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Abstract: Three types of nano-montmorillonite were doped as additives to afford lubricating greases. The 

physicochemical, insulating, and tribological performances of the obtained lubricating greases were investigated 

in detail. Furthermore, the tribological action mechanisms were analyzed by high magnification optical microscope, 

Raman spectroscopy, and energy dispersive X-ray spectroscope (EDS). The results show that the inorganic 

modification montmorillonite (IOMMT) can significantly increase the number of electron traps in the base 

grease, leading to excellent insulating performances. Moreover, IOMMT as a novel lubricant additive (1.5 wt% in 

grease) significantly enhances the friction reducing and anti-wear abilities for steel/steel contact that comprises 

a unique layered structure to prevent friction between the contact pairs and the protective tribofilm generated 

by physical adsorption and chemical reaction. 
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1  Introduction 

The primary function of lubricating agents as 

engineering materials is to enhance equipment efficiency, 

reduce frictional loss, and extend the service life of 

machines [1–3]. However, since mechanical equipments 

are used in various fields, they present some special 

demands apart from excellent friction reducing and 

anti-wear properties. For instance, the lubricating 

greases applied in some electrical equipment should 

possess good conductive capacity [4–6], whereas the 

space lubricating greases should maintain long-term 

reliability under high-energy irradiation, high vacuum, 

and high/low temperature [7–10]. Lubricating grease 

applied in some electrical devices, such as a cable 

connector, a battery terminal, or a plug connection, 

should exhibit high levels of insulation to eliminate 

discharge and excellent tribological properties to 

reduce frictional loss generated by frequent operations 

[11–13]. We have proved in our previous study that 

the greases synthesized with nanometer SiO2 and 

TiO2 have an outstanding insulation and tribological 

performance [11]. 

Montmorillonite (MMT) is a type of natural nano-

meter silicate mineral with a layered structure. It has 

drawn intensive attention across the industry and 

academia because of its unique performance, including 

high strength, large special surface area (SSA), superior 

insulating property, outstanding adsorption capacity, 

and novel tribological performances. Furthermore, 

MMT has a sandwich structure, wherein the upper 

and lower layers are silicon–oxygen tetrahedrons and 

the middle layer is aluminum–oxygen octahedron. 

Moreover, exchangeable cations, such as Na+, Mg+, 

and Al+, exist between the layers [14–18]. Due to its 

unique characteristics of having a nano-scale layered 

structure and exchangeable cations, MMT can be easily 

modified and used for various applications. There are 

two methods to modify MMT: organic modification 

(OMMT) and inorganic modification (IOMMT). The 

modified MMT possesses higher SSA, adsorption 

capacity, and dispersive capacity, and it is widely  
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applied in the composite, electrical engineering, and 

medical fields [19–21]. Pojanavaraphan et al. found that 

MMT significantly improved the material properties, 

including the mechanical, rheological, and swelling 

behavior in aerogel/pre-vulcanized natural rubber 

composites produced by freezing-drying [22]. Rashmi 

et al. reported that the epoxy nanocomposite with 

5 wt% OMMT exhibited outstanding wear resistance 

[23]. Yuan et al. prepared a novel cellulose insulating 

paper with modified MMT and the breakdown voltage 

was increased from 50.3 kV to 56.9 kV [24]. Fan et al. 

investigated the tribological properties of a self- 

lubricating liner based on MMT reinforced phenolic 

nanocomposites and found that the addition of 

2 wt% OMMT induced the required friction and wear 

properties [25]. 

In this study, new types of lubricating greases 

exhibiting excellent insulating and tribological per-

formances were synthesized with nano-montmorillonite 

and SiO2. The insulating and tribological performances 

of the lubricating greases were investigated using an 

automatic electrical breakdown tester, volume resistivity 

tester, and a MFT-R4000 reciprocation friction and 

wear tester. High magnification optical microscopy, 

Raman spectroscopy, and energy dispersive X-ray 

spectroscopy (EDS) were also employed to explore 

the lubricating mechanisms. 

2 Experimental details 

2.1 Materials 

Based on the Lv’s work and our previous article 

[11, 26, 27], naphthenic oil (25# Karamay transformer 

oil) was selected as the base oil, and Table 1 shows its 

typical characteristics. Polytetrafluoroethylene (PTFE, 

DyneonTM TF9207,) with a density of 2.2 g/cm3 and 

4-μm grain size was used as a thickener and analytically 

pure acetone (Sinopharm Chemical Reagent Co., Ltd.) 

was used as a polar dispersant. Three types of nano- 

montmorillonite and nano-SiO2 were purchased from 

Haichengxingye Technology Co., Ltd (Shenzhen, China) 

and DK Nano-technology (Beijing, China), respec-

tively. Table 2 lists the typical characteristics and Fig. 1 

shows the Fourier transform infrared spectrum of 

nano-montmorillonite. 

Table 1 Typical characteristics of the naphthenic oil. 

Item 25# Karamay Standard 

Kinematic viscosity (40 °C)  
(mm2/s) 

9.936 ASTM D445

Density (20 °C) (kg/m3) 883 ASTM D4052

AC breakdown voltage  
(2.5 mm gap) (kV) 

60 ASTM D149

Pour point ( °C) −35 ASTM D97

Flash point ( °C) 145 ASTM D92

Acid value (mgKOH/kg) 0.02 ASTM D664

Moisture (mg/kg) <30 ADTM D6304

Table 2 Main characteristics of the nano-montmorillonite and 
nano-SiO2. 

Item MMT OMMT IOMMT SiO2 

Grain size (nm) 70−80 70−80 70−80 30−40

Density (g/m3) 2.5−3 2.5−3 2.5−3 2.2 

Purity (wt%) 98% 98% 98% 98% 

SSA (m2/g) 80 320 200 300 

 

Fig. 1 Fourier transform infrared analysis spectra of the MMT, 
OMMT, IOMMT and SiO2. 

In the curves of the three types of MMT, the peaks 

from 3,450 cm−1 to 3,650 cm−1 and 1,480 cm−1 to 1,630 cm−1 

are assigned to the stretching vibration and bending 

vibration, respectively, of H−O−H. These peaks prove 

that absorbed water exists between the MMT layers, 

and crystal water is present as the lattice. The peak at 

1,030 cm−1 is attributed to the stretching vibration of 

Si−O−Si, whereas the peak at about 700 cm−1 is assigned 

to flexural vibration of Si−O tetrahedron and Al–O 

octahedron. There are also some typical peaks (520 cm−1 
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and 860 cm−1) in the infrared spectra of silicate. These 

are assigned to the stretching vibrations and flexural 

vibration of Si–O–Al. In the infrared spectra of the 

OMMT, the obvious peaks at 2,850–2,920 cm−1 are 

attributed to the stretching vibration bands of –CH3 

and –CH2, respectively [25, 28, 29]. It indicates that 

organic chains exist between the MMT layers. 

2.2 Preparation of the insulating greases 

The insulating greases were synthesized by the following 

procedures. First, the base oil (70%, mass fraction, the 

same hereafter) was infused into the reaction vessel 

and agitated at once. Second, the PTFE powder (30%) 

and lubricating additives were gently poured into the 

vessel and fiecely agitated. As the base oil was blended 

homogenously with the PTFE powder, acetone, whose 

mass was approximately half of the PTFE, was injected 

dropwise and agitated for about 30 min to confirm 

that the PTFE powder was entirely homo-dispersed 

within the base oil. Third, the compound was warmed 

to 80 °C for another 30 min to remove acetone. Last, 

the mixture was cooled to room temperature, and the 

insulating grease was obtained after three steps of fine 

grinding/homogenization with a three-roller mill. 

2.3 Characterization of the insulating greases 

The HJC-50 kV automatic 50-Hz electrical breakdown 

tester (Huayang equipment CO., LTD) was employed 

to determine the alternating current (AC) breakdown 

voltage of the insulating greases according to GB/T 

1408. The electrical breakdown tester consists of plate 

electrodes, and the distance between the plate electrodes 

was 1.5 mm (Fig. 2). The voltage rate was set to 0.2 kV/s. 

All the tests were conducted at room temperature and 

each experiment was repeated two times to ensure the  

 

Fig. 2 Diagram of plate electrode structure. 

reliability of the data, with a third test if the relative 

error was greater than 5%. The surface volume 

resistivity of the prepared grease was acquired using 

GEST-121 surface volume resistivity. The penetration, 

dropping point, and copper strip tests were conducted 

according to the national standards, including GB/T 

269, GB/T 3498, and GB/T 7326, respectively. 

2.4 Friction and wear tests 

The tribological properties of the insulating greases 

were investigated using a MFT-R4000 reciprocation 

friction and wear tester with a ball-on-disk configura-

tion (Fig. 3) at room temperature. The upper ball 

(commercially available AISI 52100 steel ball, diameter: 

5 mm, hardness: 710 HV) was driven to reciprocally 

slide against the lower fixed disk (Ф 24 mm  7.9 mm, 

AISI 52100 steel, hardness: 590–610 HV) at a stroke of 

5 mm. The upper ball and lower disks were cleaned 

using an ultrasonic cleaner comprising petroleum ether 

for 10 min before and after the friction test. About 1 g 

of grease was introduced into the reciprocating sliding 

region. The tribological test parameters, including 

applied loads and frequencies, range from 50 N to 

200 N (corresponding to the Hertzian pressure in the 

range of 1.7−2.7 GPa) and 2 Hz to 5 Hz, respectively. 

The computer connected with the MFT-R4000 tribometer 

can record the coefficient of friction (COF) automatically. 

Each tribological test lasts for 30 min and was repeated 

three times to guarantee the reliability of the exper-

imental data. After the tribological test, the upper ball 

and lower blocks were cleansed in petroleum ether 

for 10 min utilizing an ultrasonic cleaner. Then, an 

optical microscope (Olympus, Japan) was employed 

to acquire the wear width and morphology of the worn  

 

Fig. 3 The MFT-R4000 reciprocation tribometer and contact 
configuration of the friction pairs. 
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surface on the lower disk. A Raman spectroscope with 

514 nm laser excitation (Renishaw, UK) and an energy 

dispersive X-ray spectroscope (Bruker, Germany) were 

utilized to evaluate the lubricating mechanisms. 

3 Results 

3.1 Properties of the insulating greases 

3.1.1 Physicochemical characteristics of the insulating 

greases 

The physicochemical parameters of grease can affect 

the fundamental characteristics. According to the 

tribological tests shown in the following section, we 

provided the typical properties of the lubricating 

greases, containing 1.0% OMMT, 1.5% IOMMT, 1.5% 

MMT, and 1.0% SiO2, in Table 3. Compared with the 

base grease, it was observed that all the additives 

improved the dropping point and penetration and all 

the greases possessed good corrosion resistivity. The 

lubricating grease with 1.0% OMMT exhibited the 

lowest penetration among all the greases. The main 

reason leading to low penetration is that the OMMT 

has a relatively high SSA and pore volume, which result 

in a high adsorption capacity. OMMT can restrict the 

movement of the liquid molecules due to the surface 

force (which is similar to the intermolecular force). 

Therefore, the OMMT grease possesses a relatively 

lower penetration [30]. 

3.1.2 Insulating capacity of the prepared greases 

A dielectric conductor loses its dielectric properties 

under the action of a strong electric field to become 

an electric conductor. This phenomenon is called  

Table 3 Typical properties of the several kinds of insulating 
greases. 

Sample 
Dropping 

point 
( °C) 

1/4 
Penetration 
(0.1 mm) 

Copper 
corrosion

(T2 copper, 
100 °C, 24 h)

Base grease 332 122 1a 

OMMT (1.0 wt%) grease >350 81 1a 

IOMMT (1.5 wt%) grease >350 94 1a 

OMMT (1.5 wt%) grease >350 92 1a 

SiO2 (1.0 wt%) grease >350 89 1a 

dielectric breakdown, and the corresponding voltage 

is called the breakdown voltage [31, 32]. Volume 

resistivity is the current impedance of the material 

per unit volume and is used to characterize the 

material’s electrical properties [33, 34]. Therefore, we 

measured these parameters to characterize the material’s 

insulating performance. Figure 4(a) shows the AC 

breakdown voltage of the insulating greases with 

different additive contents. It is clearly observed that 

the AC breakdown voltage increases with increasing 

additive content except for 1.5% OMMT. Compared 

with the base grease, the AC breakdown voltage of 

1.5% IOMMT grease (6.54 kV) increased by 21%. 

Figure 4(b) describes the volume resistivity evolution 

of insulating greases with different additive contents. 

As the content of the additive increases, the volume 

resistivity increases; the IOMMT greases possess the 

highest volume resistivity among all the insulating 

greases. The volume resistivity of 2.0% IOMMT grease 

is about 65% higher than that of base grease. The AC 

breakdown voltage and volume resistivity indicate 

that the IOMMT grease possesses excellent insulating 

property. 

The electron capture theory is used to explain the 

insulating mechanism [35, 36]. Existing studies have 

proved that under the effect of the local electric field, 

the electron can polarize the surrounding molecules 

to develop charged particles and form a directional 

movement. After the charged particles move some 

distance, the electron will detach and reform into new 

charged particles and continue to move, thereby 

generating the current. Nevertheless, in the process 

of movement and developing new charged particles, 

the energy of the electron gradually decreases. These 

charged particles can be named as the electron trap 

[37, 38]. The addition of nano-montmorillonite can 

significantly increase the number of electron traps in 

the base grease, which can reduce the electron transfer 

rate and energy, leading to a conductive path that is 

difficult to form [24, 39]. Thus, the AC breakdown 

voltage and volume resistivity of the insulating greases 

are improved. A high trap density is generated by 

IOMMT in the grease, which makes a positive contri-

bution for high AC breakdown voltage and volume 

resistivity. 
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3.2 Tribological test results 

To evaluate the tribological performances of the 

additives, this article investigated three predominant 

factors (additive concentration, load, and frequency). 

3.2.1 Effect of additive concentration 

A MFT-R4000 tribometer was employed to investigate 

the tribological properties of the insulating greases. 

Figure 5 compares the evolution in the COFs and wear 

widths for the insulating greases at 50 N, 5 Hz, and 

room temperature (RT). As shown in Fig. 5(a), it is 

clearly observed that with the increasing concentration 

of additives, the COFs of all the insulating greases 

decrease first and then increase. When the concentration 

of the additives is 1.0%, 1.5%, 1.5%, and 1.0%, the grease 

exhibits the best friction reducing property. As shown 

in Fig. 5(b), the wear width has a similar variation 

tendency. Compared with the base greases (about 

0.19 mm), the lubricating grease with 1.0% OMMT, 

1.5% IOMMT, 1.5% MMT, and 1.0% SiO2 exhibited 

the lowest wear width (about 0.146–0.174 mm). For 

friction reducing and anti-wear performances, the 

1.5% IOMMT grease shows the best tribological per-

formances among all the insulating greases. 

Similarly, it can be clearly observed that the best 

concentration of OMMT in the grease is not the 

same as that of IOMMT and MMT. This is because 

the nano-montmorillonite modified by the organics 

possesses a high SSA and pore volume, due to which 

OMMT is not uniformly dispersed in the base grease 

and goes against the formation of the lubrication film 

during the friction process. Therefore, in the following 

experiments, the concentration of OMMT, IOMMT, 

MMT, and SiO2 in the greases was 1.0%, 1.5%, 1.5%, 

and 1.0%, respectively. 

3.2.2 Effect of load 

Figure 6 lists the evolution of the COFs and wear 

widths for the lubricating greases at different loads,  

5 Hz, and RT. It is obviously seen that the COFs of 

the greases increase gradually with the increasing 

loads, but the IOMMT grease always shows smaller 

COFs among all the insulating greases under different 

 

Fig. 4 The AC breakdown voltage (a) and volume resistivity (b) of the prepared insulating greases at different additives concentrations.

 

Fig. 5 The average COFs (a) and wear widths change (b) under the lubrication with insulating greases at different additives concentrations
at 50 N, 5 Hz, and RT. 
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loads. As shown in Fig. 6(b), the IOMMT greases show 

an obviously lower wear width under 50 N and 200 N. 

When the loads are 100 N and 150 N, the wear widths 

of IOMMT greases (about 0.23 mm and 0.26 mm) are 

close to that of the MMT greases (about 0.24 mm and 

0.27 mm). The results indicate that the IOMMT grease 

has better tribological properties than other greases. 

3.2.3 Effect of frequency 

Figure 7 displays the COFs and wear widths of 

insulating greases at different frequencies, 200 N, and 

RT. As shown in Figs. 7(a) and 7(b), the COFs and 

wear widths decrease first and then increase with the 

frequency ranging from 2 Hz to 5 Hz. At the same 

time, compared with the other greases, the IOMMT 

grease exhibited lower COFs and wear widths. The 

results demonstrate that the IOMMT grease possesses 

better friction reducing and wear resistance perfor-

mances than the other lubricating greases. 

3.2.4 Analysis of the worn surfaces 

The surface morphologies of the worn surfaces 

lubricated with insulating greases are provided in 

Fig. 8. All the surface morphologies are obtained 

under the same conditions. The wear width (Fig. 8(b)) 

and the high magnification morphology (Fig. 8(b)) of 

the worn surface lubricated with IOMMT grease are 

the narrowest and smoothest. There are just a few 

shallow furrows. In contrast, the worn surfaces lubri-

cated with OMMT, MMT, and SiO2 exhibited more 

dense furrows and larger pits, which are dominated 

by abrasive and adhesion wear. The images of worn 

surfaces clearly demonstrate that the IOMMT grease 

has a better anti-wear performance than that of the 

other greases. 

EDS is an excellent experimental tool to characterize 

the typical elements on the worn surfaces. To further 

explore the friction reducing and anti-wear mechanism 

of the insulating greases, the EDS spectra of the wear 

scratches lubricated with insulating greases at 200 N 

and 5 Hz are provided in Fig. 9. It can be obviously 

seen that there are some emblematic elements of nano- 

montmorillonite, such as Al and Si, existing on the 

wear scratches in Figs. 9(a), 9(b), and 9(c). Compared  

 

Fig. 6 The average COFs (a) and wear widths change (b) under the lubrication with insulating greases at different loads, 5 Hz, and RT.

 

Fig. 7 The average COFs (a) and wear widths change (b) under the lubrication with insulating greases at different frequencies, 200 N,
and RT. 
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Fig. 8 Morphologies of the worn surfaces lubricated with insulating greases at 200 N, 5 Hz, and RT. (a) and (a') OMMT grease, (b) and
(b') IOMMT grease, (c) and (c') MMT grease, (d) and (d') SiO2 grease. 
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with the wear scratch lubricated with MMT grease 

(Fig. 9(c)), the sodium and magnesium elements are 

not observed on the wear scratches lubricated with 

OMMT and IOMMT greases (Figs. 9(a) and 9(b)), 

respectively. There is also plenty of Si (3.7%) on the 

wear scratch lubricated with SiO2 grease (Fig. 9(d)), 

but the contents of C (9.53%) and O (10.65%) are much 

lower compared to that of the IOMMT grease. From 

the EDS spectra, we obtain that the contents of C 

(11.8%), O (15.9%), and Si (3.9%) on the wear scratch 

lubricated with IOMMT grease are higher than those 

of the other greases. It is presumed that a sufficiently 

protective tribofilm is generated on the worn surface 

in the sliding process. Consequently, the IOMMT 

grease performs outstanding friction reducing and 

anti-wear performances. 

Figure 10 corresponds to the Raman spectra of 

IOMMT and the worn surface lubricated with 1.5% 

IOMMT grease at 200 N, 5 Hz, and RT. The IOMMT is 

characterized by bands located at 200 cm−1, 270 cm−1, 

450 cm−1, 710 cm−1, and 1,090 cm−1 [40, 41]. After the 

tribological test, the disk is cleaned ultrasonically in 

petroleum ether for 10 min. Then, the worn surface is 

examined using a Raman microscope. It is obviously 

seen that these typical peaks of IOMMT exist on the 

worn surface. At the same time, we also acquire some 

other bands (224 cm−1, 328 cm−1, 425 cm−1, and 609 cm−1), 

which are assigned to various iron oxides [42, 43]. The 

Raman test results prove that IOMMT is adsorbed on 

the worn surface to form an adsorption film and iron 

oxides are generated on the worn surfaces to form a 

chemical reaction film. 

 

Fig. 10 Raman spectra of the nanometer IOMMT and worn 
surface lubricated with IOMMT grease at 200 N, 5 Hz, and RT. 

 

Fig. 9 EDS of the worn surfaces lubricated with insulating greases at 200 N, 5 Hz, and RT. (a) OMMT grease, (b) IOMMT grease, (c) MMT
grease, and (d) SiO2 grease. 
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3.2.5 Tribological tests discussion 

Herein, the intricate lubrication behavior of the prepared 

insulating greases was studied for steel/steel friction 

pair with addition of 1.5% IOMMT, which exhibited 

better tribological performances than that of the other 

greases. Figure 11 is a schematic of the nano-additive 

dispersed in the insulating greases during the sliding 

process, which can explain the friction and wear 

mechanisms. The friction reducing and anti-wear 

properties can be illustrated by the following factors. 

First, the crystal cell of nano-montmorillonite is similar 

to a sandwich structure; the upper and lower layers 

are silicon–oxygen tetrahedrons and the middle layer 

is an aluminum–oxygen octahedron [14–18]. The 

primary connection forces between the two layers are 

molecular and hydrogen bonds [44]. Under the friction 

heat, the connection forces are easily broken, leading 

nano-montmorillonite to release numerous small 

secondary particles and active oxygen. These secondary 

particles can act as spacers, preventing the close contact 

between the contact pairs [23, 25]. Second, there is a 

large number of unsaturated and dangling bonds, 

such as Si−O−Si, O−Si−O, and Mg−O, existing on the 

nano-montmorillonite powder surface. It makes the 

particles possess strong polarity and adsorb tightly 

on the friction surface. Thus, the adsorption film 

possessing friction reducing and anti-wear properties 

is formed on the friction surface [45, 46]. Third, the 

local high temperature and pressure caused by the 

asperity collision during the sliding process are beneficial 

for active atoms to be deposited and react, promoting 

the formation of an oxidation protecting film on the 

worn surface. At the same time, it can also induce 

decomposition and fracture of the lubrication oil chains 

to be deposited on the worn surface. These factors 

work together to generate the friction reducing and 

anti-wear properties [45, 47–49]. 

4 Conclusions 

We summarize the abovementioned experimental 

works of insulating greases as follows: the inorganic 

modified nano-montmorillonite (IOMMT) as an 

insulating additive in the grease can significantly 

increase the number of electron traps to improve the 

AC breakdown voltage and volume resistivity. The 

insulating grease synthesized with IOMMT also exhibits 

better friction reducing and anti-wear performances 

for the steel/steel contact pairs, and the optimal con-

centration for IOMMT is recommended as 1.5 wt%. 

The friction reducing and anti-wear performances are 

mainly attributed to the unique layered structure that 

prevents the close contact between the touching pairs 

and the protective tribofilm generated by the physical 

adsorption and chemical reaction. This indicates that 

IOMMT as a solid additive is highly effective to 

improve the insulation and tribological performances 

of lubricating greases for extensive applications. 
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Fig. 11 Schematic of friction mechanism of the insulating greases. 
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