
 

 
 
 

 
 

 
1. INTRODUCTION 

With the development of modern science and technology, 
the study and development of high-temperature tribology has 
become an important frontier of tribology [1]. However, 
tribology scholars are baffled by the problem of continuous 
lubrication from room temperature to high temperature. A 
possible solution to this problem lies in the improvement of 
the physical and chemical properties of nanomaterials via 
proper heat treatment. As a common choice for gear 
lubrication, borate is a type of highly efficient green lubricant 
additive which possesses pretty good thermal stability, 
excellent anti-wear properties under extreme pressure, and 
seal compatibility [2-4]. After heat treatment, the specific 
surface area and chemical activity of borate will increase due 
to the ensuing dehydration reaction; the physical and 
chemical properties will also change because a phase 
transition will occur in borate crystals under high temperature 
[5-7]. The changes will have an influence on the tribological 
properties of borate as a lubricant additive [8-10].  

This paper studies the influence of heat treatment 
temperature on the tribological properties of nanometer 
lanthanum borate particles with a 45 steel-HT200 friction pair. 
The purpose of this study is to clarify the correspondence 
between the structure and performance of nanometer 
lanthanum borate, discuss the mode of action, identify the 
optimal heat treatment temperature, and thereby provide a 

technical basis for the further improvement of the application 
of nanometer lanthanum borate in lubrication technology.  

2. EXPERIMENT 

2.1 Test materials and heat treatment 

The following materials were prepared for the tests: 
lanthanum nitrate La(NO3)3.6H2O (A.R.) (Tianjin Fine 
Chemical Institute); borax Na2 [B4O5(OH)4]3.8H2O) (A.R.) 
(Tianjin Hengxing Chemical Reagent Co., Ltd.); silane 
coupling agent KH550 (Shenzhen Chengqixin Technology 
Co., Ltd.); test oil (150N base oil).  

The nanometer lanthanum borate was prepared by 
chemical precipitation and was ultrasonic-assisted; The 
details of the experiment are introduced in the 11th reference 
[11]. The reaction is shown in Formula (1). 

 

3 3 2 2 4 5 4 22 ( ) .6 3 ( ) .8La NO H O Na B O OH H O

 2 4 5 4 3 23
( ) 6 36La B O OH NaNO H O                          (1) 

 
The prepared nanometer lanthanum borate was placed in a 

muffle furnace to receive heat treatment for 5h at the 
temperatures of 300°C, 600°C, and 900°C, respectively. The 
morphological characteristics and phases of the heat 
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treatment products were analyzed by a transmission electron 
microscope and an X-ray spectroscope. The surfaces of the 
prepared products were modified by the ethanol solution 
KH550 silane coupling agent, aiming at ensuring the good 
dispersion stability of the nanometer lanthanum borate 
particles in the base oil. The modified particles were 
dispersed into the base oil, stirred magnetically for 30min, 
and dispersed in an ultrasonic disperser for 30min. The oil 
samples were prepared as above, as this features stable 
suspension in the long term. Table 1 lists the codes for 
lubricant oil samples and friction samples. 

 

Table 1. Codes for lubricant oil samples and friction samples 

 
Heat treatment temperature  Oil samples Friction samples 

Original 

300°C 

900°C 

AO (Base Oil) 

BO 

CO 

HAO 

HBO 

HCO 

 

2.2 Tribological tests 

The tribological performance tests were carried out on an 
MMU-10G high-speed high-temperature friction and wear 
testing machine. The structure, size, and working position of 
the friction pair samples are described in Figure 1. The upper 
sample of the friction pair was made of 45hardened and 
tempered steel, while the lower sample was made of HT200. 
The surface roughness of the friction pairs was Ra0.8μm. 
Figure 1 consists of the 3D assembly drawing and the 
working diagram of the upper and lower samples. The tests 
were conducted in the following conditions: test load 200N 
(0.8MPa), rotating speed 419r/min (linear speed 0.5m/s), test 
time 40h, and average oil temperature 50-55 °C. The 
lubricant dispersion system in the friction and wear 
experiment was in the full infiltration state. The experiment 
lasted 40h, during which the equipment was stopped every 5h 
to unload, clean, and dry the friction samples. The dried 
samples were weighed with an electronic balance. The weight 
loss of each sample was recorded to establish the weight-loss 
time curve. The torque sensor of the testing equipment 
automatically collected the real-time friction coefficient per 
second. Based on the data, the author calculated the average 
friction coefficient within 5h, and established the average 
friction-coefficient time curve. The wear morphology and 
surface composition of the lower specimen were analyzed by 
scanning electron microscopy, atomic force microscopy, and 
an energy dispersive spectroscopy. Each test result is the 
average of that of three parallel tests. 

 

 
(a) Assembly drawing (3D) 

 

 

 
 (b) Working diagram 

 

Figure 1. Upper and lower samples of the friction pair 

3. RESULTS AND DISCUSSION 

3.1 Characterization of heat treatment products of 

nanometer lanthanum borate 

The XRD patterns of the heat treatment products of 
nanometer lanthanum borate are displayed in Figure 2. 

 

 
 

Figure 2. XRD patterns of the heat treatment products under 
different temperatures (a)Original lanthanum borate (b) 

300°C (c) 600°C (d) 900°C 
 
2(a) is the XRD spectral line of the original particles, and 

2(b) is the XRD spectral line of particles treated under 
300°C. Both spectral lines are wide and diffused gentle 
slopes without characteristic peaks, indicating that the 
nanometer lanthanum borate prepared in the corresponding 
temperature range is amorphous. With the increase of the 
treatment temperature, the intensity of the diffraction intensity 
of the samples gradually rises and sharp peaks start to emerge 
at 600°C (2(c)). 2(d) is the XRD spectral line of the sample 
obtained after calcinating lanthanum borate at 900°C. Its 
diffraction peak coincides with the standard spectrum of 
lanthanum borate on the PDF.No.00-013-0113 card. This 
means LaBO3, nanometer lanthanum borate, is an orthogonal 
crystal (lattice parameters: a = 0.5104nm, b = 0.8252nm, c = 
0.5872nm) when the temperature reaches 900°C. According 
to the above results, when the calcination temperature rises to 
900°C, the amorphous La2[B4O5(OH)4]3 undergoes a 
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transition to well-crystallized orthorhombic LaBO3 (phase 
transition). Meanwhile, Table 2 shows the grain size also 
expands rapidly. The equation of the calcination and 
decomposition of nanometer lanthanum borate is shown in 
Formula (2).  

 

2 4 5 4 3 2 3 2 5 2[ ( ) ] 5 6  La B O OH La BO B O H O                   (2) 

 
where B2O3 is mostly amorphous [12,13]. 
 

Table 2. Particle sizes of the heat treatment products under 
different temperatures 

 
Heat treatment temperature  D10/nm D50/nm D97/nm 

300°C  

900°C 

10 

35 

30 

140 

80 

550 

 

 
(a) Original 

 
(b) Heat-treated (900°C) 

 

Figure 3. Electron diffraction patterns of lanthanum borate 
 

Figures 3(a) and 3(b) show the electron diffraction patterns 
of the two products before and after the heat treatment of 
lanthanum borate. As shown in Figure 3(a), there is almost no 
visible diffraction ring for the original lanthanum borate 
except for some faint, dispersed concentric rings. By contrast, 
Figure 3(b) carries bright and clear diffraction rings that have 
resulted from single-crystal face diffraction. The comparison 
reveals that the prepared La2[B4O5(OH)4]3 nanoparticles are 
amorphous [14], and are transformed into the crystal LaBO3 
through calcination under 900°C [15]. 

The above transformation process of nanometer lanthanum 
borate can be summarized as follows: At below 600°C, the 
interbedded water and a small amount of absorbed water are 
removed, and the amorphous structure is not changed; when 
the temperature reaches 600°C, the La2[B4O5(OH)4]3 
nanoparticles start to lose hydroxide radicals and a small 
amount of new-phase B2O3 comes into being. At 900°C and 
above, the products are transformed into well-crystallized 
orthorhombic LaBO3. 

 

3.2 Tribological properties 

3.2.1 Anti-wear properties 
Figure 4 presents the results of the wear-induced weight-

loss tests. The nanometer lanthanum borate containing 
samples was tested under three oil sample lubrication 
conditions: the base oil, 300°C heat treatment, and 900°C 
heat treatment. As can be seen from Figure 4, the wear-
induced weight losses of the HAO and HCO samples almost 
increase monotonically. The two samples change in a similar 
trend. The weight losses are significant in the initial period, 
and tend to ease in the middle and later periods. The weight 
loss of HBO is much smaller than that of HAO and HCO. 
The wear is obvious initially, but turns negative shortly 

afterwards. Table 3 lists the total wear-induced weight losses 
of the three samples. The total weight losses of the friction 
pair under the three oil sample lubrication conditions are 
ranked as: HAO>HCO>HBO>0, indicating that the total 
wears of the three lubricants are all positive but of different 
degrees. HBO has the least weight loss at 0.7 mg, which is 45 
% lower than that of HCO and 66 % lower than that of HAO. 

 

 
 

Figure 4. Relationship between wear-induced loss and 
time of each sample 

 

Table 3. Wear-induced weight loss of the lower sample of the 
friction pair 

 
Friction sample  HAO HBO HCO 

Weight loss of the lower sample 1.98 0.70 1.27 

 
3.2.2 Anti-friction performance 

Figure 5 shows the relation curve between the friction 
coefficient and the test time.  

 

 
 

Figure 5. Friction-coefficient time curves of different 
lubrication systems 

 
From 0h to 25h, the AO oil sample and CO oil sample have 

similar friction coefficients; after 25h, the anti-friction 
performance of the CO oil sample is much better than that of 
the AO oil sample. The comparison demonstrates that it is not 
until the later period that LaBO3 nanoparticles have friction 
resistance. In addition, the similarity of the two samples in 
terms of the average friction coefficient shows that the LaBO3 
nanoparticles formed by heat treatment under 900°C have a 
similar friction reduction effect with the base oil. It is also 
revealed in the figure that the BO oil sample has a 
significantly lower friction coefficient than AO (base oil) oil 
sample and CO oil sample throughout the entire process. This 
proves that the amorphous La2[B4O5(OH)4]3 nanoparticles 
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can significantly improve the anti-friction performance of 
base oil, thus achieving a better anti-friction effect than the 
crystal nanoparticles of LaBO3. The BO oil sample reduces 
the average friction coefficient of the base oil sample by 35 
%. 

 

3.3 Friction surface morphology and elementary 

composition 

Figure 6 illustrates the SEM morphology of wear scars 

on the lower sample after the friction pair has run for 40h.  

 

 
(a) HAO 

 

 
(b) HBO 

 

 
(c) HCO 

 

Figure 6. SEM patterns of the worn surfaces after the 
friction pair has run for 40h 

 

As shown in Figure 6(a), the sample HAO has wider and 

deeper surface scratches than other samples. The scratches 

feature sharp edges and clear grooves, in which there is no 

deposition of foreign matter. In Figure 6(b), a continuous 

stretch of a light gray recovered layer is formed on the 

surface of sample HBO, which fills up the friction scratches. 

Thus, the scratches become shallow and smooth on the 

surface. This indicates that the sedimentary layer has 

excellent wear compensation, making the sample the least 

worn among all samples. According to Figure 6(c), there are 

dark spots on the surface of sample HCO; the grooves are 

thin, narrow, and full of linear dark color sediments.   The 

precipitation of foreign matter compensates for the wear-

induced loss to a limited extent. 

 

 
(a) HAO 

 

 
(b) HBO 

 

 
(c) HCO 

 

Figure 7. Results of EDS analysis of friction surfaces 

 

Table 4. Comparison between atomic contents of main 
elements of the friction surfaces (At%) 

 

Element Fe K Mn K Si K O K La K B K 

HAO 98.75 0.36 0. 38 0.51 0.00 0.00 
HBO 83.20 0.61 0. 75 9.19 2.19 8.14 
HCO 73.06 0.58 0.44 9.26 5.01 11.65 

 

Figure 7 and Table 4 show the EDS analysis results of the 

surface elements of HAO, HBO, and HCO. It can be inferred 

from the table that La, B, and O, the characteristic elements 

on the surfaces of samples HBO and HCO, have permeated to 

the surface and sub-surface layers of the friction surfaces of 

the samples. In other words, the nanoparticles have been 

involved in the complex reactions to form the self-repair 

layers on the friction surfaces. According to Table 4, HCO 

contains a higher percentage of La, B, and O, the 

characteristic elements of the self-repair film layer on the 

friction surface, than HBO. Thus, HCO is less capable of 

self-repairing than HBO. The main reason is that the crystal 

LaBO3 does not contain hydroxide radicals. As the surface is 

less likely to be activated under high temperatures, the sample 

contributes less to the precipitation of the repair layer than the 

amorphous La2[B4O5(OH)4]3. The crystal LaBO3, i.e. the 
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product of the heat treatment under 900°C, contains a small 

amount of hard-phase material B2O3. The sample surface is 

worn more severely due to the abrasive wear of hard 

particles, leading to the formation of new grooves. As a 

result, the surface roughness decreases, the surface energy 

declines, and thus the friction resistance grows. 

 

3.4 Discussion of the anti-friction and anti-wear 

mechanism 

In light of the analysis of the test results, the author has 
obtained the following findings: In the molecular structure of 
the amorphous nanometer lanthanum borate, the boron-
oxygen backbones of [B4O5(OH)4]2- are linked up to form a 
chain system of hydrogen bonds [16] (Figure 9). The 
structural instability of the hydrogen bonds under high 
temperatures causes the breaking of chemical bonds, the 
removal of hydroxyl radicals, and the release of a large 
amount of crystal water and reactive oxygen. The resulting 
expansion of the specific surface area and increase in 
chemical activity of the nanometer lanthanum borate [17-19], 
on the one hand, activate the catalytic performance of the 
rare-earth element La, resulting in the boronization between 
the B and Fe base [11], the formation of FeB film (low-
binding energy), and the effective reduction in contact force 
and abrasive wear [20]. On the other hand, they help with the 
formation of an La2O3 oxidation film between La and reactive 
oxygen, which compensates for the surface wear and thus 
reduces friction and wear.   

In view of the previous research [21,22] and the test results 
of this paper, the author finds that the tribological properties 
of nanometer lanthanum borate can be greatly improved 
through thermal activation under 300°C-600°C because the 
formation of the composite repair film layer, which contains 
FeB and La2O3, further enhances the anti-friction and 
lubrication performance of heat-treated nanometer lanthanum 
borate. On the contrary, the nanometer lanthanum borate 
treated under 900°C produces B2O3, a hard, ceramic material, 
through a cracking reaction. The wear-induced loss is 
increased as hard-phase B2O3 and large-size LaBO3 
exacerbate the abrasive wear. 

 

 
 

Figure 8.  Chain structure of hydrogen bonds of 
[B4O5(OH)5]2- 

 
 

4. CONCLUSIONS 

After heat treatment, the nanometer lanthanum borate 

prepared by chemical precipitation undergoes a four-stage 

phase change process: At below 300°C, the absorbed water is 

lost; between 300° and 600°C, most crystal water and 

hydroxy water are removed; between 600° and 900°C, the 

remaining hydroxy water is gone; at 900°C, the particles are 

decomposed into crystal LaBO3.  

The amorphous La2[B4O5(OH)4]3 nanoparticles obtained 

through moderate heat treatment under 300°C-600°C boast 

strong adsorption on the friction surface, and promote the 

complex boronization and formation of an oxidation film on 

the friction surface, thereby further improving the tribological 

performance of the lubricant additive nanometer lanthanum 

borate. 

When the heat treatment surpasses 900°C, the 
nanoparticles are cracked to produce large-size LaBO3 
nanoparticles and hard-phase B2O3 particles, which together 
exacerbate abrasive wear and reduce the tribological 
properties. 

La2[B4O5(OH)4]3 nanoparticles show an excellent anti-
friction and lubrication performance because the particles can 
form a self-repair film on the surface of the HT200 friction 
pair, which contains characteristic elements like Fe, B, La, 
and O, through a tribochemical reaction under the action of 
friction heat. 
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