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Abstract The focus of this study was the development of

a new lubricating grease, using surface-modified attapulg-

ite clay as thickener and synthetic oil (PAO 40) as the base

oil. The tribological sensitivity of the new grease was

investigated by studying the effect of adding three solid

additives [KB3O5, MoS2, graphite and a graphite/MoS2

mixture (mass ratio 3:2)]. Its tribological behavior was

compared with that of traditional bentone grease by adding

MoS2. The dropping point and the cone penetration of the

new grease were also investigated and analyzed. The wear

scar diameter of the base grease was measured on an MRS-

1 J (G) four-ball tester, and the tribological sensitivity of

solid lubricating additives to attapulgite clay base grease

was evaluated using an Optimol SRV reciprocating friction

and wear tester. The addition of MoS2 and the graphite/

MoS2 mixture to the new lubricating grease improved its

friction-reducing ability, while the addition of KB3O5

improved its antiwear ability. The additives MoS2 and the

graphite/MoS2 mixture also increased the load-carrying

capacity of the base grease. The attapulgite clay grease

containing MoS2 had a better friction-reducing ability than

the traditional bentone grease containing MoS2.

Keywords Attapulgite clay � Grease � Solid lubricant

additives � Tribological properties

1 Introduction

Lubricating greases are generally highly structured colloi-

dal dispersions that consist of a thickener dispersed in

mineral or synthetic oil. The most commonly used thick-

eners are fatty acid soaps of lithium, calcium, sodium,

aluminum, and barium [1]. However, in recent years, the

use of the non-metallic mineral materials to synthesize

lubricating grease has attracted much attention. One such

example is bentone grease, which is usually synthesized by

mixing the base oil and surface-modified bentonite. Ben-

tone grease is famous for its excellent physical–chemical

properties and extraordinary performance.

Many researchers have recently focused on a kind new

non-metallic mineral material, attapulgite clay. This clay,

with the structural formula Si8O20Mg5(Al)(OH)2(H2O)4�
4H2O, is a type of natural fibrillar silicate clay consisting of

two double chains of the pyroxene-type (SiO3)2--like

amphibole (Si4O11)6- running parallel to the fiber axis [2].

This unique structure confers many special surface and

interface properties to attapulgite clay, including a larger

specific surface area, surface activity, porous and adsorp-

tion ability, ion exchange, and salt resistance. There are

reports of attapulgite being used in rubbers, adhesives,

thermoplastic polymers, silicate/epoxy nanocomposite,

catalyst supports, and environmental absorbents [3–7],

among others. Attapulgite clay has a structure similar to

that of bentonite. However, to date, there have been no

reports on the use of organically modified attapulgite to

synthesize lubricating grease.

In the study reported here, we used the method stan-

dardly used to synthesize bentone grease and adopted a wet

way of manufacturing to synthesize the lubricating grease

based on the organically modified attapulgite. Different

from bentonite, attapulgite can be directly modified by
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hexadecyltrimethylammonium bromide (HTMAB). There-

fore, in comparison to bentonite, using the organically

modified attapulgite to synthesize lubricating grease

involves a predigestion step in the manufacturing process.

In our study, we first used HTMAB to modify the atta-

pulgite and then used the wet way of manufacturing to

synthesize lubricating grease. We also characterized the

physical properties of the new lubricating grease, investi-

gated the effect of different solid additives on the tribo-

logical behavior of the new lubricating grease and

compared the tribological behaviors of the new grease and

traditional bentone grease.

2 Experimental

2.1 Materials

The attapulgite clay was obtained from the DAIREN

Chemical Corporation (Jiangsu, China). The cation

exchange capacity (CEC) was calculated to be 50.88 meq/

100 g using the formaldehyde method. HTMAB was pur-

chased from the Sinopharm Chemical Reagent Co.

(Shanghai, China).The commercially available organo-

bentonite surface modified with HTMAB was obtained

from the Zhejiang Anji Tianlong Organic Bentonite Co.

Synthetic PAO 40 was purchased from the Lanzhou

Refinery company (Lanzhou, China). The additives of

KB3O5, MoS2, and graphite were also commercially

obtained. All chemical reagents were of analytical grade

and used without further purification.

2.2 Preparation of Organo-attapulgite

The organo-attapulgite was prepared according to a pre-

viously described method [8]. To ensure that the attapulgite

was sufficiently modified, we mixed 10 g of attapulgite in

100 ml HTMAB aqueous solution containing the amount

of surfactant equivalent ratios to 3.0 of the CEC of

attapulgite.

2.3 Characterization of the Organo-Attapulgite

Infrared spectroscopic measurements were carried out on a

FTS-165 spectrophotometer (Bio-Rad, Hercules, CA)

using the KBr pellets method. Thermogravimetric analysis

(TGA) was carried out on a ZRY-2P thermogravimetric

analyzer at a heating rate of 10�C min-1 in flowing air.

2.4 Synthesis of the Greases

Synthetic PAO 40 has a kinematic viscosity (at 100 �C) of

40 mm2 s-1. The lubricating grease was prepared using the

following procedures. First, 50 wt% of the total base oil

was put into a vessel under stirring and stirring was con-

tinued. The organo-attapulgite was then slowly added to

the base oil in the vessel and vigorously stirred to obtain a

homogenous mixture. A certain amount of acetone was

added to ensure that the organo-attapulgite was thoroughly

dispersed throughout the base oil, with continued stirring

for about 30 min. The mixture was then heated up to 60�C

and maintained at this temperature for about 30 min to

remove the acetone. Finally, the remaining base oil was

stepwise added to the vessel in batches. The new lubri-

cating grease was obtained after five separate fine grinding/

homogenization steps in a three-roller mill. Bentone grease

was prepared in the same manner as just described.

To investigate the effect of different solid additives on

the tribological behavior of the new grease, we added

routine solid additives, such as MoS2 (2H layered), KB3O5,

graphite, graphite, and a mixture of graphite and MoS2 (2H

layered; mass ratio 3:2; abbreviated as graphite/MoS2), into

the grease at a 5.0 wt% concentration; these mixtures were

mixed by mechanical stirring and finely ground three times

in a three-roller mill.

2.5 Characterization the Physical Properties of the New

Lubricating Grease

The dropping point and penetration of the lubricating

grease were measured according to national standards

GB/T 3498 and GB/T 269, similar to ASTM D2265 and

ASTM D217, respectively.

2.6 Friction and Wear Tests

The wear scar diameter of the base grease was measured on

an MRS-1 J (G) four-ball tester (MRS Seitter, Holzmaden,

Germany). The four-ball test was performed at a rotating

speed of 1450 rpm (linear speed 33.38 m min-1) and load

of 392 N, for a test duration of 60 min. The wear scar

diameters on the three lower balls were measured using an

optical microscope to an accuracy of 0.01 mm. The result

shows that the wear scar diameter of the lubricating grease

based on attapulgite clay is about 0.94 mm.

An Optimol (Munich, Germany) SRV oscillating fric-

tion and wear tester (Fig. 1) was used to evaluate the tri-

bological sensitivity of the attapulgite clay base grease

following the addition of the additives. The upper ball, with

a diameter of 10 mm, was made of AISI 52100 steel

(hardness 710 HV). In all the tests, the ball slides recip-

rocally at an amplitude of 1 mm against the stationary

disks (AISI 52100 steel, hardness 700 HV). Friction and

wear tests were all conducted at the load of 200 N with a

testing duration of 30 min. The friction coefficient was

recorded automatically by a computer connected to the
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SRV tester. The volume loss of the lower disk due to wear

was determined using a MicroXAM-3D surface mapping

microscope profilometer. The results reported here are the

average of duplicate tests.

2.7 Characterization of the Worn Surface

The morphologies of the wear scars were observed using a

JSM-5600LV scanning electron microscope (SEM) (JEOL,

Tokyo, Japan). The binding energies of some typical ele-

ments in the worn surfaces were analyzed using a PHI-

5702 multi-functional X-ray photoelectron spectroscope

(XPS, X-ray photoelectron). Al–Ka radiation was used as

the excitation source, and the binding energy of carbon

(C1s: 284.6 eV) was used as the reference.

3 Results and Discussion

3.1 Characterization of the Organo-attapulgite

The Fourier transform infrared (FT-IR) spectra of atta-

pulgite and organo-attapulgite are shown in Fig. 2. Com-

pared to the spectra of attapulgite, strong absorption bands

at 2930 and 2856 cm-1 are visible in the spectra of the

organo-attapulgite. These latter bands indicate the presence

of –CH3 and –CH2 groups and suggest that the natural

attapulgite has been modified by the surfactant. Figure 3

shows that the black curve is thermogravimetric (TG)

curve and the blue one is differential scanning calorimetry

(DSC) cure of the organo-attapulgite. The organo-atta-

pulgite began to decompose at about 190 �C.

3.2 Physical Properties of the New Lubricating Grease

The dropping point and the penetration of the base grease

and the grease containing three solid additives at 5.0 wt%

concentration are listed in Table 1. From Table 1, it can be

directly seen that each of the three solid additives, partic-

ularly KB3O5, had an effect on the penetration of the

attapulgite grease. However, the additives had little effect

on the dropping point of the grease, with only the addition

of MoS2 slightly decreasing the dropping point of the base

grease. Table 1 also clearly shows that the dropping point

of the attapulgite clay base grease is higher than that of the

bentone base grease.

3.3 The Tribological Sensitivity of Solid Lubricating

Additives to Attapulgite Clay Base Grease

Figure 4 shows the variations in the friction coefficient

with sliding frequency. The introduction of MoS2 and

graphite/MoS2 as additives significantly decreased the

Fig. 1 The Optimol SRV oscillating friction and wear tester
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Fig. 2 Fourier transform infrared (FT-IR) spectra of the attapulgite

(a) and the organo-attapulgite (b)
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Fig. 3 Thermogravimetric (TG) of black curve and differential

scanning calorimetry (DSC) of blue curves of the organo-attapulgite
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friction coefficient of the attapulgite clay base grease, with

the friction coefficients of the base grease containing MoS2

being the lowest. The friction coefficients also tended to

decrease slightly following the addition of graphite and

KB3O5 into the base grease. The relationship between the

wear rate and the sliding frequency with the lubrication of

the base grease containing four different solid additives is

shown in Fig. 5. Lower wear rates were observed with

lubrication by the base grease containing KB3O5 and MoS2

than with the attapulgite clay base grease. The addition of

graphite/MoS2 slightly reduced the wear rate, except at the

sliding frequency of 10 Hz. However, the addition of

graphite has a counteracting effect on the base grease,

dramatically increasing its wear rate.

These results show that although the KB3O5 did not

improve the friction coefficient of the base grease, its use

as an additive provided effective antiwear properties. The

addition of MoS2 effectively reduced the friction and wear.

Therefore, we conclude that the tribological properties of

KB3O5 and MoS2 are closely related with their structures.

The structure of KB3O5 is a web [9]; as such it does not

decrease the friction coefficient but does provide effective

antiwear ability. MoS2 has a layered structure and can

effectively improve friction-reducing and antiwear

abilities.

We also investigated the load-carrying capacity of the

base grease and the grease containing the different solid

additives. The applied loads were set at 400, 600, and

800 N, at a constant sliding frequency of 30 Hz. The

results show that the base grease seized at 600 N, while the

base grease containing KB3O5 and graphite, respectively,

seized at 400 and 600 N. However, relatively stable fric-

tion coefficients were observed up to load of 800 N with

the lubrication by grease containing MoS2 and the graphite/

MoS2, respectively (Fig. 6). Overall, as additives, KB3O5

and graphite did not increase the load-carrying capacity of

Table 1 The dropping point and the penetration of the base grease

and the grease containing three solid additives at 5.0 wt%

concentration

Sample Dropping

point (�C)

Penetration

(0.1 mm)

Bentone base grease 290 316

Attapulgite base grease 322 328

Grease containing KB3O5 320 286

Grease containing MoS2 302 309

Grease containing C/MoS2

(mass ratio 3:2)

322 305
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Fig. 4 Friction coefficient as functions of sliding frequency for the

base grease and the grease containing four solid additives (200 N,
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Fig. 6 A comparison of the friction coefficient and wear rate as

functions of sliding frequency for the attapulgite clay base grease

containing 5 wt% MoS2 and the bentone base grease containing

5 wt% MoS2
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the new grease, while MoS2 and graphite/MoS2 were able

to effectively increase the load-carrying capacity. These

results are consist with those reported in the literature [10].

Graphite had a counteracting effect on the base grease, but

the MoS2 and the graphite/MoS2 provided similar results.

Therefore, we can conclude that graphite works together

with MoS2 in the sliding process. An important point to

note is that graphite is much less expensive than MoS2.

The tribological behaviors of the attapulgite clay base

grease containing 5.0 wt% MoS2 were compared with

those of the bentone base grease containing 5.0 wt% MoS2

(Fig. 7). Figure 7 clearly shows that at all frequencies the

friction coefficients of the attapulgite clay base grease

containing 5.0 wt% MoS2 were lower than those of the

bentone base grease containing 5.0 wt% MoS2. However,

at lower sliding speeds (10 and 20 Hz), the wear rates of

the attapulgite clay base grease containing 5.0 wt% MoS2

were higher than those of the bentone base grease con-

taining 5.0 wt% MoS2. At the higher sliding speed, the

wear rates of the two greases containing 5.0 wt% MoS2

were similar.

Figure 8 shows the friction coefficient as a function of

time at 40 Hz and 200 N. The friction coefficient for the

base grease continually increased with increasing time. In

comparison, the friction coefficient for the bentone base

grease containing KB3O5 or graphite lubricant was rela-

tively stable. The friction coefficients for the grease con-

taining MoS2 or graphite/MoS2 increased at the beginning

of the lubrication trial but remained relatively stable at a

low level thereafter. The explanation for this behavior is

the formation of a stable tribo-chemical film on the contact

surface with increasing time.

3.4 SEM and XPS Analysis of the Worn Surface

The morphologies of the worn surfaces lubricated with the

different lubricant systems at 200 N and 30 Hz are shown

in Fig. 9. All of the SEM images were obtained at the same

magnification. The worn surface lubricated with the base

grease can be seen to be quite rough, with some desqua-

mated layers near the wear grooves. However, the worn

surfaces lubricated with the grease containing the different

solid additives show only slight grooves and smooth sur-

faces, thereby demonstrating the anti-wear properties of

these additives.

In order to investigate the friction and wear mechanism

of the additives, we analyzed the worn surfaces by XPS.

Table 2 shows the elemental composition (at%) of the

worn surfaces lubricated with the different lubricant sys-

tems. Figure 10 gives the XPS spectra of the typical ele-

ments on the rubbed surface lubricated with the grease

containing different solid additives. The broad O1s peak

indicates that the worn surfaces have complex oxide
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species [11].The weak single of B1s peak at 192.6 eV

(Fig. 10b) was assigned to B3O5 [12]. Figure 10c, d shows

the XPS spectra of Mo3d and S2p on the worn surface

lubricated with the base grease containing MoS2 and the

graphite/MoS2 mixture, respectively. Mo exists as MoO3 at

231.8 eV and as MoS2 at 228.90 eV, while S exists as

SO4
2- at 168.50 eV and MoS2 at 161.30 eV. Therefore, it

is reasonable to assume that with the lubrication of the base

grease containing MoS2 and the graphite/MoS2, one part of

MoS2 was physically absorbed onto the surface of the steel

friction pair, while the other part of MoS2 was oxidized

into MoO3 in the friction process. The peak of Fe2p at

710.50 eV was attributed to FeSO4 [13]. These results

suggest that KB3O5 can improve the anti-wear properties of

the base grease because a tribofilm containing B, Fe and O

was formed on the worn surface during the sliding process.

Fig. 9 Scanning electron

microscopy images of the

morphologies of the wear

surface lubricated with the

different types of grease: a,

b base grease, c, d grease

containing KB3O5, e, f grease

containing MoS2, g, h grease

containing the graphite/MoS2

mixture (load 200 N, frequency

30 Hz)
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The reasons why MoS2 and the graphite/MoS2 can effec-

tively reduce the friction are: (1) the MoS2 is physically

absorbed on the rubbing surface; (2) the absorbed MoS2 is

transferred into a chemical film containing MoO3 and

FeSO4 by the tribo-chemical reaction; (3) the graphite is

mainly physically absorbed on the worn surface; (4) the

graphite can separate the rubbing surfaces, preventing

direct contact.

Table 2 The elemental composition (at%) of the worn surfaces

lubricated with different lubricant systems

Additive Atomic concentration (at%)

C O B Mo S Fe

KB3O5 25.50 45.71 5.83 – – 22.96

MoS2 27.62 44.01 – 0.30 1.43 26.65

C/MoS2 24.34 45.68 – 0.23 2.29 27.46
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Fig. 10 X-ray photoelectron spectroscopic spectra of O1s, B1s, S2p, Mo3d and Fe2p of the worn surface lubricated with the grease containing

different solid additives at room temperature
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4 Conclusions

We have synthesized a new lubricating grease with a rel-

atively high dropping point based on surface-modified at-

tapulgite clay. The addition of additives MoS2 and the

graphite/MoS2 mixture to the new lubricating grease

resulted in the new lubricating grease having a better

friction-reducing ability. As additive, the KB3O5 showed a

relatively better anti-wear ability. Moreover, the additives

of MoS2 and the graphite/MoS2 mixture were able to

increase the load-carrying capacity of the new grease. XPS

analyses indicated that tribofilms consisting of MoS2 and

MoO3 compounds were formed on the worn surface under

the grease containing MoS2, resulting in better tribological

performance. Also, compared to the traditional bentone

grease containing 5.0 wt% MoS2, the attapulgite clay

grease containing MoS2 showed a better friction-reducing

ability.
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