
Vol.:(0123456789)

SN Applied Sciences (2021) 3:368 | https://doi.org/10.1007/s42452-021-04390-1

Research Article

Tribological performances of hexagonal boron nitride nanosheets 
via surface modification with silane coupling agent

Lixia Wang1,2 · Yufeng Bai1 · Zhiyan Ma1,3 · Chunhua Ge1 · Hongyu Guan1 · XiangDong Zhang1 

Received: 30 November 2020 / Accepted: 16 February 2021 / Published online: 23 February 2021 
© The Author(s) 2021  OPEN

Abstract

Hexagonal boron nitride (h-BN) is a promising lubricant additive for decreasing wear and friction. However, the poor 
dispersion stability and bulky size of h-BN restricted its lubrication application. In this paper, bulk h-BN was exfoliated 
into h-BN nanosheets (h-BNNSs), and then the self-made h-BNNSs were chemically modi�ed with silane coupling agent 
via a facile and scalable reaction method. The morphology and structure of surface-functionalized h-BNNSs (m-BNNSs) 
were certi�ed using a series of characterizations. Results revealed that h-BNNSs could be chemically well capped by 
surface modi�er and the lipophilic groups were covalently attached to h-BNNSs surfaces. The m-BNNSs composite pos-
sessed long-term dispersion in liquid para�n (LP). At the optimal adding content of 0.6 wt%, coe�cient of friction and 
wear volume of m-BNNSs composite were decreased by about 31.9% and 53.8% compared with those of LP, respectively. 
Therefore, m-BNNSs composite as a lubricating oil additive has high research value and good prospects of lubrication 
applications.
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1 Introduction

Two-dimensional hexagonal boron nitride (h-BN) has 
gained tremendous attention due to its profound mechan-
ical strength, remarkable oxidation resistance, and unique 
atom-thick structure, etc. [1–3]. In recent years, h-BN has 
been widely used in many �elds, such as electronic devices 
[4, 5], pollutant adsorption [6, 7], composite materials [8, 
9], lubricity [10–12] and so on. Among them, the lubri-
cation application of h-BN has allured lots of interests 
because this material has been con�rmed as a promising 
lubricant additive for decreasing wear and friction. Many 
studies have been conducted on h-BN particles with dif-
ferent size and morphology as solid additives to oil lubri-
cants. Menezes et al. [13] investigated the e�ects of h-BN 
particles with varying sizes on lubrication performances 

of the avocado oil. The results indicated that nano-sized 
h-BN particles have the lowest friction and wear values 
compared with micron-sized and submicron-sized h-BN 
particles. Shtansky et al. [14] synthesized three di�erent 
morphologies h-BN nanoparticles (hollow particles, solid 
particles, and globular particles) and found that the pres-
ence of three shapes nanoparticles in Polyalphaole�n-6 
(PAO6) oil has antifriction and anti-wear e�ects. Of all the 
three additives, globular particles formed by many thin 
h-BNNSs perform best on tribological properties. Under 
the condition of boundary lubrication, the roughness of 
worn surface directly contacts with each other. To reduce 
wear and friction of the relative contact surface, the addi-
tive particles must enter the friction interfaces. Therefore, 
the thickness of bulk h-BN material can be reduced to 
make it easy to enter the contact surface.
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At present, a common approach to change the bulky 
size of h-BN is to peel it into h-BN nanosheets. As an 
important member of h-BN materials, the h-BNNSs have 
unique characteristics in comparison to bulk h-BN coun-
terparts, such as its high speci�c surface areas, profound 
mechanical strength, and robust lubricity [15–17]. Very 
recent research shows that the exfoliating their bulk forms 
into few layers or monolayer of h-BNNSs can signi�cantly 
improve the tribological behaviors of h-BN particles [18, 
19]. Sahu et al. [20] reported that oxygen functionalized 
h-BNNSs were produced by exfoliation of the bulk h-BN 
powders via ball milling and ultrasonic technique. Results 
indicated that a small amount of oxygen functionalized 
h-BNNSs in lubricating oil has excellent lubricating capa-
bilities. Ma et al. [21] exfoliated the bulk h-BN powders to 
2–3 layered h-BNNSs through hydrothermal treatment 
and sonication processes, and they discovered that few-
layered h-BNNSs had good friction-reducing ability and 
wear resistance. Ahmad et al. synthesized high quality 
boron nitride nanotubes via Argon supported thermal 
chemical vapor deposition at a relatively lower tempera-
ture of 900 °C [22]. As known to all, the dispersion stability 
of h-BNNSs-based materials in lubricating oil can deter-
mine their friction and wear performance to a certain 
extent. However, h-BNNSs is incompatible with the lube 
media. Because of the interactions of van der Waals, the 
exfoliated nanosheets may deposit and re-accumulate. 
Thus, the functionalization of h-BNNSs by surface modi-
�er is needed to improve its compatibility with base oil. 
Wang et al. [23] found that h-BN nanoparticles modi�ed by 
silane coupling agent had better lipophilicity and disper-
sion than unmodi�ed nanoparticles because of the lipo-
philic groups attached to their surface. When incorporated 
into castor oil, the modi�ed h-BN nanoparticles exhibited 
excellent lubrication properties. To date, numerous studies 
have shown that the chemical modi�cation of h-BNNSs 
surface is an e�ective method to improve its compatibility 
and dispersion [24, 25]. As we all know, the silane coupling 
agent is a commonly used surface modi�er [26]. In fact, 
the functionalization of chemically inert h-BNNSs is pri-
marily achieved through the reaction of the modi�er with 
the surface-active groups of h-BNNSs. The active groups, 

such as hydroxide groups, play a major role in the modi-
�cation on h-BNNSs surfaces. Unfortunately, the surface 
of h-BNNSs possesses very few functional groups [27]. To 
overcome the inert problem of h-BNNSs, it is necessary 
to introduce hydroxide groups on the h-BNNSs surfaces, 
which will expand its application �elds.

Previously, our group has explored the performance 
of boron nitride materials as water-based and oil-based 
lubricating additives [25, 28, 29]. However, the prepara-
tion process of boron nitride as an oil-based lubricant 
additive is relatively complex. In this study, the oil-based 
boron nitride additive was prepared by a simple method. 
h-BNNSs were exfoliated from bulk h-BN via molten alkali 
hydroxides pretreatment and sonication, and the surface 
of h-BNNSs was hydroxylated with strong alkali to enhance 
the combination of h-BNNSs and surface modi�er. Then, 
the hydroxylated h-BNNSs were covalently functional-
ized by 3-(Trimethoxysilyl)propyl methacrylate (KH570) 
to produce m-BNNSs composite. The synthetic routes of 
m-BNNSs are shown in Fig. 1. The dispersing performance 
and tribological properties of the obtained h-BNNSs and 
m-BNNSs in LP were evaluated.

2  Experimental

2.1  Materials

Hexagonal boron nitride was received from Dandong 
Rijin Science and Technology Co. Ltd. (Shenyang, China). 
3-(Trimethoxysilyl)propyl methacrylate was supplied by 
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). 
Potassium hydroxide, sodium hydroxide, and hydrochlo-
ric acid were received from Shanghai Jingchun Industrial 
Co. Ltd. (Shanghai, China), and it was used without further 
puri�cation.

2.2  Synthesis of h‑BNNSs composite

The as-exfoliated h-BNNSs were obtained through the 
molten alkali hydroxide-assisted liquid exfoliation method 
as described in our previous work [28]. Because of the 

Fig. 1  Schematic of the synthesis routes of m-BNNSs
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lack of active functional groups on the h-BNNSs surface, 
h-BNNSs can not be e�ectually modi�ed by KH570. There-
fore, in order to expand the application prospect of h-BN, 
h-BN is generally used after being functionalized [25]. The 
hydroxylation of h-BNNSs is obtained by reaction with 
hot sodium hydroxide solution, as described in our pre-
vious work [30]. The regained product was denoted as 
hydroxyl-functionalized h-BNNSs. Then, a certain amount 
of KH570 (5 wt% of the mass of hydroxyl-functionalized 
h-BNNSs) dissolved in a 95:5 mixture of absolute ethanol 
and ultrapure water by stirring for 1 h, adjusting the pH of 
the ethanol aqueous solution to 3–5 using  CH3COOH and 
hydrolyzing for 30 min. After this, quantitative hydroxyl-
functionalized h-BNNSs were added to the above mixture 
and ultrasonic for 1 h. The mixture was stirred at 80 °C 
for 6 h and then stood for 2 h. At this time, KH570 mol-
ecules are primarily physically absorbed on the h-BNNSs 
surfaces via hydrogen bonds, and the obtained powders 
were denoted as h-BNNSs + KH570. To form covalent 
bonds between the silane coupler KH570 and h-BNNSs, 
the mixture was thermally treated at 110 °C for 10 h. After 
the reaction ended, the resultant product was rinsed with 
absolute ethanol at least three times to remove the un-
reacted KH570 and other impurities without grafting, 
and then dried. The surface functionalized h-BNNSs com-
posite was obtained and coded as m-BNNSs. The yield of 
m-BNNSs is not higher than 10%.

2.3  Characterizations

Fourier-transform infrared spectroscopy (FT-IR, Nicolet 
AVATAR 360) was utilized to measure whether h-BNNSs 
was successfully exfoliated and KH570 was grafted onto 
the h-BNNSs surface. The microstructure and morphol-
ogy of bulk h-BN, h-BNNSs, and m-BNNSs were identi-
�ed by X-ray di�raction patterns (XRD, Bruker D8, Cu Kα 
radiation, λ = 0.15406 nm), Raman spectra (Jobin–Yvon 
T64000) and scanning electron microscope images (SEM, 
FEI QUANTA200). Thermo-gravimetric analysis (TGA) curve 
of as-prepared sample was obtained utilizing a METTLER 
SDTA-851e thermal tester. The UV–Vis spectrum was exam-
ined using a Shimadzu UV-3150.

2.4  Tribological tests

The bulk h-BN, as-exfoliated h-BNNSs or as-prepared 
m-BNNSs were dispersed in LP by sonication for 1 h to 
form uniform dispersion with di�erent mass fractions. 
The added contents of h-BN, h-BNNSs and m-BNNSs were 
0.2, 0.4, 0.6, 0.8 and 1.0 wt%, respectively. The tribological 
properties of pure LP and LP containing h-BN, h-BNNSs 
and m-BNNSs were conducted through measuring wear 
and friction using an MMW-1A four-ball tester (Jinan Yihua 

Tribology Tester Technology Co. Ltd.). The operating con-
ditions for the tests were under the applied load of 294 N 
and the rotary speed of 1450 rpm, and the testing time 
was 60 min. GCr15 bearing steel balls (12.7 mm) were used 
for tribological measurement and cleaned with petroleum 
ether before starting each experiment. The wear perfor-
mance was evaluated by the wear scar of the lower balls 
which was examined under YW MS2300D optical micro-
scope. In order to gain average friction coe�cient (COF) 
and wear scar diameter (WSD) values, three repeated tri-
bological experiments were carried out on each sample. 
Furthermore, mean wear volume (MWV) was calculated 
from following Eqs. (1) and (2) [31]:

 

where d is WSD (mm) and r is the radius of the ball (mm).

3  Results and discussion

As described by Fig. 1, h-BNNSs were prepared via exfoliat-
ing the bulk h-BN powder, and then h-BNNSs were surface 
functional modi�ed with KH570 to produce m-BNNSs. It 
is the fact that successful exfoliating of h-BNNSs and 
grafting of KH570 on h-BNNSs are confirmed by FT-IR 
spectrum, Raman spectrum, XRD pattern, and TGA curve. 
Figure 2a displays the FT-IR spectra of commercial bulk 
h-BN, h-BNNSs, and m-BNNSs. Two sharp absorption peaks 
at 1375  cm−1 and 815  cm−1 in the spectra of h-BN and 
h-BNNSs correspond to B-N in-plane stretching vibration 
and B-N out-of-plane bending vibration, respectively [32]. 
In comparison with h-BN, the peak at about 1375  cm−1 is 
signi�cantly broadened in the h-BNNSs spectra, denot-
ing h-BNNSs is partially hydroxylated [33]. After grafting 
of KH570, many new adsorption peaks of KH570 can be 
observed in m-BNNSs. The additional peaks at 2947  cm−1 
and 2841  cm−1 are features of the C–H stretching of –CH3 
and –CH2- groups [26]. The appearance of the peak at 
1732  cm−1 is assigned to the C = O stretching vibration 
from the grafted KH570. Moreover, the Si–C stretching 
vibration is represented by the characteristic peaks at 
784  cm−1 and 820  cm−1, and in the range of 925–1195  cm−1 
is designated as the Si–O stretching vibration [34]. The 
FT-IR analysis results illustrate that the surface of h-BNNSs 
has successfully functionalized by KH570 in a non-covalent 
manner to generate m-BNNSs.
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As displayed in the XRD patterns (Fig.  2b), h-BN, 
h-BNNSs and m-BNNSs have four similar di�raction peaks 
at about 2θ = 26.9°, 41.6°, 50.2° and 55.2°, which can be 
indexed to (002), (100), (102) and (004) planes (JCPDS card 
no. 34–0421), respectively. Compared with h-BN, no dif-
fraction peak of other crystal phases is found in h-BNNSs 
and m-BNNSs. However, the peak intensities of h-BNNSs 
and m-BNNSs are weaker than h-BN, especially (002) peak. 
The weakening of peaks intensity means that the structural 
order of h-BNNSs and m-BNNSs is signi�cantly decreased, 
which demonstrates that h-BNNSs and m-BNNSs have few 
layers, and the accumulation of the c-direction is weaker 
than bulk h-BN [35]. This phenomenon also con�rmed 
through the change of interlayer distance (d002) and thick-
ness  (L002) of h-BNNSs and m-BNNSs in the table inserted 
in Fig. 2b. Comparing to h-BN, the d002 of h-BNNSs and 
m-BNNSs increases, and the  L002 decreases. In addition, 
the (002) peak of h-BNNSs and m-BNNSs appears to shift 
slightly from 26.92° (h-BN) to 26.83° and 26.82°, which are 
related to the increase of the interlayer distance from 3.30 
(h-BN) to 3.32 and 3.32 Å, respectively. Clearly, the exfolia-
tion and surface modi�cation of h-BNNSs will not damage 
or change the crystal structure of h-BN matrix.

The h-BN, h-BNNSs, and m-BNNSs are further analyzed 
by Raman spectra, as presented in Fig. 2c. In Raman spec-
tra of h-BN, h-BNNSs and m-BNNSs, a typical peak of the 
lamellar h-BN structure at about 1366  cm−1 is observed 
which belongs to  E2g vibration mode [36]. In comparison 
with commercial h-BN, the intensity of  E2g vibration mode 

for h-BNNSs shows a decrease. This phenomenon has been 
thoroughly studied in previous report [37]. After surface 
modi�cation of KH570, the peak intensity of m-BNNSs 
decreases signi�cantly, indicating that KH570 has been 
successfully attached to the surface of h-BNNSs. Besides, 
the full-width at half-maximum (FWHM) of the  E2g mode 
is measured to provide further information on the char-
acteristics of bulk h-BN, h-BNNSs, and m-BNNSs compos-
ite. The FWHM of h-BNNSs and m-BNNSs is estimated as 
10.50  cm−1 and 10.68  cm−1, slightly larger than bulk h-BN 
(10.07  cm−1). This smaller broadening of the  E2g vibration 
peak may be caused by lower defects. These phenomena 
are in accordance with the previous reports [29, 30].

TGA is applied to analyze the thermal stability of 
h-BNNSs and m-BNNSs (Fig. 2d). As a comparison, the TGA 
curve of commercial h-BN is also tested. As expected, the 
TGA curve for bulk h-BN has little change in weight below 
800 °C, indicating that it has high thermal stability. The 
weight loss of h-BNNSs is apparent (about 2.15%), which is 
ascribed to the existence of hydroxyl groups [33]. By com-
paring thermal weight loss of h-BNNSs and m-BNNSs, the 
amount of KH570 in m-BNNSs is estimated to be approxi-
mately 4.53%, which is related to the functional reaction of 
h-BNNSs with KH570 and bring about some attachment of 
siloxane onto the surface of h-BNNSs. The above result fur-
ther indicates the covalent grafting of KH570 to h-BNNSs.

SEM is carried out to further study the morphology of 
bulk h-BN, h-BNNSs, and m-BNNSs, and the results are 
given in Fig. 3. The h-BN powder presents the opaque 

Fig. 2  FT-IR spectra (a), XRD 
(b), Raman spectra (c), TGA (d) 
and the thermal weightless-
ness of pristine bulk h-BN, 
h-BNNSs and m-BNNSs
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bulk-like structure and irregular shapes (Fig. 3a and b) [28]. 
Comparatively, the morphologies of h-BNNSs (Fig. 3c and 
d) and m-BNNSs (Fig. 3e and f ) are di�erent from their bulk 
counterparts. After the exfoliation process, a large number 
of h-BN nanosheets are found in Fig. 3c and d. It shows a 
clear layered structure composed of the randomly stacked 
irregular nanosheets. Compared with h-BN, the thickness 
of h-BNNSs is signi�cantly reduced and nearly transparent. 
This result demonstrates that bulk h-BN is exfoliated into 
mono-layer or few layers [38, 39]. As seen in Fig. 3e and f, 
the m-BNNSs composite also shows larger fragments and 
the lamellar structures, determined by the structure of 
h-BNNSs. Furthermore, the m-BNNSs composite presents 
disordered secondary aggregates composed of primar-
ily many nanosheets, which will play an essential role in 
lubrication.

The dispersion stability of h-BNNSs-based materi-
als can determine their friction and wear capability to 
a certain extent [12]. For tribological application, it is 

essential to evaluate the dispersion of m-BNNSs as LP 
additive. Hence, the dispersion of h-BN, h-BNNSs and 
m-BNNSs in LP depending on the time is explored. The 
h-BN, h-BNNSs, and m-BNNSs are added into LP and then 
dispersed thoroughly through sonication to obtain homo-
geneous dispersions with a mass fraction of 0.6 wt%. As 
illustrated in Fig.  4a, the relative absorbance of h-BN, 
h-BNNSs, and m-BNNSs dispersions gradually decreases 
with the increase of the settling time. What’s more surpris-
ing is that the stability of three additives is a signi�cant 
di�erence. The h-BN dispersion has a serious sedimenta-
tion phenomenon, and the settling velocity is the fastest, 
which is ascribed to the agglomeration. The h-BNNSs and 
m-BNNSs dispersions are adequately stable, indicating 
that h-BNNSs and m-BNNSs have better dispersion stabil-
ity in LP than h-BN. After standing for 7 days, m-BNNSs 
dispersion possesses maximum stability in LP. The result 
demonstrates that KH570 successfully improves the dis-
persion stability of h-BNNSs. The possible reason for this 

Fig. 3  SEM micrographs of 
the initial bulk h-BN (a–b), 
h-BNNSs (c–d), and m-BNNSs 
(e–f) at low magni�cation and 
high magni�cation
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phenomenon is the introduction of lipophilic groups in 
m-BNNSs, which enhances the dispersion and compat-
ibility of the additive in LP. For the sake of brevity, Fig. 4b 
shows only the absorbance of 0.6 wt% m-BNNSs as an LP 
additive at di�erent settling times. It is apparent that the 
m-BNNSs dispersion absorbs at about 290 nm and the 
absorbance decreases from around 2.048 to 1.456 within 
7 days. These phenomena are in accordance with the pre-
vious reports [28]. The inserted photographs in Fig. 4a 
compares the dispersion stability of LP containing 0.6 wt% 
h-BN, h-BNNSs, and m-BNNSs at di�erent storage times. It 
can be seen from the �gure that the exfoliated h-BNNSs 
and as-modi�ed m-BNNSs are of excellent dispersion sta-
bility. More surprisingly, the commercial bulk h-BN pow-
ders fully sediment after seven days. With the increase of 
time, the h-BNNSs is easy to precipitate. When the h-BNNSs 
dispersion was places for seven days, the deposition can 
be seen. It is worth to mention that the m-BNNSs can be 
stably dispersed in LP until seven days, which indicates its 
great potential to be applied as an oil-based additive for 
lubrication. In addition, compared with the previous work, 
the composite material shows better settlement stability 
[21, 29].

The tribological performances are closely associ-
ated with the concentration of the lubricating oil addi-
tives, so the additive concentration must be optimized 
before the tribological tests. To explore the e�ect of the 

concentration of h-BN, h-BNNSs, and m-BNNSs on antifric-
tion performance of LP, the COFs of LP containing 0.2 wt%, 
0.4 wt%, 0.6 wt%, 0.8 wt% and 1.0 wt% of three additives 
are investigated, as presented in Fig. 5a. It can be seen 
that the average COFs of three additives in LP are smaller 
than those of LP without any additives at all the concentra-
tions. This result illustrates that three additives are capa-
ble of improving the antifriction property of LP, which is 
attributed to the inherent lubrication capabilities of two-
dimensional layered materials [35]. The h-BNNSs, and 
m-BNNSs performs better on friction-reducing property 
in comparison with h-BN. The mechanism of good lubri-
cation ability is because of the interactions of weak van 
der Waals between the loosely packed h-BN nanosheets, 
which promotes inter-plane sliding, thus reducing the fric-
tion between the balls and balls [40]. When m-BNNSs is 
added to LP for friction, the weak interlayer interactions 
of m-BNNSs are conducive to the shear of nanosheets on 
sliding interfaces, which signi�cantly improve lubricating 
properties. When the concentration of the h-BN increases 
from 0.2 to 0.6 wt%, the average COFs decrease gradually. 
A further reduction in the average COFs value is observed 
when h-BNNSs and m-BNNSs are subsequently used. Com-
pared to the h-BNNSs, the maximum decrease is visible 
for m-BNNSs. The reason for this phenomenon is due to 
the fact that the m-BNNSs has agglomerated (Fig. 3e) and 
they may have been separated during friction. As a result 

Fig. 4  (a) UV spectra and the 
dispersed photographs at 
di�erent settling times of LP, 
0.6 wt% h-BN, h-BNNSs, and 
m-BNNSs. (b) The absorbance 
of m-BNNSs at di�erent set-
tling times

Fig. 5  (a) Variation of average 
COF with di�erent concen-
trations. (b) The COF curves 
of pure LP, 0.6 wt% h-BN, 
h-BNNSs, and m-BNNSs disper-
sions
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of this the COF value is decreased. However, the average 
COFs signi�cant increase when the h-BN, h-BNNSs, and 
m-BNNSs concentrations exceed 0.6 wt%. These results 
manifest that under the same conditions, the addition of 
0.6 wt% three additives display superior friction-reducing 
property. Therefore, 0.6 wt% can be considered as the opti-
mal concentration of three additives in LP. This appropri-
ate concentration can make h-BN, h-BNNSs, and m-BNNSs 
deposit on the steel balls more evenly, and support the 
sliding contact surfaces more e�ectively.

Figure 5b displays the variation in COF of LP, 0.6 wt% 
h-BN, h-BNNSs, and m-BNNSs dispersions. The COF val-
ues of LP are always higher than three additives during 
the whole friction stage, indicating that three additives 
have excellent friction-reducing property. In the starting 
stage, the COF curves of LP and three additives appear a 
remarkably upward trend. This phenomenon is because 
the temperature of the contacting interfaces rises rapidly 
under the action of intense friction, which intensi�es the 
thermal movement of three additives and LP adsorbed on 
the contact interfaces, increasing the friction inside the 
adsorption �lms, thereby increasing the COF. As the fric-
tion continues, the COF of LP increases gradually and then 
tends to be stable at a high value. In the presence of h-BN, 
the COF values instantly decline, and then a noticeable rise 
in the COF values is observed with the increase of friction 
time. This is probably because of the severe agglomeration 
of the bulk h-BN in LP, resulting in unstable protective �lms 
on friction pair surfaces. When adding 0.6 wt% h-BNNSs 
and m-BNNSs, the COF values are further reduced. For 
h-BNNSs, the curve �uctuates continuously after sliding for 
1800s. This result indicates that h-BNNSs can form e�ec-
tive protective �lms on the friction surfaces at the initial 
stage. However, h-BNNSs has relatively poor dispersion 
stability in LP, and there will be slight agglomeration as 
sliding continues, which will disturbs its continuous con-
tact on the surface. In comparison, the COF of the 0.6 wt% 
m-BNNSs is much lower than that of h-BNNSs during the 
test duration, meaning that m-BNNSs has superior friction 
reduction ability. Obviously, the average COF value of 0.6 
wt% m-BNNSs dispersion is reduced by 31.9% relative to 
LP alone. This is probably because the m-BNNSs composite 
adsorbs on the rubbing surfaces to form more compact 
and stable protective tribo-�lms, and the tribo-�lms are 
not easy to be destroyed.

Figure 6 presents the average WSD and MWV of LP 
and 0.6 wt% h-BN, h-BNNSs, and m-BNNSs. As seen in the 
�gure, three additives have a smaller average WSD than 
pure LP, demonstrating that three additives are useful for 
improving the anti-wear performance of LP. This may be 
because the three additives pone to enter and deposit on 
sliding interfaces, avoiding the direct contact of the fric-
tion surface. Furthermore, the h-BNNSs and m-BNNSs have 

better wear resistance. Compared to h-BN, the h-BNNSs 
and m-BNNSs as LP additives can increase the area of 
contact between friction pairs and lubricant, and they 
play a role of protective layers, thereby e�ectively reduc-
ing wear [41]. Among them, m-BNNSs exhibits a superior 
wear-resistance property compared to the other two addi-
tives. The WSD of m-BNNSs is 0.66 mm, which is 18.5% less 
than that of the LP (0.81 mm). The rule of wear behavior for 
three additives is similar to that for the antifriction prop-
erty. Thus, m-BNNSs composite is more suitable as antifric-
tion and anti-wear additives of LP.

To further evaluate wear performance of three addi-
tives, the MWV of the steel balls lubricated by LP, 0.6 wt% 
h-BN, 0.6 wt% h-BNNSs and 0.6 wt% m-BNNSs is calcu-
lated, according to Eq. (1). Under the testing conditions 
used, the MWV of the ball lubricated by LP without any 
additives is 3.33 ×  10–3  mm3 (Fig. 6). The MWV of three 
additives are signi�cantly decreased than that of LP, and 
they are 2.45 ×  10–3  mm3, 1.88 ×  10–3  mm3, 1.54 ×  10–3  mm3, 
respectively. The results further show that three additives 
have signi�cant anti-wear e�ects, suggesting that three 
additives deposit on sliding interfaces and form the tribo-
�lms under contact stress. The tribo-�lms can remarkablely 
reduce friction and avoid wear of steel balls caused by 
direct contact. As expected, h-BNNSs and m-BNNSs show 
a better wear-resistant effect than h-BN. Furthermore, 
m-BNNSs composite possesses the smallest MWV, which 
is decreased by as high as 53.8%.

Figure 7 shows the optical images of worn area lubri-
cated with LP and LP containing different additives. 
The wear spots on steel ball can be observed very intui-
tively. The worn surface on steel ball lubricated by LP 
alone (Fig. 7a) shows severe wear with deep scratches 
and grooves. When lubricated by LP containing 0.6 wt% 
h-BN (Fig. 7b), h-BNNSs (Fig. 7c) and m-BNNSs (Fig. 7d), 

Fig. 6  Comparison the average WSD and corresponding MWV 
of the lower ball using LP, 0.6 wt% h-BN, h-BNNSs and m-BNNSs 
throughout friction test
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the surface of steel ball has been signi�cantly improved 
and the size of wear scar is smaller than that of LP. Com-
pared with h-BN and h-BNNSs, there are only some shallow 
and narrow scratches on steel ball lubricated by 0.6 wt% 
m-BNNSs, and the smallest wear scar are observed. The 
improvement order of three additives on the surface of 
steel ball obtained from Fig. 7 corresponds to the results 
of anti-wear property of three additives (Fig. 6).

Tribological test results show that m-BNNSs possesses 
more outstanding lubrication behaviors compared with 
h-BN or h-BNNSs. For m-BNNSs composite, the weak van 
der Waals interactions between layers provide low shear 

resistance under friction stress, thus reducing friction. In 
addition, m-BNNSs can e�ectively �ll the wear area of the 
steel ball, and provide continuous protective �lms on rub-
bing surfaces, because of its excellent dispersion stability 
in LP, prevent direct contact of friction pairs, and further 
improve wear-resistance performance.

In order to prove that functionalized modification 
of h-BNNSs can significantly improve the tribologi-
cal properties, we also compare m-BNNSs composite 
with the physical mixed additive h-BNNSs + KH570. As 
shown in Fig. 8, the anti-wear e�ect of h-BNNSs + KH570 
is similar to that lubricated with LP containing 0.6 wt% 

Fig. 7  Optical microscopy 
images of worn surfaces of 
steel balls: LP (a) and LP with 
0.6 wt% h-BN (b), 0.6 wt% 
h-BNNSs (c), and 0.6 wt% 
m-BNNSs (d)

Fig. 8  (a) Comparison of the 
average COFSs and average 
WSD for LP containing 0.6 
wt% m-BNNSs and 0.6 wt% 
h-BNNSs + KH570. (b) The COF 
curves of pure LP, 0.6 wt% 
m-BNNSs/LP, and 0.6 wt% 
h-BNNSs + KH570/LP disper-
sions
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h-BNNSs (Fig. 6). Regrettably, 0.6 wt% h-BNNSs + KH570 
dispersion possesses large COF, and the average COF 
value is tested to be 0.101, which is 11.0% higher than 
that of the LP (0.091). It should be explained that this is 
the result of a relationship between silane and LP can 
be caused. In contrast, the obtained m-BNNSs is much 
better of lubricating oil additive with superior proper-
ties in both �ction-reducing and anti-wear properties, 
which re�ects its wide practical importance. As seen in 
Fig. 8b, the curve of 0.6 wt% m-BNNSs lower the curve 
of LP and 0.6 wt% h-BNNSs + KH570 during the whole 
test. For h-BNNSs + KH570, the COF values are smaller 
than LP before about 600  s due to the intrinsic tribo-
logical performances of h-BNNSs. Then the COF values of 
h-BNNSs + KH570 gradually increase from 600 to 900 s and 
�nally close to the COF values of LP. As friction test con-
tinues, the COF curve of h-BNNSs + KH570 is above that 
of LP. This may be due to the fact that the non-covalent 
bond combination of KH570 and h-BNNSs will a�ect the 
dispersion of h-BNNSs in LP, and its tribological perfor-
mance will be seriously deteriorated. These results further 
demonstrate that chemical functionalization h-BNNS by 
surface modi�er containing lipophilic groups can signi�-
cantly improve its dispersion and tribological behaviors 
in base oils.

4  Conclusions

In summary, m-BNNSs composite is synthesized by cova-
lent interaction with silane coupling agent KH570 and 
h-BNNSs. The m-BNNSs composite has excellent disper-
sion stability in LP. Compared with h-BNNSs + KH570 pre-
pared by physical blending method, m-BNNSs composite 
possesses better friction-reducing and wear resistance 
e�ects. Therefore, this facile and scalable reaction method 
of h-BNNSs opens up a new way for the potential applica-
tion of h-BN in lubricant systems.
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