an appropriate number of 
nanocomposites into it. Herein, in order to give full play to the respective advantages of boron oxide(B2O3) nanoparticle and 
alumina (Al2O3) nanoparticle and achieve the best anti-wear and anti-friction effect, the synthesis and surface 
functionalization of B2O3/Al2O3 nanocomposites were provided by one-step nonhydrolytic sol. The surface functionalized 
B2O3/Al2O3 nanocomposites can be stably dispersed in lubricating oil for more than 60 days. The lubricating oil with 0.1 wt% 
B2O3/Al2O3 nanocomposites can greatly reduce the coefficient of friction (COF) and surface wear. This concept opens a 
promising way to save energy by increasing the usage efficiency and simultaneously alleviating the environmental pollutions 
caused by consumption of fossil energy. 
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1. Introduction 

In passenger cars, one-third of the fuel energy is used to 

overcome friction in the engine, transmission, tires, and brakes. 

The direct frictional losses, with braking friction excluded, are 

28% of the fuel energy.[1-9] Lubricant oil is immensely used in 

automotive applications, such as in protecting the internal 

combustion engines and reducing frictions known as motor oil. 

Therefore, to improve the lubricity of lubricant oil is important 

in many aspects including particularly saving energy and 

alleviating environmental pollutions induced by fossil energy 

consumptions. Researchers have explored in many ways to 

change the characteristics of the lubricant oils.[10-15] In 

particular, oxides are more and more used as lubricating oil 

additives because of their advantages in hardness, stability and 

morphology.[16-18] It is reported that boron oxide (B2O3) and 

alumina (Al2O3) nanoparticle additives can improve 

lubrication properties of lubricant oil prominently.[19-22] The 

researchers also found that nanocomposites have excellent 

synergistic effect when used as lubricating oil additive, and the 

anti-wear and anti-friction effect is better than that of single 

nanoparticles.[17,23-26] Because of the advantages of hardness, 

structure and chemical properties of B2O3 and Al2O3 

nanoparticles, if the two particles can be combined together, 

lubricating oil additives with good friction performance will 

be prepared. However, there are few studies on the preparation 

and tribology performance of B2O3/Al2O3 nanocomposites as 

lubricant additives. 

In order to give full play to the respective advantages of 

B2O3 nanoparticle and Al2O3 nanoparticle as lubricant oil 

additives and achieve excellent lubrication performance, this 

study presented one nonhydrolytic sol[27,28] strategy to 

synthesize and functionalize the surfaces of the B2O3/Al2O3 

nanocomposites by one step. The obtained B2O3/Al2O3 

nanocomposites can be stably dispersed in the lubricant oil for 

several months, facilitating their adoption as lubricant oil 

additives. Lubricating oil with 0.1 wt% B2O3/Al2O3 

nanocomposites can reduce the coefficient of friction (COF) 

by 43.6%, wear scar diameter (WSD) of the friction pair by 

27% and wear volume of the friction pair by 22%. The 

preparation method is simple and easy to control. The 

advantages of B2O3 particles and Al2O3 particles can be 

played at the same time. Therefore, the anti-wear and anti-
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friction effect is remarkable, which shows broad application 

prospects. 

 

2. Experimental section 

2.1 Nanocomposites preparation 

3.8 g aluminium chloride were dissolved in 100 mL absolute 

ethyl alcohol under continuous magnetic stirring for 1 h. The 

boron containing solution consisting of 6.7 mL tributyl borate, 

0.1 g polyethylene glycol 6000 and 0.1 g KH-560 dissolved in 

50 mL absolute ethyl alcohol was added dropwise to the 

aluminum containing precursor at room temperature under 

continuous stirring. The mixture was kept at 75 oC for 6 h 

under continuous stirring to form a faint yellow sol. The sol 

was placed into a stainless steel autoclave, sealed and kept at 

200 oC for 2 h under 4 Mpa. The B2O3/Al2O3 nanocomposites 

were obtained. 

Unmodified B2O3/Al2O3 nanocomposites were also 

prepared according to the above procedure, excepting the 

adding of KH-560.  

 

2.2 Characterization of dispersion stability  

The dispersion stability of nanoparticles in lubricant was 

investigated by absorption evolutions and sedimentation tests. 

The B2O3/Al2O3 nanocomposites were added into lubricant oil 

at a concentration of 1 wt%. The absorbance of lubricating oil 

with unmodified and modified nanoparticles were measured 

every 12 h in the absorption evolutions test with a ultraviolet 

spectrophotometer with a light source of 190 nm. At the same 

time, the pure lubricant oil and oil with nanocomposites were 

kept at room temperature to compare the sedimentation of 

nanoparticles in oil. 

 

2.3 Characterization of the anti-wear and anti-friction 

properties 

The B2O3/Al2O3 nanocomposites were ultrasonically 

dispersed for 30 mins into lubricant oil (150 SN, kinematic 

viscosity was 24.19 mm2/S at 40 oC) with different mass 

concentration of 0.05 wt%, 0.1 wt%, 0.5 wt% and 1.0 wt%. 

The nanocomposites are well-dispersed in the lubricating oil 

(without precipitation for at least six months). The viscosity of 

lubricating oil has little change under different concentration, 

as shown in the Fig. S1 (Supporting Information). 

The four-ball tribometer (MM-W1B, Shijin-Jinan, China) 

was applied to study the tribological properties of as-prepared 

samples. The steel balls are GCr15 bearing steel with a 12.7 

mm diameter and the hardness of 62 HRC. During the 

experiment, four steel balls were completely infiltrates in the 

oil sample and the COF was automatically recorded. 

Experiments were carried out for 30 min with loading of 392 

N and rotation speed of 1200 rpm at room temperature. After 

the friction experiment, the surface of the friction pair was 

cleaned with petroleum ether for three times, and then cleaned 

with alcohol for three times. The three-dimensional contour of 

the surface of the friction pair was observed by a white light 

interferometer. meanwhile, the element content on the surface 

of the friction pair was analyzed by emission scanning electron 

microscope. 

 

3. Results and discussion 

3.1 Composition analysis 

Figure 1 shows the x-ray diffraction (XRD) patterns of 

B2O3/Al2O3 nanocomposites after a heat treatment at different 

temperature for 2 h. There is no diffraction peak can be 

observed for the as-synthesis nanoparticles at 200 °C, which 

means the obtained nanocomposites are amorphous or poorly 

crystallized. After a heat treatment at 500 °C for 2 h, the broad 

diffraction peaks appear. As the calcined temperature rised to 

800 °C, the B2O3 phase and Al2O3 phase can be observed, the 

broad peaks became narrow owing to the crystallization and 

crystal growth of B2O3/Al2O3 nanocomposites.  

 
Fig. 1 XRD patterns of B2O3/Al2O3 nanocomposites after a heat 

treatment at different temperature for 2 h. 

 
Fig. 2 FTIR transmission spectra of precursors after heat 

treatment under different temperature (a) 30 oC, (b) 75 oC and (c) 

200 oC. 
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Figure 2 shows the Fourier transform infrared 

spectroscopy (FTIR) spectra of precursors after heat treatment 

under different temperature. The band at 1213 cm-1
 

corresponds to C-O-B stretching which disappeared after a 

heat treatment at 75 oC for 6 h. B-O stretching of B2O3 at 1630 

cm-1 became stronger after heating at 75 oC and 200 oC. The 

characteristic band at 856 cm-1 is caused by the stretching 

vibration of Al-O bonds.[29] Strong Band at 602 cm-1 

corresponds to C-Cl stretching. 

According to the analysis of Fig. 1 and Fig. 2, the main 

reaction of AlCl3 and B(OC4H9)3 could be acted as 

2AlCl3+2C12H27BO3→Al2O3+B2O3+6C4H9Cl, which is 

similar to the preparation of SiO2.[30] 

Figure 3 shows the (a) scanning electron microscope (SEM) 

and (b) transmission electron microscope (TEM) images of the 

B2O3/Al2O3 nanocomposites. It seems that the B2O3/Al2O3 

nanocomposites are almost spherical and monodispersed with 

the size of about 80 nm. However, nanocomposites in 

lubricant oils are prone to aggregate, affecting the 

performance of the lubricant oils. Therefore, a post-synthesis 

surface modification step is necessary to get well-dispersed 

nanoparticles dispersions. Then, the dispersion stability of 

B2O3/Al2O3 nanocomposites in lubricant oils were 

investigated. 

 

3.2 Dispersion stability of B2O3/Al2O3 nanocomposites in 

lubricant oil 

Figure 4 compares the infrared spectra curve of B2O3/Al2O3 

nanocomposites before and after modification using silane 

coupling agents. Two new peaks at 2840 cm-1 and 2780 cm-1 

were appeared after modification. These two peaks are due to 

absorption of -CH2- and -CH2-O- of KH560, respectively. So, 

the infrared spectra result indicated that the surfaces of 

B2O3/Al2O3 nanocomposites were successfully modified with 

KH-560.  

The Zeta potential absolute value of B2O3/Al2O3 

nanocomposites is shown in Table 1. The zeta potential 

absolute value of modified B2O3/Al2O3 nanocomposites is 

bigger than unmodified B2O3/Al2O3 nanocomposites. 

Macromolecular chains grafted on the surface of nanoparticles 

induced repulsive force and steric hindrance effect, preventing 

the agglomeration effect of the nanoparticles.[31] These indicate 

that static repellency of modified B2O3/Al2O3 nanocomposites 

becomes stronger than unmodified B2O3/Al2O3 

nanocomposites, which means the dispersibility of modified 

B2O3/Al2O3 nanocomposites is better than unmodified 

B2O3/Al2O3 nanocomposites. 

The dispersion stability of modified B2O3/Al2O3 

nanocomposites in lubricating oil is compared with 

unmodified B2O3/Al2O3 nanocomposites, as shown in Fig. 5. 

After 48 hours, the absorbency of lubricant oil dispersed with 

modified B2O3/Al2O3 nanocomposites is stable. However, the 

absorbance of lubricant oil with unmodified B2O3/Al2O3 

nanocomposites still continues to decrease. This indicates that 

modified B2O3/Al2O3 nanocomposites can disperse stably in 

lubricant oil. 

The oil was kept at room temperature for 2 months and the 

results of sedimentation tests of B2O3/Al2O3 nanocomposites 

suspended in lubricating oil were shown in the Fig. S2 

(Supporting Information). For unmodified B2O3/Al2O3 

nanocomposites, the sedimentation mainly occurred by 

flocculation. The suspensions separated very quickly into 

sediments and a clear supernatant on top of the sediment was 

observed. The separation interfaces between the sediment and 

 
Fig. 3 (a) SEM and (b) TEM images of as-prepared B2O3/Al2O3 nanocomposites. 

 

Table 1. Zeta potential absolute value of B2O3/Al2O3 nanocomposites. 

Number 1 2 3 4 5 6 7 8 mean 

Unmodified nanoparticle 3.7 4.4 4.0 4.2 3.0 4.1 5.4 3.6 4.1 

Modified nanoparticle 5.5 9.3 7.0 7.4 12.6 8.8 6.0 5.9 7.8 
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Fig. 4 The infrared spectrum of B2O3/Al2O3 nanocomposites 

before modification (black line) and after modification (red line). 

 
Fig. 5 The absorbency curve of nano-lubricating oil with 

B2O3/Al2O3 nanocomposites. 

 

the supernatant were sharp and moved downward with time. 

This sedimentation behavior is typical of flocculated 

suspensions. For modified B2O3/Al2O3 nanocomposites, the 

solution exhibits good turbidity. This behavior is typical of 

well-dispersed suspensions and particles have much slower 

deposition rates, which might be counter balanced by 

Brownian motion.[32] Even after 2 months, the solution 

containing modified B2O3/Al2O3 nanocomposites remained 

turbid. It indicates that KH-560 modification can increase the 

stability of nanoparticles in non-polar organic media. Then, 

anti-wear and anti-friction effect of the lubricant oil with 

different concentration of B2O3/Al2O3 nanocomposites (0 wt%, 

0.05 wt%, 0.1 wt%, 0.5 wt% and 1.0 wt%) were investigated. 

 

3.3 Anti-wear and anti-friction effect 

Figure 6 shows COF changes with the different concentration 

of B2O3/Al2O3 nanocomposites in lubricant oil. The COF 

decreased with the B2O3/Al2O3 nanocomposites concentration 

increased when the concentration was smaller than 0.1wt%. 

However, the COF began to increase when the additive 

concentration was bigger than 0.1wt%, as shown in Fig. 6. 

This is because the added particles with high hardness are 

spherical. Then, the sliding friction between the friction pairs 

is well converted into rolling friction, thus reducing the 

COF.[33-36] On the other hand, due to the existing of boron oxide 

particles, the wear surface is coated with a certain amount of 

boric acid. The molecular structure of boric acid is layered, 

and the weak van der waals force between molecules also 

plays an excellent anti-friction effect.[37] However, when too 

many particles are added, the particles are agglomerated on the 

surface of the friction pair, which hinders the play of rolling 

friction, and the COF will increase.[38] So, only when the 

amounts of nanoparticles were added in an optimal 

concentration range, the friction-reducing effect is better. For 

B2O3/Al2O3 nanocomposites, the best anti-friction effect was 

obtained at the concentration of 0.1wt%, and the reduction of 

average COF is 43.6%. The results of the this study are better 

than those of boron oxide or alumina particles as lubricant 

additives.[21,39,40] When the friction test lasted for 1 hour, the 

COF is also stable at different concentration, as shown in the 

Fig. S3 (Supporting Information). 

 
Fig. 6 The COF variation of lubricant oil with different 

concentration of B2O3/Al2O3 nanocomposites. 

 

Tables S1 and S2 (Supporting Information) shows the data 

of WSD and wear volume of friction pairs after friction 

experiments under different concentrations of B2O3/Al2O3 

nanocomposites. The wear loss also changed with different 

concentrations. When the concentration is 0.1wt%, the wear 

loss is minimum. Fig. 7 is the contour diagram of the friction 

pair surface after the friction experiment. When 0.1wt% 

modified nanocomposites as the lubricant oil additives, 

compared with the pure lubricating oil, the WSD of the friction 

pair becomes smaller after the friction experiment, reduced by 

27%, as shown in the Figs. 7(a) and (b). From profile view 

(Figs. 7(c) and (d)), the furrow on the wear surface lubricated  
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Fig. 7 Three-dimensional profile of friction pair after friction experiment. Friction pair vertical view by (a) pure lubricating oil and 

(b) lubricant oil with 0.1wt% nanocomposites, Friction pair profile view by (c) pure lubricant oil and (d) lubricant oil with 0.1wt% 

nanocomposites. 

 

with B2O3/Al2O3 nanocomposites eases to a certain extent, 

indicating that the particles play a good anti-wear effect.  

Through software analysis, the maximum contour height 

(Rz), surface roughness (Ra) and wear volume of the friction 

pair were calculated after the friction experiment, as shown in 

Tables 2 and 3. From the analytical results, it can be found that 

after adding modified B2O3/Al2O3 nanocomposites, the 

maximum contour height is reduced by 64%, surface 

roughness is reduced by 26%, and wear volume is reduced by 

22%, which more intuitively reflects the excellent wear 

resistance effect of the modified nanocomposites. 

Table 2. Friction pair data analysis results by pure lubricating oil. 

Labe 
Rpm 

(μm) 

Rvm 

(μm) 

Rz 

(μm) 

Ra 

(μm) 

Wear 

Volume 

(mm3) 

Value 7.738 -36.362 44.1 2.448 0.00197 

Table 3. Friction pair data analysis results by lubricating oil with 

0.1wt% nanocomposites. 

Labe 
Rpm 

(μm) 

Rvm 

(μm) 

Rz 

(μm) 

Ra 

(μm) 

Wear 

Volume 

(mm3) 

Value 8.344 -7.695 16.039 1.818 0.00153 

 

In order to clarify the lubrication mechanism of such 

B2O3/Al2O3 nanocomposites as lubricant additives, the wear 

steel surface after friction tests were further analyzed by SEM 

and energy dispersive spectrometer (EDS). SEM results can 

also be found that the surface of the friction pair of pure 

lubricating oil is rough (Fig. 8(a)), while the surface of 

lubricating oil containing 0.1wt% nanocomposites is smoother 

(Fig. 8(b)). This is due to the particles deposited on the surface 

of the friction pair, the wear surface of the friction pairs has 

been repaired to some extent.[41,42] This point of view can be 

demonstrated by the content and distribution of elements on 

the surface of friction pairs from EDS (Figs. 8(c-f)). 

Comparing the corresponding chemical compositions of the 

wear steel surfaces by EDS, the obvious evidence of B and Al 

element signals are observed, which indicates the formation of 

a tribofilm with B2O3 and Al2O3 during the friction process.[38] 

 

4. conclusion 

In this paper, the preparation and surface modification of 

B2O3/Al2O3 nanocomposites are finished by a nonhydrolytic 

sol method in one-step. It was found that KH-560 was 

anchored on the surface of B2O3/Al2O3 nanocomposites. 

Therefore, the modified B2O3/Al2O3 nanocomposites 

exhibited a more stable colloidal dispersion in lubricant oil 

than that of unmodified B2O3/Al2O3 nanocomposites. When 

the modified B2O3/Al2O3 nanocomposites were added into the 

lubricant oil under an optimized concentration of 0.1 wt%, the 

average COF was reduced by 43.6%, WSD of the friction pair 

was reduced by 27% and wear volume of the friction pair was 

reduced by 22%. This is mainly due to the synergistic effect of 

different nano-lubricant additives. Under the action of 

spherical additives, the sliding friction is converted into rolling 
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Fig. 8 SEM images of the friction pair surface lubricated by (a) pure lubricating oil and (b) lubricating oil with 0.1wt% 

nanocomposites. (c) and (d) Corresponding energy dispersive spectrometer (EDS) from the red cross area in (a) and (b). (e) and (f) 

EDS mapping of the red dotted box in (b). 

 

friction effectively, and the COF is greatly reduced. At the 

same time, the nano-particles deposited on the surface of the 

friction pair played a good anti-wear effect. This study is of 

great significance for reducing energy consumption and 

alleviating energy crisis. 
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