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1 Introduction

Transmission line plays an important role in current transmis-
sion, and its reliable operation has attracted intensive attention
across the industry and academia [1-4]. Transmission line often
runs in atrocious environment including high/lower temperature,
serious pollution, salt atmosphere, friction, and wear generated by
vibration [5-8]. These factors make negative effects in reliability
and service life. The abovementioned problems existing in trans-
mission line, fortunately, could be overcome by introducing lubri-
cating grease into the transmission line. When lubricating grease
is applied in this situation, it should achieve the levels of excellent
tribological performances to reduce frictional losses and wear,
high thermal conductivity to dissipate the joule heat, and novel
anticorrosion property to protect the transmission line. At present,
current commercial lubricating grease applied in transmission line
is prepared by adding multiple additives including anticorrosion,
friction modifiers, antiwear, and thermal conductivity additives.
Nevertheless, using multiple additives leads to the complexity of
grease preparation process and the increase in cost, and partial
performances such as tribological performances, thermal conduct-
ance, or anticorrosion property of current lubricating grease can-
not meet the requirements. This leads to frequent failures in
transmission line.

Polyaniline is commonly identified to be one of the most poten-
tial conducting polymers for extensive applications, owing to its
unique performances including ease of availability and synthesis,
novel environment stability, relatively low cost, tunable electrical
conductivity, and interesting redox characteristics associated with
the chain nitrogen [9,10]. The structure of PANI can be illustrated
by the general formula [(—B—NH—B—NH—), (—B—
N=Q=N—);_,].»» in which B and Q represent the rings in the ben-
zenoid and quinonoid forms, respectively [11,12]. PANI has three
oxidation states: the fully reduced form-leucoemeraldine (n=1),
the partially oxidized polymer-emeraldine (n=0.5), and the fully
oxidized form-pernigraniline (n=0). Among the three types of
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oxidation states, the partially oxidized polymer-emeraldine (green
color) is the most stable and exhibits an outstanding conductivity
[13,14].

According to the WEB of Science, about 20,000 papers have
been published in the past three decades on the application of
PANI emerging in chemistry, material science, polymer science,
and engineering. For example, it has been reported that the PANI
could be used as substrates for light-emitting devices, the elec-
trode in the battery, the composite coatings, etc. [15-18]. PANI
has been also widely explored as anticorrosion coating for stain-
less steel [19-21], mild steel [22,23], copper [24,25], aluminum,
and magnesium [26-28]. In addition, Dominis et al. [29] and Talo
et al. [30] all concluded that the emeraldine base coating per-
formed a better corrosion protection than other two PANI (leucoe-
meraldine and pernigraniline). Although numerous groups have
investigated the wide application of PANI, there is rare paper
about PANI used as lubricating additive. Therefore, considering
the characteristics of PANI including commercial availability,
high conductivity, anticorrosion protection, and environment sta-
bility, PANI is doped as lubricating additive to afford new grease.
In the meantime, dinonyl-naphthalenesulfonic acid barium salt
(T705), benzotriazole (T706), and graphite are selected as the con-
trastive additives. The physicochemical characteristics, anticorro-
sion property, and tribological performances of the prepared
greases are investigated in details, and the tribological mechanisms
are analyzed in relation to worn surface analyses by SEM and
energy dispersive EDS.
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2 Experimental Details

2.1 Materials. The base oil obtained from Nanjing Golden
Chemical Co., Ltd., (Nanjing, China) is a kind of oil soluble poly-
ether (denoted as OSP 680), and its main characteristics are listed
in Table 1. Lithium hydroxide, sebacic acid, 12-hydroxystearic
acid, and PANI (density: 0.4 g/cm® and grain size: 1-2 ym) are pur-
chased from Sinopharm Chemical Reagent Co., Ltd., (Beijing,
China). T705, T706, and graphite provided by Zhongcheng Petro-
chemical Co., Ltd., (Changsha, China) are introduced as lubricating
additives for comparative study, Fig. 1 is the structural formula of
T705 and T706, and Table 2 lists their main characteristics. The
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Fig.1 Structural formula of T705 and T706

Table 1 Main characteristics of the oil soluble polyether (OSP
680)

Item OSP 680 Standard
Kinematic viscosity (cS) 40°C 680 ASTM D445
Kinematic viscosity (cS) 100°C 77 ASTM D445
Viscosity index 196 ASTM D2270
Pour point (°C) -30 ASTM D97
Flash point (°C) 243 ASTM D92
Fire point (°C) 270 ASTM D92
Aniline point (°C) <-30 ASTM D611-01

Table2 Typical properties of T705, T706, and graphite

Item T705 T706 Graphite
State of matter 25 °C Liquid Solid Solid
Purity (%) >99 >99 >98
Moisture content (%) <0.1 <0.1 <0.1
Ash content (%) <0.05 <0.05 <0.1
PH 5 5.5 —

PANI is also characterized using scanning electron microscope and
Fourier transform infrared spectrometer (FT-IR spectrometer), and
Fig. 2 affords the SEM morphology and characteristic spectrum.
In the curve of the PANI powder, the peaks at about 1560 cm™
and 1470 cm ! are assigned to the stretching vibration of the qui-
noid (Q) and benzenoid (B) rings [31,32]. The almost equal inten-
sity of these two peaks demonstrates that the PANI could be in the
polyaniline emeraldine state [33]. The peak at 1301 cm™" is related
to the C—N stretching of a secondary aromatic amine. The aromatic
C-H in-plane bending modes are usually observed from the band at
around 1132cm™". The peaks at 887 cm ™' and 813 cm™" are attrib-
uted to the aromatic C—H out-of-plane bending mode [31]. The FT-

1

IR absorption spectroscopy shows that the PANI powder is polyani-
line in emeraldine state [34].

2.2 Preparation of the Lubricating Greases. The complex
lithium-based grease was synthesized according to two-step
method. First, pure OSP 680 (50%, mass fraction, the same here-
after) and 12-hydroxystearic acid (7.87%) were infused into the
correlative vessel and started to agitate right now. The tempera-
ture of mixture was raised to 80° C to dissolve 12-hydroxystearic
acid. Second, the reaction temperature was raised to 100° C, and a
certain aqueous solution of lithium hydroxide monohydrate
(1.12%) was introduced into the vessel under 1h of agitation.
Third, the surplus base oil (38%), sebacic acid (2.11%), and equiva-
lent aqueous solution of lithium hydroxide monohydrate (0.9%)
were slowly injected into the vessel, and the reaction temperature
was raised to 210° C for 10 mins. Fourth, the resultant mixture was
cooled down to 50° C, and a certain amount of lubricating additives
(0.5%, 1.0%, 1.5%, 2.0%, and 2.5%) was slowly poured into the
vessel under another 30 mins of agitation. Finally, the mixture was
cooled to room temperature (RT) and rolled on a three-roller mill to
afford the target products.

2.3 Characterization of the Lubricating Greases. The pen-
etration, dropping point, and copper strip tests of the lubricating
greases were investigated according to national standards, includ-
ing GB/T 269, GB/T 3498, and GB/T 7326, respectively. The sur-
face volume resistivity and thermal conductivity of lubricating
greases were measured with GEST-121 surface volume resistivity
meter and TC3000E thermal conductivity instrument at room tem-
perature, respectively. Thermogravimetric analyses (TGA) of the
lubricating greases were carried out on a Q500 TGA (TA Instru-
ments, New Castle, DE) at a heating rate of 10° C min~! in air.
And the anticorrosion performances were evaluated with YWX/
Q-250B salt spray test instrument (Aimosheng, Jiangsu, China)
according to national standard GB/T 2423.

2.4 Friction and Wear Tests. The MFT-R4000 reciprocal
friction and wear apparatus was performed to evaluate the tribo-
logical characteristics of as-synthesized lubricating greases in a
ball-on-block configuration. The commercially upper ball (AISI
52100 steel ball, diameter 5 mm, and hardness 710 Hv) was driven
to reciprocally slide against the lower block ($24 x 7.9 mm, 2024
aluminum, hardness 160—170 Hv, and surface roughness 0.05 um)
at the amplitude of Smm and an ambient temperature of ~25° C
for a duration of 30 mins. Before and after each sliding test, the
upper ball and the lower block were ultrasonically washed with
petroleum ether for 15 mins. Prior to sliding, approximately 1 g of
the to-be-tested grease was introduced into the contact zone of the
sliding pair. The tribological test parameters including applied loads
and frequencies range from 30 N to 45 N (~1.44 GPa—1.65 GPa) and
2Hz to 5Hz, respectively. The sliding test under each preset
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Fig.2 SEM morphology and Fourier transform infrared analysis spectra of PANI
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Table 3 Physicochemical properties of the several lubricating greases

Sample Base grease  PANI (1.5%) grease  T705 (2.0%) grease ~ T706 (1.5%) grease  Graphite (1.5%) grease
Dropping point ( °C) 270 306 275 268 287
Penetration (0.1 mm) 279 256 284 289 263
Copper corrosion (T2copper, 100 °C, 24 h) la la la la la

Surface volume resistivity (€2 cm) 4.7 % 10" 1.3x 10" 5.1x 102 4.9 % 10" 1.7 x 10"

Thermal conductivity (W/m K) 0.27 0.34 0.26 0.26 0.33

1.5% PANI, 2.0% T705, 1.5% T706, and 1.5% graphite in Table 3,

respectively. The results indicate that the PANI has great influ-

100 ence on the dropping point and penetration of the base grease. The

reason might lie in that PANI has a high special surface area

s PANI grease (SSA) and can retard the transfer of liquid molecules, thereby

X ¥ leading to high dropping point and low penetration [35]. In the

= 50 meantime, due to the excellent conductivity and high SSA of

—o‘:"b dvQoigrease PANI, which make a positive contribution to forming more con-

5} tact points in lubricating grease [36-38], the PANI grease per-

B T0cjgrease forms a lower surface volume resistivity and a higher thermal

04 conductivity.
: : 3.1.2 Thermal Stability of the Lubricating Grease. Figure 3

I I
100 200 300 400 500
Temperature ("C)

Fig. 3 TGA curves of the lubricating greases

condition was repeated three times to minimize data scattering. The
mean values of the coefficient of friction (COF) and wear width are
provided in association with error bars in this paper. The morpholo-
gies and chemical composition of the worn surfaces were analyzed
with the EVO-18 SEM (Zeiss, Jena, Germany) and energy dispersive
X-ray spectroscopy (EDS, Bruker, Karlsruhe, Germany).

3 Results and Discussion
3.1 Properties of the Lubricating Greases

3.1.1 Physicochemical Characteristics of Lubricating Greases.
The physicochemical characteristics of the grease can be used to
demonstrate the fundamental properties. According to the tribo-
logical tests shown in the following passage, we provide physico-
chemical properties of the as-synthesized greases which contain

shows the thermal gravimetric analysis curves of the lubricating
greases. It can be observed that the decomposition temperature of
PANI grease is only a little higher than the other two greases,
demonstrating that lubricating additive has little effect on the high
thermal stability of the lubricating greases.

3.1.3  Corrosion Resistance of the Lubricating Greases. The
corrosion resistance of the as-synthesized greases for steel and
aluminum was evaluated with YWX/Q-250B salt spray test instru-
ment according to national standard GB/T 2423. The test was con-
ducted at the temperature of 35° C=*x1° C and the NaCl
concentration of 5% = 0.1% for a duration of 480 h.

The aluminum and steel blocks after salt spray test were shown
in Fig. 4. All the aluminum and steel blocks covered with T705,
T706, and PANI greases were smooth and bright without any cor-
rosion spot. In a sharp contrast, the aluminum and steel blocks
covered with base and graphite greases were corroded. This test
indicates that the PANI dispersed in grease also performed an
excellent anticorrosion property as same as the anticorrosion addi-
tives (T705 and T706). The excellent anticorrosion performance
of PANI-doped grease might lie in that the blocks covered with
PANI-doped grease can be isolated from most of O,, H,O, and
other corrosive materials, and at the same time PANI possessing

.

Fig. 4 Aluminum and steel blocks after salt spray test. (a) and (2) PANI grease, (b) and (V')
T705 grease, (c) and (¢') T706 grease, (d) and (d') graphite grease, and (e) and (¢’) base grease
(upper blocks are aluminum and lower blocks are steel).

Journal of Tribology

NOVEMBER 2017, Vol. 139 / 061801-3

quy/1L 190629/ 1081.90/9/6€ | /spd-ajoe/ABojoqui/Bio°awse: uojoa)|oo|eybipause/:sdny wol papeojumoq

90 6E1 ¢

610Z JequiadaQ 0 uo Jesn Aysienun uifuer] Aq ypd-L081L90



high oxidation-reduction potential can react with Fe to form a
dense passivation film in the presence of water and oxygen. The
reaction can be explained by the equation [39—42]

Fe + 3PANI* + 3H,0 = Fe(OH), + 3PANI + 3H"

Since Al has a lower oxidation-reduction potential and more
active properties than Fe, Al can also undergo a similar reaction.
Therefore, PANI-doped grease exhibits an excellent corrosion
resistance. Due to the poor anticorrosion performance of graphite
grease, the influence of load and frequency in tribological per-
formances for graphite grease is not investigated any more in fol-
lowing passage.

3.2 Tribological Test Results. To evaluate the tribological
performances of the lubricating additives, this article investigated
three predominant factors (additive concentration, load, and
frequency).

3.2.1 Influence of Additive Concentration in Tribological
Performances. Figure 5 reveals the evolution of COFs and wear
widths of the aluminum disk under the lubricating of greases
doped with various additives (load: 30N, frequency: 5 Hz, and
room temperature). It can be seen that the PANI can effectively
improve the tribological characteristics of the base grease. The
PANI-doped grease (additive content: 1.5%) exhibits lowest COF
(0.097) and wear width (0.389 mm) among all the greases. At the
same time, it can be clearly observed that the various lubricating
greases with addition of 2.0% T705, 1.5% T706, and 1.5% graph-
ite exhibit better tribological properties. Therefore, in following
experiments, the concentration of PANI, T705, T706, and graphite
in grease would be 1.5%, 2.0%, 1.5%, and 1.5%, respectively.

3.2.2  Influence of Load in Tribological Performances. Figure 6
presents the mean COFs and wear widths of the steel-aluminum
sliding pair under grease lubrication at various loads (5 Hz, RT). It
is seen that all the additives are favorable for reducing the COFs,
and the COFs and wear widths tend to rise with increasing load.
The mean COFs of PANI-doped grease are between 0.096 and
0.11, and they are smaller than those of base grease (0.11-0.127),

—#—PANI Grease
—e— 1705 Grease (b)

0.124 'S 0.56 4 —A—T706 Grease
=) —%— Graphite Grease
E
= =
O 0.1 -
=
0.10 4 g

T T T T T T T T T T T T
00 05 10 15 20 25 00 05 10 15 20 25
Additives concentration (wt%) Additives Concentration (wt%)

Fig. 5 Evolution of average COFs (a) and average wear widths
(b) for the prepared greases at different additives concentration
at RT
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Fig. 6 Evolution of average COFs (a) and average wear widths
(b) for the prepared greases at different loads, 5 Hz, and RT
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T705 grease (0.107-0.125), and T706 grease (0.101-0.12) at the
same load. This reveals that the PANI-doped grease exhibits a bet-
ter friction reducing ability than other greases. Meanwhile, the
wear widths of the lubricating greases increase as follows: PAN-
I <T706 <T705 <base grease, which shows that the PANI-
doped grease has a better antiwear ability than T705 and T706
greases.

3.2.3 Influence of Frequency in Tribological Performances.
Figure 7 shows the mean COFs and wear widths of the aluminum
disk lubricated by greases at various frequencies (40 N, RT). It is
obviously seen that the COFs (0.09-0.096) and wear widths
(0.433-0.456 mm) of PANI-doped grease are smaller than those
of other greases (all above 0.108 and 0.518 mm) at various fre-
quencies. Compared with base grease, the biggest reduction of
PANI-doped grease in COF and wear width is about 25.6% and
29%, respectively. The results demonstrate that the PANI-doped
grease performs a better friction reducing and wear resistance
ability than other greases.

3.24 Friction Test With Current. The MFT-R4000 recipro-
cating friction and wear tester (Fig. 8(a)) was employed to con-
tinue evaluating tribological performance of lubricating greases
with current. Figure 8(b) shows the evolution of friction coeffi-
cient with time during a current ramp test from 0 to 20A at
room temperature (load: 20 N and frequency: SHz). As shown in
Fig. 8(b), during the first 10 min of friction test, the friction coeffi-
cient of all the greases was stable. After current was loaded, the
friction coefficient of PANI-doped grease is the lowest during the
full current range. When the current is 10 A, the friction coeffi-
cient of base grease is still stable and shows no obvious change;
the friction coefficient of T705-doped grease and T706-doped
grease is not stable and goes a little higher; and the friction coeffi-
cient of PANI-doped grease drops a little. When the current is
20 A, the friction coefficient of base grease and T705-doped
grease is not stable and going up; the friction coefficient of T706-
doped grease and PANI-doped grease has a small fluctuation, but
the friction coefficient of PANI-doped grease is still lowest. It is
presumed that the reduction in friction coefficient of PANI grease

~—=— PANI Grease! (a)
0.14 | —e—T705 Grease

—4A—T706 Grease
—wv— Base Grease

@2 PANI Grease

s Bl T705 Grease (b)
B 1706 Grease
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o

Q

IS4
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COF
o
s
Wear Width (mm)
=4
=Y

o
FS

2 3 i
Frequency (Hz)

2

-

N

3 4
Frequency (Hz)

Fig. 7 Evolution of average COFs (a) and average wear widths
(b) for the prepared greases at different frequencies, 40 N, and
RT
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Fig. 8 MFT-R4000 tribometer and evolution of friction coeffi-
cient with time during a current ramp test from 0 to 20A for
PANI grease at room temperature (load: 20 N, stroke: 5 mm, fre-
quency: 5 Hz, and current: 0-20 A)
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is dominated by two reasons. One is that when the current is
loaded, the conductive PANI particles existing between friction
pairs can be adsorbed on the worn surface to form an adsorption
film, and the other one is that although the heat produced by elec-
tric current and friction goes against the formation of lubricating
oil film, it promotes PANI to react with friction pairs to form a
protective tribofilm. Therefore, PANI grease performs superior tri-
bological performances at current carrying condition.

3.3 Analysis of the Worn Surfaces. The surface morpholo-
gies of the worn surfaces on the lower aluminum blocks lubricated
by the grease doped with various additives are provided in Fig. 9
(40 N and 5 Hz). All the surface morphologies are obtained in the
same conditions. It can be seen that the worn surfaces of the alu-
minum blocks lubricated with T705 and T706 greases are rela-
tively rough and contain dense furrows and large pits (Figs. 9(b),
9(c), 9(b'), and 9(¢")). Different from the abovementioned, the
worn surface lubricated by PANI-doped grease contains a little
shallow furrows and it is much narrower and smoother (Figs. 9(a)
and 9(a)), which well corresponds to the better antiwear ability of
PANI than other additives.

HT = 15030 Owte 1504 20%
WOs 30w

Dwe 1501 30%

Energy dispersive X-ray spectroscope is a powerful experimen-
tal facility to characterize the typical elements on worn surfaces.
Figure 10 provides the EDS spectra of some typical elements on
the steel ball and lower aluminum block lubricated with base
grease and PANI grease at 40 N and 5 Hz. The content of N and C
elements on the worn surfaces lubricated by PANI-doped grease
is obviously higher than that of N and C elements on the worn
surfaces lubricated by base grease. These elements have a crucial
influence in the friction reducing and antiwear performances. It is
presumed that a denser and more sufficient protective tribofilm is
generated by the complex physical and chemical reaction.

The lubricating effectiveness and performance of solid lubri-
cants depend on the optimal concentration and the surface protec-
tive film, respectively. Figure 11 is a schematic diagram of PANI
dispersing in the lubricating greases in the sliding process, and the
good tribological characteristics of PANI as lubricating additive
of grease can be explained as follows. First, PANI powders exist-
ing between the friction pair can increase the contact area of the
steel-aluminum pair, thereby performing like spacers to avoid
direct contact between the contact interfaces [43,44]. Second, dur-
ing the sliding process, friction surfaces are easy to lose electrons,

EOIg direction
s &t -

O = 13000V
WO = 30mm

Owte 1500 20%
e 143100

Sgra A set Owe 1504 206
Mays LOOKX Tie 142740

Fig. 9 Morphologies of the worn surfaces lubricated with lubricating greases at 40N and
5Hz. (a) and (&) PANI grease, (b) and (b') T705 grease, and (c) and (¢') T706 grease.
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Fig. 10 EDS of the worn surfaces lubricated with base and PANI greases at 40N and 5 Hz.
Base grease: (a) steel ball and (b) aluminum block; and PANI grease: (c) steel ball and (d) alu-

minum block.

dry friction

PANI grease

lubrication

low friction

protective film ~

Fig. 11 Schematic of friction mechanism of PANI greases

leading a large number of small particles such as C and PANI par-
ticles to be absorbed on the worn surfaces, thereby improving
antiwear ability. Third, PANI can react with metal to generate a
compact passivated film, and oxidation reaction also occurs on
worn surface to form a metallic oxide film. Thus, the protective
film possessing the ability of friction reducing and antiwear prop-
erties is formed on the friction surfaces to promote the tribological
performances [36,45].

4 Conclusions

The conclusions summarize the above experimental works of
lubricating greases as follows: the polyaniline (PANI, emeraldine
state) as lubricating additive in grease is able to greatly improve
the conductivity, thermal property, and corrosion resistance of
base grease. The excellent corrosion resistance is attributed to the
isolation effect and the compact passivated film generated by
reaction of PANI and metal. Besides, the PANI as lubricating

061801-6 / Vol. 139, NOVEMBER 2017

additive can also improve the friction reduction and antiwear abil-
ities of base grease, and the optimal concentration for PANI is rec-
ommended as 1.5%. The reasons lie in that the PANI can perform
like spacers to avoid direct contact between the contact interfaces,
and the protective tribofilm is generated by physical adsorption
and chemical reaction. This paper provides a direction for applica-
tion of PANI, and due to the excellent performances of PANI-
doped grease, it is expected that the PANI could have potential
application as a lubricant for the industry.
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