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Investigating the effect of overbased sulfonates on
calcium sulfonate complex grease: enhancements

in physicochemical, rheological, and tribological

properties
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Overbased sulfonate plays a crucial role in calcium sulfonate complex grease, significantly impacting the

grease's performance characteristics. Herein, the calcium sulfonate complex grease was formulated
using overbased calcium sulfonate (T106D) and overbased magnesium sulfonate (T107) in ratios of 1: 2,

1:1, and 2:1, labeled as CMSCG (1:2), CMSCG (1:1),

and CMSCG (2:1), respectively. This study

examined the effects of overbased sulfonates on the physicochemical, anti-corrosion, rheological, and

tribological

properties of the grease.

Results showed that CMSCG (1:2) exhibited superior

physicochemical properties, with the highest dropping point (354 °C), the lowest penetration (161 (0.1
mm)), and the least oil separation (1.25%). Exposure to a salt spray environment significantly altered the
grease's rheological properties. The combination of T106D and T107 enhanced the corrosion resistance

of the grease, attributed to the formation of a corrosion inhibition layer. Incorporating T107 increased
both the yield stress and hysteresis area of the calcium sulfonate complex grease. The CMSCG (1:2),
CMSCG (1:1), and MSCG showed the high thixotropic ring area, indicating the poor thixotropy. The
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calcium sulfonate complex grease formulated with T107 showed the highest yield stress (558 Pa). The

friction mechanism revealed that MSCG showed the optimal friction reduction properties, and CMSCG

DOI: 10.1039/d4ra04307c
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1 Introduction

The service life and reliability of mechanical equipment are
frequently compromised under high-temperature and heavy-
load conditions, often resulting in excessive wear.! Calcium
sulfonate complex greases (CSCG) have proven to be superior
lubricants in these challenging environments owing to their
exceptional mechanical stability, corrosion resistance, and high
dropping points. These properties make them ideal for
demanding industrial applications, such as mining, marine,
and steel manufacturing.> Overbased sulfonates, key compo-
nents of CSCG, enhance anti-wear and extreme pressure capa-
bilities, while also improve resistance to water and oxidative
degradation.’” By increasing alkalinity, these sulfonates inhibit
the formation of acidic substances in corrosive environments
and create a protective boundary film on metal surfaces, thereby
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(1:1) demonstrated the optimal wear resistance, which are attributed to the synergistic effects of tribo-
chemical films composed of CaO, CaCOs, FeSO,4, MgCOs3, and iron oxide.

enhancing lubrication performance and protecting the metal.
Furthermore, the unique properties of T106D and T107 and
their potential synergistic effects in CSCG formulations have
not been extensively explored. This study aims to address this
gap by investigating the impact of these sulfonates on the
physicochemical, rheological, anti-corrosion, and tribological
properties of CSCG.

The formulation of CSCG involves complex processes
including the crystal form transformation and saponification of
overbased calcium sulfonate (T106D), which is known for its
high-temperature tolerance, superior detergency, effective rust
inhibition, and significant wear resistance. Its formulation
features an amorphous calcium carbonate core enveloped by an
oil-soluble alkylbenzene sulfonate surfactant, essential for its
functional properties.” During the thickening, this core trans-
forms into vaterite and subsequently dissolves in the solvent oil,
leading to a significant increase in particle size and altering the
rheological properties of the grease.® The high alkalinity of
T106D is essential for acid neutralization,® and at elevated alkali
values, monomolecular sulfonate transitions into multimolec-
ular micelles, a critical factor in establishing the structure and
consistency of the grease. Additionally, overbased magnesium
sulfonate (T107) is primarily consists of magnesium

© 2024 The Author(s). Published by the Royal Society of Chemistry
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alkylbenzene sulfonate that encapsulates a core of magnesium
carbonate. This composition effectively neutralizes acidic
byproducts from lubricant oxidation and sulfides generated
during the combustion of sulfur-containing fuels. CSCG's
ability to retain up to 44% water without degradation in prop-
erties underscores its robust performance in environments
prone to water washout and sun irradiation, commonly found
in steel mills and mining operations.* The hydrophilic groups
within calcium sulfonate capture and retain water molecules,
significantly reducing the presence of free water. Furthermore,
the polarity of the SO;,>~ ion in overbased sulfonates plays
a crucial role in enhancing the anti-corrosive properties of the
grease.'""?

Previous studies have shown that overbased sulfonates
enhance lubricant performance by forming tribofilms.'*'*
Chinas-Castillo et al.** found that overbased sulfonates form
a 10-20 nanometer boundary film in lubricated contact and the
film thickness increased to 3-4 particle sizes as friction prog-
resses. However, the deposition of colloidal particles on the
surface increase the surface roughness, leading to a higher in
the friction coefficient. Liu et al.*® investigated the tribological
behavior of amorphous and crystalline overbased calcium
sulfonates (AOBCS and COBCS) as lithium-based grease addi-
tives. The results indicated that crystalline overbased calcium
sulfonate (COBCS), primarily composed of calcite, significantly
improves anti-wear (AW), extreme pressure (EP), and friction-
reducing properties compared to amorphous overbased
calcium sulfonate (AOBCS). Under high load and temperature
conditions, the conversion of amorphous calcium carbonate
(ACC) to calcite contributes to the formation of a protective
boundary film. Cizaire et al.'” analyzed the friction mechanism
of overbased calcium detergent through various analytical
methods (XPS, AES, XANES, ToF-SIMS). Their results showed
that the results revealed significant decomposition and trans-
formation of the overbased calcium detergent's molecular
structure. The resulting tribo-film is mainly composed of crys-
tallized calcium carbonate, which provides effective protection
against wear. And overbased detergent shows better anti-wear
properties under low temperature conditions compared to
traditional anti-wear additives. Costello et al'®* examined
differences in composition and structure of the surface films
formed by amorphous and ecrystalline calcium sulfonates
during friction using XPS and AES techniques. Sulfurized
olefins combined with overbased calcium sulfonates improved
the anti-wear properties of the friction film. Another study by
Costello™ indicated that crystalline superbased sulfonates
exhibited better extreme pressure performance than amor-
phous sulfonates due to the formation of iron-rich FeS. CaCO;
promoted the formation of iron-rich FeS by inhibiting the sulfur
oxidation, thereby improving the extreme pressure performance
of lubricating oil. Palermo*® used PM-IRRAS spectroscopy to
study the formation mechanism of overbased calcium sulfonate
tribofilm. The results indicated that overbased calcium sulfo-
nate formed a boundary film with preferential orientation on
the steel surface, where the sulfonate chains were perpendicular
to the surface and the c-axis of calcium carbonate was also
perpendicular to the surface. During the friction process, the
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sulfonate chains were expelled from the contact area and the
boundary film was mainly composed of calcium carbonate
crystallized into calcite. These findings are significant for
understanding the action mechanism of calcium sulfonate in
grease and for further optimizing the grease formulation
design. Greenall et al. found that the new lubricant additive
(OAW) can not only work synergistically with ZDDP and OBCS to
improve the anti-wear performance of the lubricant, but also
provide similar or even better protection than ZDDP by
changing the chemical composition of the friction film formed
on the surface. Under the combined action of ZDDP, OBCS and
OAW, a composite friction film composed of calcium phos-
phate, zinc phosphate and calcium carbonate is formed on the
surface, showing excellent anti-wear performance.”* Although
previous studies have demonstrated the excellent anti-friction
and anti-wear properties of overbased sulfonates in lubri-
cating oils, their use as grease thickeners has not been reported.
T107 is an excellent lubricating oil detergent with the advan-
tages of strong acid neutralization ability, low ash content, and
good rust resistance. Therefore, it is crucial to study the effects
of T106D and T107 as the thickener of calcium sulfonate
complex grease on the corrosion resistance, rheology, and
tribological properties of grease.

This study explores the synergistic effects of T106D and T107
on calcium sulfonate complex grease performance. We inves-
tigate the impact of sulfonate composition on the physico-
chemical, rheological, anti-corrosion, and tribological
properties of the greases. Furthermore, surface and interface
analysis technology is used to analyze the lubrication and
corrosion resistance mechanisms of overbased sulfonates.

2 Experimental

2.1 Preparation of calcium sulfonate complex grease via
different overbased sulfonates

Ca(OH),, 12-hydroxystearic acid, and boric acid were obtained
from Cologne Chemical Co., Ltd for the synthesis of the grease.
T106D and T107 were sourced from Jinzhou Shengda Chem-
icals Co., Ltd. The base oil (castor oil) was supplied by Xilong
Chemical Co., Ltd. Fig. 1 shows the structural diagram of T106D
and T107. The preparation method of calcium sulfonate
complex grease with different overbased sulfonates is as
follows,* illustrated in Fig. 2. Initially, overbased sulfonates
were added to the base oil at 80 °C with continuous stirring.
2 ml Glacial acetic acid was added in the base oil to achieve
crystal conversion. Subsequently, boric acid and 12-hydrox-
ystearic acid were dissolved in the mixture as the temperature
was raised to 100 °C. Next, Ca(OH), was then added into the
ongoing saponification reaction with organic acids for one hour
at 120 °C. The mixture was refined at a 220 °C for 20 minutes.
After refining, the colloid was cooled to room temperature using
a water bath and homogenized three times using a three-roll
mill. To investigate the complexing effect of overbased sulfo-
nates, the T106D and T107 were mixed in mass ratiosof 1:2,1:
1, and 2:1. Calcium sulfonate complex grease was also
prepared using T106D and T107 individually for comparison.
The calcium sulfonate complex greratios of 1:2,1:1, 2:1, as
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Fig. 1 The structural diagram of T106D and T107, (a) T106D, (b) T107.

well as separate T106D and T107, are abbreviated as CMSCG (1 :
2), CMSCG (1:1), CMSCG (2 : 1), MSCG and CSCG, respectively.
The overbased sulfonates and calcium complex soap together
account for 40% of the total grease. The physical properties of
T106D and T107 are shown in Table 1. Table 2 presents the
stoichiometry of all reactants for synthesizing the calcium
sulfonate complex grease.

2.2 Physicochemical and rheological measurement

The physicochemical and rheological properties were evaluated
according to the following methods.

2.2.1 Dropping point measurement. A specialized wire is
used to fill the grease cup, shaping the grease into a cone. The

Acetic acid

Crystallization
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Table 1 The physical parameters of T106D and T107
Project T106D T107
Kinematic viscosity (100 °C, mm? s ") =180 =150
Total base number (TBN, mgxon g ) =395 =390
Calcium (magnesium) content (%) =14 =8.5
Flash point =180 =180

grease cup is then placed into a designated tube, which is
inserted into an aluminum block furnace maintained at
a constant temperature. A thermometer is carefully inserted
into the test tube, ensuring that the bottom of the thermometer
does not contact the grease. When the grease first driped, the
thermometer reading is recorded as the observed dropping
point (¢), and the furnace temperature is recorded as (¢;). The
correction factor is calculated by dividing the difference
between the observed dropping point and the furnace temper-
ature by three. The dropping point of the grease is calculated by
the formula is T = ¢, + (¢; — ¢0)/3. This procedure is repeated
three times, and the average value is taken as the final dropping
point of the grease.

2.2.2 Penetration measurement. First, the cone penetra-
tion test cup is filled with grease by a scraper. The grease is
squeezed until the surface is smooth and no bubbles inside.
Second, the filled test cup is then allowed to equilibrate at 25 °C
for 1 hour. The test cup is positioned directly beneath the cone,
and the cone tip is aligned with the grease surface. The cone is
then allowed to falls freely and remains on the grease for 5
seconds. The penetration depth of the cone is measured by the
instrument. Each sample is repeated three times to ensure
accuracy and minimize measurement errors.

Boric acid

12-OH Ca(OH)2

N

120 °C

Room

temperature

& D)

grease

=

220°C

High temperature
refining

Fig. 2 The preparation process of calcium sulfonate complex grease.
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Table 2 The stoichiometry of all reactants for synthesizing the calcium sulfonate complex grease

Project Base oil (g) T106D (g) T107 (g) Dodecyl hydroxystearic acid (g) H3BO; (g2) Ca(OH); (g)
CMSCG (1:2) 48 5.3 10.7 8.05 2.49 5.46
CMSCG (1:1) 48 8 8 8.05 2.49 5.46
CMSCG (2:1) 48 10.7 5.3 8.05 2.49 5.46
MSCG 48 0 16 8.05 2.49 5.46
CSCG 48 16 0 8.05 2.49 5.46

2.2.3 Oil separation measurement. The weighed grease is
evenly filled within the steel mesh, ensuring no gaps. The steel
mesh is then placed in a standard container, which is subse-
quently positioned in a blast drying oven. The test is conducted
at 100 °C for 24 hours. After the test, the beaker is removed and
cooled to room temperature. The separated base oil collected at
the bottom of the beaker is then measured using a balance, and
the oil separation rate of the grease is calculated. This experi-
ment is repeated three times to ensure the accuracy of the
results.

2.2.4 Thermogravimetric measurement. The thermosta-
bility of the materials was analyzed using a Simultaneous
Thermogravimetric Analyzer (STA7200), measuring changes
from 25 to 600 °C at a rate of 10 °C min ' under a nitrogen
atmosphere.

2.2.5 Salt spray measurement. Corrosion resistance was
evaluated using a salt spray test in accordance with SH/T 0081,
utilizing a 5% NacCl solution at 35 °C. Mild steel (Q345) samples
were coated with a 0.5 mm layer of grease to evaluate the
protective efficacy of the grease. The measurement steps are as
follows: the steel plate was prepared according to SH/T 0218.
The grease sample was heated to a molten state, and 500 ml was
measured into a beaker. The steel plate is immersed vertically
into the beaker. After the temperature of the steel plate and the
grease is equalized, the temperature was adjusted to change the
film thickness. The steel plate was lifted at approximately 100
mm min~' and hung on a rack to dry for 24 hours. The salt
spray test chamber was initiated until the test conditions were
met. The steel plate was placed on a support frame with the test
surface facing upwards at a 15° angle to the vertical. The test
sample is checked every 24 hours, and any expired or rusted test
pieces were removed. Removed test pieces were first rinsed with
water, then dried with hot air. The oil film was then washed with
solvent oil intended for the rubber industry. Finally, the test
piece was dried again with hot air. The grease thickness in this
experiment was 0.5 mm, and the test cycle was 30 days, differing
from SH/T 0081. Following the salt spray test, the extent of
corrosion on the mild steel was examined under an optical
microscope. The elemental composition of Q345 are as follows:
C =0.20, Mn =1.70, Si =0.50, P =0.035, S =0.035.

Table 3 The elemental composition of GCr15 bearing steel

2.2.6 Rheology measurement. Rheological properties were
measured using an MCR-92 rheometer provided by AntonPaar
(Shanghai) Trade Co., Ltd. The shear rate for the thixotropic
loop test was set between 0.1 and 300 s~ . During the test, the
viscosity progression and the hysteresis area were automatically
recorded. To evaluate the effect of the salt spray test on rheo-
logical properties, the thixotropic loop test was conducted
under the same rheological parameters.

2.3 Tribological measurement

The tribological properties were evaluated using a four-ball
tester (MRS-10A). GCr15 bearing steel balls (AISI 52100) with
a diameter of 12.7 mm, hardness of HRC 59-61, and a surface
roughness of R, = 50 nm were used. The elemental composition
of GCr15 steel is provided in Table 3. Approximately 7 g of
grease was placed in the grease cup. The friction test was con-
ducted at a rotation speed of 1200 rpm with three applied loads
(294, 392, and 490 N). All measurements were carried out over
a one-hour period at 25 °C. The coefficient of friction (COF) and
wear scar diameter (WSD) on the three stationary balls were
automatically recorded by the attached computer. To ensure
accuracy, each test under the same load conditions was
repeated three times.

2.4 Characterization and analysis

Field Emission Scanning Electron Microscopy (FE-SEM,
IGMAHD, Carl Zeiss AG) was employed to characterize the
microtopography of wear scars. Fourier Transform Infrared
Spectroscopy (FTIR, Nicolet5700) was used to assess composi-
tional changes before and after the corrosion test. The
morphology and elemental composition of the wear scars were
further analyzed using both FE-SEM and X-ray Photoelectron
Spectroscopy (XPS, Thermo K-alpha).

3 Results and discussion
3.1 Physicochemical properties

The thickening component significantly influences the micro-
topography of the network and the interaction between the

Elements C Si Mn

P S Cr Ni Cu

Content (%) 0.9-1.5 0.15-0.35 0.25-0.45

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The physicochemical properties of the greases prepared by
different overbased sulfonates

Dropping point Penetration Oil separation
Project (°C) (0.1 mm) (W/w %)
CMSCG (1:2) 354 161 1.25
CMSCG (1:1) 315 189 1.87
CMSCG (2:1) 286 227 2.03
MSCG 323 236 1.62
CSCG 275 283 1.73

thickener and base oil, thereby altering the physicochemical
properties. Table 4 presents the physicochemical properties of
CSCG with varying component ratio. The dropping point is
a indicator of the thermal resistance of the grease. CMSCG (1:2)
exhibits the highest dropping point at 354 °C, significantly
surpassing other formulations. This indicates that a higher
proportion of T107 relative to T106D enhances better thermal

View Article Online
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stability. As the proportion of T106D increases in CMSCG (2 : 1),
the dropping point decreases to 286 °C, reflecting reduced
thermal stability. Penetration measures the grease consistency,
with lower values indicating increased firmness. CMSCG (1:2)
again demonstrates superior performance with the lowest
penetration at 161, suggesting a firmer and possibly more stable
structure under mechanical stress. As the ratio of T107
decreases in CMSCG (2 : 1), the penetration value rises to 227,
indicating a softer grease, which may be less effective under
heavy loads. Oil separation reflects the tendency of oil to sepa-
rate from the grease, which can affect lubrication performance
negatively. Lower values are preferred as they indicate better
stability of the grease composition. CMSCG (1 : 2) exhibits the
lowest oil separation at 1.25%, suggesting it maintains its
integrity better than others. Conversely, CMSCG (2:1) shows
a higher oil separation rate of 2.03%, which may be less desir-
able for applications where grease longevity and consistent
lubrication are critical. The synergistic effect of combining

J

02 1605 55 ano Centar

Fig. 3 The SEM images of thickener with different components, (a) CMSCG (1: 1), (b) MSCG, (c) CSCG.
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Fig. 4 The TGA and DTG curves of grease, (a) TGA, (b) DTG.
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high-alkalinity calcium and magnesium sulfonates profoundly
influences the physicochemical properties of the grease
formulations. A higher ratio of T107 enhances thermal stability,
as demonstrated by the higher dropping points. The firmness
and structural integrity of the grease are better preserved with
a higher proportion of T107, leading to lower penetration
values. Greases with a higher proportion of calcium sulfonate
also exhibit lower oil separation, signifying better stability and
potential longevity in application.

Fig. 3 illustrates the microstructure of thickeners prepared
with different components. The thickeners in CMSCG (1: 1) and
MSCG display flower-like microspheres with diameters ranging
from 1 to 3 um, while the particles in MSCG exhibit a tendency
to accumulate. The structural evolution and crystal trans-
formation during the preparation of calcium sulfonate complex
grease are critical factors that influence its final performance.
Overbased sulfonates, employed as thickeners, form a stable
colloidal structure by creating a basic calcium carbonate core
surrounded by an outer sulfonate shell. As the temperature
increases and the reaction progresses, the crystal form of the
sulfonate transitions from amorphous calcium carbonate to
aragonite or calcite, which has a significant impact on the
grease's performance. The incorporation of T107 enhances the
formation of the flower-like structure, thereby improving the
physicochemical properties of the grease. This flower-like
structure exhibits excellent compatibility with the base oil,
attributed to its higher specific surface area.

The thermal stability of the greases was evaluated using TGA
and DTG curves, as shown in Fig. 4. CMSCG (1:2) exhibited
a decomposition temperature of approximately 410 °C, indi-
cating the highest thermal stability among the tested samples.
In contrast, CSCG displayed a lower decomposition tempera-
ture of about 385 °C, reflecting relatively poor thermal stability.

SEl  20kV
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The decomposition temperatures were ranked as follows:
CMSCG (1:2) > MSCG > CMSCG (1:1) > CMSCG (2: 1) > CSCG.
Greases with a higher T107 content exhibited elevated initial
decomposition temperatures, attributable to T107's excellent
compatibility with the base oil. The stable colloidal structure
formed by CMSCG (1 : 2) contributes to its superior resistance to
high temperatures.

Thermal decomposition of grease involves both physical and
chemical changes as the temperature increases. Initially, the
base oil separates from the thickener network and undergoes
oxidation before the onset of thermal decomposition. At the
initial stage of decomposition, the rate of thermal degradation
is slow, primarily due to the volatilization and decomposition of
the base oil. As the temperature rises, the thickener compo-
nents, including overbased sulfonates and complex lithium
soaps, begin to degrade. This is followed by the accelerated
degradation and carbonization of the base oil. During this
process, organic components decompose into small molecular
gases or carbon residues. By 500 °C, the majority of grease
components have decomposed, leaving primarily solid
residues.

3.2 Corrosion resistance

Fig. 5 displays the SEM images of steel disk after a salt spray
test. The uncoated surface exhibited severe corrosion, whereas
the grease-coated disk showed minimal changes following
experiment. The as-prepared calcium sulfonate complex grease
exhibits excellent corrosion resistance. The synergistic effect of
T106D and T107 on corrosion resistance operates through
multiple mechanisms.

The FTIR spectra of the as-prepared grease, both before and
after the salt spray test, are presented in Fig. 6. Peaks observed

50um

Fig. 5 The SEM of steel disks after corrosion test: (a) coating-free, (b) CMSCG (1:2), (c) CMSCG (1:1), (d) CMSCG (2:1), (e) MSCQG, (f) CSCG.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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at 1456 cm™ " and 1576 cm™ ' correspond to the antisymmetric
and symmetric vibrations of CO;>~, respectively.?* The absorp-
tion at 1045 cm ™" is attributed to the symmetrical elongation of
HSO; ™, while the absorption at 863 cm ™" corresponds to the
out-of-plane deformation of SO;™.° After exposure to the salt
spray environment, a broad absorption band emerges around
2200 cm ', which is attributed to ~OH groups or hydrogen
bonding. This suggests that the grease absorbs more water
under salt spray conditions, with the free water molecules
contributing to the formation of hydrogen bonds. The presence
of these water molecules also leads to the degradation of
HSO; ™, as demonstrated by the weakening of its characteristic
absorption. High alkalinity calcium sulfonate plays a crucial
role in corrosion inhibition, creating an alkaline environment
that neutralizes or mitigates acidic corrosion resulting from
oxidation or moisture.”* This alkaline environment effectively
slows the corrosion process on metal surfaces.”® Additionally,
high alkalinity calcium sulfonate forms a stable adsorption
layer on metal surfaces, isolating the metal from corrosive
agents, such as water and oxygen, thereby providing significant
protection against erosion.”® It also promotes the formation of
a passivation layer, primarily composed of decomposition
products such as calcium carbonate, which enhances the
chemical stability of the metal surface and increases its resis-
tance to environmental factors.”” Furthermore, high alkalinity
calcium sulfonate excels in isolating and absorbing moisture,
a precess critical for reducing direct water contact with the
metal surface and consequently decreasing corrosion rates.*® It
reacts with corrosive substances such as sulfides and chlorides
within the grease, forming insoluble and stable compounds,
which prevent these chemicals from corroding the metal
surface. These collective actions confirm high alkalinity calcium
sulfonate as an effective corrosion inhibitor, significantly
enhancing the protective properties of grease. This enhance-
ment extends the operational lifespan of mechanical equip-
ment by safeguarding metal components from corrosive
damage. Fig. 7 shows the photographs of steel plate before and
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(a) before salt spray test
! S ;

(b) After salt spray test
)

Fig.7 The photographs of steel plate before and after salt spray test, (a
and e) coating-free sample, (b and f) CMSCG (1:1), (c and g) MSCG, (d
and h) CSCG.

after salt spray test and Fig. 8 illustrates the anti-corrosion
mechanism of overbased sulfonates.

3.3 Rheological properties

The influence of thickener component on the thixotropy of as-
prepared grease was characterized using the thixotropic loop
test, as depicted in Fig. 9. The thixotropic loops of CMSCG (1:
2), CMSCG (1:1), and MSCG are notably larger than those of
other greases, indicating that the higher concentration of T107
has the poorer structural recovery. And the CMSCG (2 : 1) shows
the lowest thixotropic ring area (hysteresis area), indicating the
CMSCG (2:1) has the best thixotropy. The hysteresis area
reflects the structural recovery of as-prepared grease. The rela-
tive low hysteresis area indicates that the CSCG easily recovers
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Fig. 6 The FTIR of as-prepared grease before and after salt spray test, (a) before salt spray test, (b) after salt spray test.
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its original structure after shear damage. The Herschel-Bulkley
model (eqn (1)) is the most commonly used model to reflect the
rheological properties, and it could be used to acquire grease's
rheological parameters.

=1+ ¢7" (1)

The 1, 7y, ¢ and n represents the shear stress, yield stress, plastic
viscosity, and rheological index, respectively. Table 5 presents
the relevant rheological parameters. MSCG shows the
maximum yield stress, while CSCG shows the lowest yield
stress. The CMSCGs with different ratio of overbased sulfonates
show higher yield stress than CSCG, in which the CMSCG has
the maximum yield stress. The compound of T107 and T106D
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increases the yield stress of CSCG, proving the flower-like
spherical structure contributing to enhance the yield stress of
grease. The rheological index (n) represents the mobility of
grease, where the n is closer to 1, the closer the grease is to
Newtonian fluid. In summary, the complex effect of T107 and
T106D provides the thickener with flower-like microsphere,
which reinforces the structural strength and increases the
hysteresis area.

3.4 Tribological properties

The influence of overbased sulfonates on friction-wear proper-
ties was measured using a four-ball tester under three loads
(294, 392 and 490 N), as depicted in Fig. 10. MSCG exhibits the
lowest COF across all applied loads, indicating its superior
friction reduction performance. Conversely, CSCG consistently
shows the highest COF at all loads, reflecting its poor friction
reduction capabilities. At 294 N, CMSCG (1 :2) maintains the
lowest friction and the CMSCG shows incrementally higher
COFs as the ratio of T107 increases. The COF of CMSCG (1:2) is
reduced by 22.8% compared to CSCG. At 392 and 490 N, MSCG
achieves the lowest COF, reducing the COF by 16.4% and 12.3%
compared to CSCG, respectively. Overbased sulfonates mainly
affect the COF of grease in the following aspects. On the one
hand, the increased shear and temperature at higher load can
lead to the breakdown of the thickener structure, particularly in
greases with weaker or less stable thickener systems. This
structural degradation diminishes the film-forming properties
of grease and increases friction. As a result, CMSCG (2:1) and
CSCG exhibit high COF due to their lower structural strength.
Except for CSCG, the COF of all other greases at 490 N are
greater than those at 294 N. This further proves that high loads
will destroy the stability and thickness of the lubricating film,
resulting in an increase in COF. On the other hand, the
microstructure of the thickener significantly influences its
performance. The flower-like structure of the thickener has
a stronger oil storage capacity and can release more base oil to

0.0

Fig. 9 The results of thixotropic ring test for as-prepared grease, (a) shear stress, (b) hysteresis area.
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Table 5 The rheological parameters of the grease prepared by
different overbased sulfonates

Project 1y, (Pa) ¢, (Pas™) (n)

CMSCG (1:2) 352 206 0.22
CMSCG (1:1) 245 37 0.64
CMSCG (2:1) 280 311 0.15
MSCG 558 53 0.40
CSCG 160 14 0.68

provide lubrication when sheared, ensuring lower COF of MSCG
under various loads.

For the anti-wear properties, MSCG exhibits superior
performance with the smallest WSD at 294 N, reducing WSD by
30.5% compared to CSCG the CMSCG (1:2) shows the lowest
WSD at 392 N, whereas CMSCG (1: 1) shows the lowest WSDs
and 490 N. CMSCG (1:2) and CMSCG (1: 1) reduce the WSD of
CSCG by 28.9% and 21.8%, respectively, indicating that the
addition of T107 improved the anti-wear properties of calcium
sulfonate complex grease. In summary, MSCG offers the best
friction reduction property, while CMSCG (1:1) provides the
best anti-wear property.
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3.5 Tribological mechanism analysis

Fig. 11 illustrates the morphological characteristics of wear
scars. CSCG exhibits the largest wear scar, while CMSCGs
display smaller scars with relatively shallow furrows, indicating
that the combination of T106D and T107 enhances anti-wear
properties. CMSCG (2 : 1) shows ground surfaces and signs of
exfoliation, characteristic of adhesive wear. In contrast, both
MSCG and CSCG present deeper furrows, suggestive of abrasive
wear on the worn surfaces.

To investigate the impact of thickener components on the
friction mechanism, XPS analysis of worn surfaces are shown in
Fig. 12. The C 1s peak, used for charge correction, is located at
284.8 eV. Oxygen-related peaks observed at 529.0, 529.5, 531.3,
and 531.8 eV correspond to various iron oxides (Fe,Os, Fe;0,,
Fe(OH)O) and calcium oxide (Ca0).**** The Fe 2p spectrum
features distinct peaks at 710.1 and 710.5 eV, with a broad peak
around 724.0 eV, indicating the formation of iron oxide.** A
minor peak at 168.6 eV in the S 2p spectrum suggests the
presence of iron sulfate (FeSO,).>*** The Ca 2p spectra show
peaks at 347.3 and 350.8 eV, consistent with the formation of
CaO and calcium carbonate (CaCO3).** Additionally, the Mg 1s
spectrum reveals a subtle peak at 1304.0 eV, associated with
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Fig. 10 Effects of overbased sulfonates on COF and WSD of calcium sulfonate complex greases, (a—c) COFs versus time, (d—f) average COFs of
as-prepared greases, (g—i) the corresponding WSD at three different loads.
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magnesium carbonate (MgCO;). Under conditions of frictional
heat and high stress, the thickener readily adheres to contact
surfaces, contributing to the formation of a tribo-chemical film.
Fe(OH)O, known for its dense and robust structure, provides
exceptional wear resistance.*>*® Although the boundary lubri-
cation film is continually removed by abrasion, it is replenished
by the thickener, ensuring a sustained protective layer on the
wear surface.

The XPS spectra of MSCG and CSCG are deconvoluted to
compare the differences in the chemical components of the
wear scar. Fig. 13 and Table 6 shows the deconvoluted XPS
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spectra and corresponding FWHM and area. In the Fe 2p
spectra of both greases, three distinct peaks were observed. The
peak at 710.1 (710.6) eV is due to FeS, while the peak at 712.3
(713.1) eV is attributed to Fe(OH)O and Fe,O;. FeS is generated
by the tribochemical reaction between T107 and the matrix
during the friction process, and is adsorbed on the substrate
surface to form a lubricating film that reduces friction.*” The Fe
2p1» peaks at 724.4 and 724.8 eV are attributed to Fe,O;. The
FWHM and peak area of the Fe 2p,,, peak in MSCG are larger
than those in CSCG, indicating that the Fe,O; content in the
MSCG lubricating film is higher.?®
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Fig. 11 The surface morphology of the wear scar at 392 N, (a) CMSCG (1: 2), (b) CMSCG (1:1), (c) CMSCG (2:1), (d) MSCG, (e) CSCG.
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The O 1s spectrum shows three peaks attributed to iron
oxide and Fe(OH)O. The spectra reveal that MSCG contains
more Fe(OH)O than CSCG, but less Fe,0;. Fe,03, a product of
matrix oxidation under friction, is known for its high hardness
and wear resistance.” However, a high Fe,O; content can
increase the roughness of the friction surface, leading to higher
friction coefficients. Thus, a lubricating film with a high Fe,0;
content, as seen in CSCG, results in poorer friction reduction
and anti-wear performance. The S 2p spectra of the two greases
are located at 168.7 and 168.8 eV, respectively. Notably, CSCG
shows a peak for CaCO; at 531.4 eV, while MSCG contains more
Fe(OH)O. Fe(OH)O, with its higher hardness, forms a strong
and wear-resistant friction film on the surface, whereas CaCO3,
being relatively soft, offers poorer friction reduction and anti-
wear properties. Consequently, MSCG exhibits superior tribo-
logical performance compared to CSCG. The S 2p spectra of
MSCG also show peaks for MgSO, and FeSO,, whereas CSCG's S
2p peak only shows FeSO,. This indicates that a tribochemical
reaction occurs in T107 during friction. The Ca 2p spectrum
displays characteristic peaks for CaCO; and CaO, with CSCG
showing stronger peaks. In summary, the high Fe(OH)O and
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MgSO, content in the MSCG lubricating film suggests that
MSCG can form a stronger, wear-resistant protective film on the
friction surface.* This boundary film effectively reduces wear
under high loads and maintains a low friction coefficient,
significantly enhancing the grease's tribological properties.
Conversely, the lubricating film of CSCG, mainly composed of
Fe,0; and CaCOg;, although offering some degree of hardness
and lubricity, is more prone to damage under high loads,
leading to inferior tribological performance.

Overbased sulfonates, constituting over 80% of lubricating
detergents, also function as the thickener in CSCG. These
sulfonates not only clean but also neutralize acidic byproducts
from combustion and oxidation in lubricating oils, providing
anti-corrosion, anti-rust, and high-pressure properties. The
structure of overbased sulfonates features reverse micelles, with
hydrophobic groups on the outer layer and hydrophilic groups
inside.’ Acid molecules penetrate these micelles, reacting with
the CaCO; core. Simultaneously, these overbased reverse
micelles adsorb at the acid-oil interface. The water absorbed in
grease primarily exists as free water, which can disrupt the
colloidal structure and degrade performance. This free water
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Fig. 12 XPS results of the wear surface lubricated by as-prepared grease, (a) C 1s, (b) O 1s, (c) Fe 2p, (d) S 2p, (e) Ca 2p, (f) Mg 1s, (g) B 1s.
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Fig. 13 The deconvoluted XPS spectra of wear scar lubricated by MSCG and CSCG, (a and b) Fe 2p, (cand d) O 1s, (e and f) S 2p, (g and h) Ca 2p.

not only damages the grease's colloidal structure but also acts
as a corrosive agent on the matrix surface. The hydrophilic
groups of alkyl benzene sulfonate effectively trap most water
molecules within the core of the overbased sulfates, limiting
their mobility and significantly reducing the amount of free
water in the grease. This capacity to absorb water helps main-
tain the colloidal structure and ensure excellent sealing prop-
erties. High-performance detergents like T106D and T107 are
characterized by high alkali values, low ash content, water
resistance, and superior rust resistance.** T107 neutralizes
inorganic acids more rapidly than T106D, though it is slower in
neutralizing organic acids. Due to the synergistic effects of
T106D and T107, the synthesized lubricant demonstrates
outstanding corrosion resistance.

In lubricants, sulfonate detergents serve multiple functions,
including anti-corrosion, cleaning, friction reduction, and wear
resistance. Previous studies attribute the excellent extreme

© 2024 The Author(s). Published by the Royal Society of Chemistry

pressure and load-bearing capabilities of overbased detergents
to the anti-wear boundary film they form on wear surfaces.”
Mechanically, overbased sulfonate particles are captured at the
contact inlet, adhering to the worn area. Within the T106D's
structure, ultrathin calcite layers possess a high surface area,
promoting adherence and deposition on metal surfaces. The
alkyl benzene sulfonates’ polar groups align preferentially, with
the c-axis standing perpendicular to the CaCO; surface. Under
varying contact pressures, the structure of alkyl benzene sulfo-
nates reacts sensitively; low pressures and shear forces frag-
ment these molecules, while high pressures disrupt ionic bonds
between sulfur and calcium, facilitating detachment from the
protective film. Initially, overbased sulfonates establish
a slender boundary film, which thickens with ongoing friction.
Fig. 14 depicts the evolution of this film, which enhances the
lubricating oil film and guards the contact surface against wear.
XPS findings suggest that T107 formed the tribofilm, correlating
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Table 6 The FWHM and area of XPS peaks

Element Grease Peak FWHM Area
Fe 2p MSCG 710.1 2.7 33693
712.3 4.4 42916
724.4 8.5 77 855
CSCG 710.6 2.8 36 346
713.1 4.2 44100
724.8 8.6 86 825
O 1s MSCG 529.4 1.2 39728
531.8 3.0 109330
531.9 1.1 21247
CSCG 529.0 1.4 42 997
531.2 3.5 80724
531.4 2.1 18 557
S 2p MSCG 168.7 3.5 4546
CSCG 168.8 10.8 6460
Ca 2p MSCG 347.3 1.7 5010
350.9 1.9 4587
CSCG 347.3 2.0 7391
350.8 2.1 4869

with the inferior anti-wear performance observed in MSCG and
CMSCG. The substantial boundary film formed by overbased
sulfonates prevents direct contact by strongly adhering to the
metal surface, akin to the tribochemical films produced by
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Paper

phosphorus and boron-based additives.®® As a result, the
synergistic effect of T106D and T107 in the formation of tribo-
film improves the tribological properties of CSCG.

4 Conclusions

5 Calcium sulfonate complex greases were prepared by different
ratio of overbased sulfonates. The synergy effect of overbased
sulfonates on physicochemical, anti-corrosion, rheological, and
friction-wear performance was investigated. The conclusions
were drawn as follows:

(1) The CMSCG (1:2) presented the best physicochemical
properties (highest dropping point: 354 °C, lowest penetration:
161 (0.1 mm), lowest oil separation: 1.25%), indicating the
combination of T106D and T107 in a 1:2 ratio shows the
excellent compatibility with base oil. The CMSCGs improved the
corrosion resistance of calcium sulfonate complex grease,
which are attributed to the protective layer formed by overbased
sulfonates on metal surfaces.

(2) The MSCG showed highest yield stress (558 Pa), because
the flower-like thickener structure provided the high structure
strength. In contrast, CSCG shows the lowest yield stress (160
Pa) due to the poor compatibility of T106D with base oil. The
hysteresis area of CMSCG (2:1) and CSCG were lower than
those of other greases due to their excellent thixotropy.
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(3) The MSCG presents the optimal friction reduction prop-
erty and CMSCG (1: 1) presents the optimal anti-wear property.
The friction mechanism indicated that the boundary film
formed on the wear surface, including iron oxide, FeSOj,
CaCOj;, CaO, and MgCO;.
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