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Abstract
Here, we study layered zirconium phosphate intercalated with octadecyltrimethylammonium bromide
(STAB-ZrP) as a thickener by thickening �ve types of base oils. The layered structure and morphology of
STAB-ZrP after thickening were con�rmed by X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The thickening ability and �uidity behavior of STAB-ZrP gel were evaluated using rheological
measurements. The tribological properties of STAB-ZrP gel were investigated using a reciprocating
tribometer under temperatures of 25°C and − 15°C. The rheological results showed that STAB-ZrP gel
had grease-like characteristics. Naphthenic and alkyl naphthalene as the base oil can lead to the higher
thickening ability. Naphthenic oil maintained the most colloidal stability at 25°C and − 15°C. STAB-ZrP
gel exhibited superior anti-wear and friction reduction, owing to the formation of a solid protective �lm
on the contact interface. This research established the relationship of STAB-ZrP with base oils in terms
of their performance. STAB-ZrP acts as both a thickener and a solid additive in the STAB-ZrP gel system.
This study can serve a bene�cial trial for future preparations of lubricating grease.

1 Introduction
Friction causes extensive mechanical wear and power loss, such that one-�fth of total global energy
consumption stems from friction and wear [1]. Synthetic lubricants are widely utilized in moving machine
parts, metal cutting, power transmission, and so on. Lubricating grease is one of most important
lubricants. Due to its anti-wear, anti-friction, corrosion resistance, and sealing properties, lubrication
grease is widely used in bearings, gears, and other lubrication areas [2]. Among the many types of
lubricating grease, lithium grease is currently the most applicable grease, owing to its excellent
performance [3], but with the rapid development of the lithium battery industry, the soaring price of
lithium restricts the sustainable development of lithium-based grease. As such, there is an urgent need
to develop new types of thickeners.

Lubricating grease is a semi-�uid product derived from thickening agents in base oils. That is, thickening
agents with well-arranged structural forms are su�ciently dispersed in a base oil [4]. The basic
components of lubricating grease are base oils, thickeners, and additives. Thickeners have an extremely
important role in the grease system because they hold the base oil and the additives together. They form
the skeleton of the grease. Lithium grease with metal lithium soap as a thickener has a chemical
structure of long-chain fatty acid lithium salt, which is composed of an alkyl chain carboxylic acid anion
with lithium cation. To make lithium soap, 12-hydroxystearic acid is reacted with lithium hydroxide to
form long-chain fatty acid lithium salts, and these lithium salts form soap �bers by self-assembly in the
base oil [3].

Recently, when studying of the lubricating properties of layered zirconium phosphate, our group found
that octadecyltrimethylammonium bromide intercalated zirconium phosphate (STAB-ZrP) had a soap
structure similar to metal lithium soap. In the STAB-ZrP layered structure, layered planes are constituted
of zirconium octahedra ZrO6 and monohydrogen phosphate tetrahedral groups (HPO4). The interlayer
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region is occupied by octadecyltrimethylammonium ions and links the layered plane via the protonated
P–O groups. So the layered structure of STAB-ZrP is just like lithium soap. The key difference is that
lithium soap is derived from self-assembly, and a chemical reaction is needed to prepare the soap
preparation (a chemically neutralized soap). By contrast, STAB-ZrP is pre-assembled. The gel preparation
only needs STAB-ZrP to be widely distributed in the base oil to form colloid suspension.

Base oils are the largest components of lubricating greases, accounting for 80.0–97.0 wt.% [5, 6]. They
are categorized as mineral oils (naphthenic and para�nic oils), synthetic hydrocarbons (polyalphaole�ns
(PAO) and alkylates), other synthetic compounds (esters and polyglycols), and so on. The nature of the
base oil has an important impact on the physicochemical and tribological behavior of the grease.
Yaroslav et al. [7]studied the effects of eight types of oils: mineral oils S-9, MS-8, and AU; hydrogenated
oils GK, NB3020, and VHVI-4 oils; and polyalphaole�n oils PAO-2 and PAO-4 on the thickening and
lubricating properties of lithium soap. They found that the content of hydrocarbon types (para�n-based,
cycloalkyl, and aromatic) affected the viscosity and anti-wear properties of the greases. As the aromatic
content of the base oil increases, the viscosity of the base oil increased and the anti-wear properties
deteriorated. The grease prepared using PAO-4 had minimal change in viscosity with temperature, and
displayed optimal low-temperature lubricating properties. Nan Xu et al. [8] synthesized a series of lithium
greases with different thickener concentrations by using PAO, PAO complexed with alkylated
naphthalene, and PAO complexed with ester oils as the base oils. The results showed that the
introduction of base oils with molecular chains (containing ester bonds and aryl rings) signi�cantly
increased the structural strength of the lithium grease. Enhui Zhang et al. [9] prepared four types of
lithium-based greases with para�n oil, naphthenic oil, PAO oil and polyol ester oil as base oils. The
results showed that the naphthenic oil-based grease had the best colloidal stability, and the PE-based
grease had the worst colloidal stability. The PE-based grease had the best recoverability but the lowest
structural strength. Laurentis N D et al. [10] studied the lubricating properties of lithium soap with
mineral oil, PAO, and a blend of PAO and ester oil. They found that friction was affected by the nature of
the base oil. Speci�cally, the friction of the grease using PAO as the base oil was lower than that of
mineral oil on the same oil viscosity.

Taken together, the literature indicates that the base oil has an important in�uence on both the
thickening and lubricating properties of grease. Herein, we consider STAB-ZrP as a new thickener. We
selected �ve types of oils to study the thickening ability and lubricating performance of STAB-ZrP gel:
para�n-based mineral oil (S8), cycloalkyl mineral oil (KN4010), polyalphaole�n synthetic oil (PAO8), alkyl
naphthalene synthetic oil Synesstic 5 (AN), and pentaerythritol ester synthetic oil Esterex NP451 (POE).
STAB-ZrP was used as the thickener to prepare STAB-ZrP oleogels. After the thickening process, the
layered structure and morphology of STAB-ZrP powder were analyzed to study changes to the interlayer
spacing and aggregation state of STAB-ZrP particles. Subsequently, the rheological behavior of the
obtained STAB-ZrP gels was investigated using a rheometer to evaluate the thickening ability of the �ve
types of oils. Finally, we evaluated the friction and wear performance of STAB-ZrP gels using an SRV
tribometer in reciprocating mode. Their contact surfaces lubricated by STAB-ZrP gels were analyzed
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after friction tests to ascertain the element composition of the tribo�lms. On the basis of the results, we
uncovered the relationship of STAB-ZrP to the type of base oil in terms of their performance.

2 Experiment

2.1 Materials
Table 1

Basic properties of the �ve types of base oils
Base oil type Mineral oil Synthetic oil

Para�n
(S8)

Naphthenic

(KN4010)

Poly-α-
ole�n

(PAO)

alkyl
naphthalene
(AN)

Pentaerythritol
ester(POE)

Kinematic viscosity
at 40°C(mm2/s)

43.40 172 48.0 29.0 25

Kinematic viscosity
at 100°C(mm2/s)

6.35 11.62 8.0 4.7 5

Viscosity index 127 22 139 74 130

Pour point(°C) -15 -30 -48 -39 -60

Phosphoric acid (H3PO4), octadecyl trimethyl ammonium bromide (STAB), and zirconium oxychloride
octahydrate (ZrOCl2·8H2O) were purchased from Aladdin (Shanghai) Reagent Co., Ltd. Ethyl acetate and
petroleum ether were purchased from Tianjin Kemiou Reagent Co., Ltd. None of the reagents was
puri�ed. Para�n-based mineral oil S8 was purchased from Korea Shuanglong Oil Chemical Industry Ltd.
KN4010 naphthenic mineral oil was purchased from PetroChina Karamay Petrochemical Company. Poly-
α-ole�n synthetic oil SpectraSyn8 (PAO-8), alkyl naphthalene synthetic oil Synesstic 5 (AN), and
pentaerythritol ester synthetic oil Esterex NP451 (POE) were purchased from ExxonMobil Corporation.
The typical physical and chemical properties of the �ve base oils are shown in Table 1.

2.2 Sample preparation

2.2.1 STAB-ZrP preparation
According to the amount calculated, water (H2O), phosphoric acid (H3PO4), zirconium oxychloride
octahydrate (ZrOCl2·8H2O), and octadecyl trimethyl ammonium bromide (STAB) were added into a

Te�on-lined stainless steel reactor in order. After mixing these fully, the steel reactor lid was �rmly shut
and the reactor was placed into an oven at constant temperature. Then, it was laid out for natural cooling
after reaching the crystallization time.

2.2.2 Preparation of STAB-ZrP gel



Page 5/21

The prepared STAB-ZrP sample was washed using hot water, and a white precipitate was collected by
centrifugation. The precipitate and ethyl acetate were added to a beaker, stirred at room temperature for
30 min, and then centrifuged. The centrifuged STAB-ZrP was mixed with the base oil and stirred for 3 h.
Then, the STAB-ZrP oil mixture was aged in an oven at 150°C for 5 h. After cooling down to room
temperature, the obtained STAB-ZrP gel was homogenized three times in a triple-roller mill.

2.3 Test methods

2.3.1 Powder sample characterization
The raw STAB-ZrP powder was used directly for analysis. The STAB-ZrP gel samples with different base
oils needed to be washed with petroleum ether to remove the oil. They were centrifuged and dried in an
oven at 100°C. The crystal structure of all STAB-ZrP samples was characterized using an Ultima IV X-ray
diffractometer (PXRD, CuKα, λ = 1.5418 Å, 40 kV, 40 mA). The scanning speed was 0.5°/min. The
microscopic morphology of the STAB-ZrP powder samples was observed using a Hitachi SU8010
Scanning Electron Microscope with an operating voltage of 3 kV. Infrared spectra were recorded on an
IRA�nity-1 infrared spectrometer using compacted KBr pellets. Thermogravimetric analysis was carried
out with a Setaram Instruments Labsystems EVO Simultaneous Thermal Analyzer in air atmosphere at a
rate of 5°C/min.

2.3.2 Characterization of physical and chemical properties
of STAB-ZrP gels
To investigate the effect of STAB-ZrP thickener content on the rheological properties of STAB-ZrP gel
samples with different base oils, the rheological properties of the STAB-ZrP gel samples were measured
using a rheometer (MCR 302, Anton Paar) equipped with a plate-to-plate sandblasted parallel disk (25
mm diameter, 1 mm gap). The variation of elastic modulus G' and loss modulus G" with shear stress τ
was investigated in oscillatory mode at a frequency of 1 Hz and strain amplitude γ = 0.01–100.0%. The
effect of temperature on the viscoelastic properties of 10.0 wt.% STAB-ZrP gel samples with different
base oils was measured at -15°C and 25°C. The apparent viscosity of the base oils and STAB-ZrP gels
was also measured at -15°C and 25°C under a shear rate of 1 s− 1.

We used the ASTMD 6184-17 grease steel-mesh oil separation test to analyze oil separation in the STAB-
ZrP gel samples. The GB/T 3498 − 2008 grease dropping point test was used to determine the dropping
point of STAB-ZrP gel samples. The test results are shown in Table 2.

2.3.3 Tribological test
The tribological properties of the STAB-ZrP gel samples were evaluated using an Optimal SRV-V Friction
Wear Tester according to the ASTM D5707-14 standard test method. The reciprocating motion mode
was in the form of point-to-point contact. The friction pair consisted of an upper sample steel ball and a
lower sample steel disk. The steel ball was produced by Shanghai Steel Ball Factory: the material was
GCr15, its diameter was 10 mm, and its Rockwell hardness was 59–64. The steel disk was produced by
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Beijing Keli Yongcheng Science and Technology Development Co., Ltd., with a diameter of 24 mm and a
Rockwell hardness of 59–61. Before the friction test, the ball and disk specimens were ultrasonically
cleaned using petroleum ether. The SRV tester automatically output and recorded real-time dynamic
friction coe�cient curves. After the test, the amount of wear on the steel disk was observed with a
Zegage-type three-dimensional white light interferometer from ZYGO, USA. The experiment was repeated
three times under the same conditions.

3 Results and discussion
The powder samples before and after thickening STAB-ZrP were analyzed with an X-ray diffractometer
(XRD). After the thickening process, all obtained STAB-ZrP samples maintained their original layered
crystal structure (Fig. 1a). Except for the KN4010G gel sample, the �rst characteristic peak (2θ = 2.46°)
of the STAB-ZrP gel samples with PAO, POE, AN, and S8 as base oils clearly shifted forward, and the
corresponding interlayer spacing increased by 0.26 nm, 0.09 nm, 0.22 nm, and 0.03 nm, respectively.
This experimental result indicated that part of the base oil had entered the STAB-ZrP interlayer (Fig. 1b).

Figures 2a–f show SEM photos of the STAB-ZrP samples before and after thickening. The pristine STAB-
ZrP powder had an aggregated lamellar morphology (Fig. 2a). After the thickening process, the
morphology of STAB-ZrP powder was no longer aggregated, forming cavities of different sizes (black
circles). This phenomenon indicated that the base oil had stayed in the lamellae.

Figure 3 shows the thermogravimetric curves of the STAB-ZrP samples before and after the thickening
process. From the thermogravimetric curves, it can be seen that there are three distinct stages of weight
loss. The �rst stage occurred between 25°C and 180°C, corresponding to surface-adsorbed water and
interlayer crystalline water. The second phase occurred between 180°C and 600°C and corresponded to
the interlayer organic matter, which was 45.37 wt.%, 46.33 wt.%, 47.43 wt.%, 55.78 wt.%, 50.51 wt.%, and
50.93 wt.% for STAB-ZrP, S8G, KN4010G, PAOG, ANG, and POEG. After the thickening process, the weight
loss of interlayer organic matter clearly increased. This is probably because some amount of base oil
remained in the interlayer of STAB-ZrP. The third stage occurred between 600°C and 800°C and
corresponded to the condensation process of P-OH, which �nally produced ZrP2O7 [11].

3.1 Rheological behavior of STAB-ZrP gel with different
base oils
Each type of base oil has its own chemical molecular structure, so the physical and chemical property of
each type of oil is different (e.g., kinematic viscosity, pour point). As STAB-ZrP is a new type of thickening
agent, the thickening ability STAB-ZrP with different types of base oils will be different.

Figures 4a–e show the viscoelastic curves of the STAB-ZrP gel samples with the �ve base oils under
different STAB-ZrP content. It can be seen that the storage modulus (G') of all STAB-ZrP gel samples
increased with increasing STAB-ZrP content. As the shear stress increased, the value of G' decreased
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gradually, and the loss modulus (G'') value increased at the same time. The viscoelastic behavior of
STAB-ZrP gel agreed with the viscoelastic characteristics of the grease reported in previous literature [8,
9, 12, 13]. The results indicated that STAB-ZrP as a thickener can thicken the �ve types of base oils.

To better compare the thickening ability of the �ve types of base oils, Fig. 4f demonstrates the
relationship between the storage modulus of STAB-ZrP gel and STAB-ZrP content. When the STAB-ZrP
content was under 7.5 wt.%, there was not much difference among the �ve base oils. As the STAB-ZrP
content increased to 10.0 wt.%, the difference became increasingly clear. The G' value of S8G had no
obvious increase with an increase in STAB-ZrP content. The G' value of POEG was gradually higher with
increasing STAB-ZrP content. But the increasing degree of both S8G and POEG was clearly lower than
that of PAOG, ANG, and KN4010G. The G' values for PAOG, ANG, and KN4010G all increased linearly as
the STAB-ZrP content increased. When the STAB-ZrP content was at 15.0 wt.%, the storage modulus
value of S8G, POEG, PAOG, KN4010G, and ANG was 22,357 Pa, 56,432 Pa, 138,740 Pa, 177,710 Pa, and
242,130 Pa, respectively. Thus, AN oil and KN4010 oil had the best thickening ability among the �ve
types oil. Moreover, PAO oil was better than S8 oil and POE oil.

The reason for the superior performance of AN oil and KN4010 oil may originate from their chemical
structure. Enhui Zhang et al. [9] reported that naphthenic oil-based lithium grease had the best colloidal
stability among para�n oil, naphthenic oil, polyalphaole�n oil, and polyol ester oil. Garshin et al. [14]
investigated the thickening ability of eight oils on polyurethane grease. They found that an increase in the
content of naphthenic and aromatic hydrocarbons in the base oil could increase the thickening ability of
polyurea grease. In our STAB-ZrP gel study, alkyl naphthalene oil and cycloalkyl KN4010 oil also showed
excellent thickening ability.

Since KN4010G and ANG were too viscous at 15.0 wt.% STAB-ZrP, the storage modulus value of 10.0
wt.% STAB-ZrP gel with the �ve oils all reached more than 5000 Pa, showing a good thickening effect.
Thus, in subsequent experiments the STAB-ZrP content was set at 10.0 wt.%. Photographs of 10.0 wt.%
STAB-ZrP gel samples with the �ve base oils are shown in Fig. 5 STAB-ZrP gel samples resembled
lubricating grease in appearance, and had the same color as their base oils.

As STAB-ZrP gel is a non-Newtonian �uid, temperatures may affect the viscoelasticity and �uidity
behavior of the gel. We chose two temperatures (25°C and − 15°C) for further investigation.

Figure 6a compares the storage modulus value of STAB-ZrP gel with the �ve types of oils at
temperatures of 25°C and − 15°C. We found that the storage modulus of STAB-ZrP gel at -15°C was in all
cases higher than that at 25°C. When the temperature dropped to -15°C, the storage modulus value of
para�n oil S8G, naphthenic oil KN4010G, polyole�n oil PAOG, alkylated naphthalene oil ANG and
pentaerythritol ester oil POEG increased by 20.9, 2.9, 2.8, 3.8 and 4.5 times, respectively. S8G with
para�n oil as the base oil had the biggest increment. There were only subtle differences among the
other four base oils.
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Figure 6b shows the variation of �ow index (τf /τy) of STAB-ZrP gel with the �ve oils at the temperatures
of 25°C and − 15°C. Here, τf is the shear stress corresponding to the �ow point of the gel, and τy is the
shear stress corresponding to the yield point of the gel. When τf /τy is equal to 1, the grease begins from

a semi-solid state to a �ow state and the internal gel structure becomes damaged [15]. At 25°C, the �ow
index of S8G, POEG, ANG, KN4010G and PAOG was 10.05, 9.45, 9.15, 12.67, and 5.69, respectively. When
the temperature dropped to -15°C, the �ow index of S8G, POEG, ANG, KN4010G, and PAOG was 1.54,
2.15, 6.23, 24.36, and 8.25, respectively. Thus, KN4010G had the highest �ow index value among the �ve
STAB-ZrP gel samples, indicating that KN4010 had very good thickening properties, especially under low
temperature. Among the �ve STAB-ZrP gel samples, KN4010G always maintained the most stable gel
structure at 25°C and − 15°C. The �ow index values of PAOG and ANG had small changes in amplitude.
For S8G and POEG, the �ow index values dramatically decreased at -15°C, indicating that the colloidal
stability of S8G and POEG worsened at low temperature.

As 90 wt.% composition of STAB-ZrP gel is the base oil, the viscosity of the base oils can have an
important effect on the �uidity of the gel [7, 16], especially at low temperatures [7]. Therefore, the
apparent viscosities of the �ve types of base oils and their STAB-ZrP gels were investigated at 25°C and
− 15°C. The results are shown in Figs. 7a and 7b. It can be seen that the apparent viscosity trends of all
STAB-ZrP gel samples were going in the same direction as their base oils, indicating that the apparent
viscosity of STAB-ZrP gel depends on the viscosity of its base oil. The apparent viscosities of the �ve
base oils and their STAB-ZrP gels increased as the temperature decreased.

The oil separation and dropping points of 10.0 wt.% STAB-ZrP gels with the �ve base oils are listed in
Table 2. The dropping points of S8G, KN4010G, PAOG, ANG, and POEG were 322.5°C, 320.3°C, 295.0°C,
310.5°C, and 232.0°C, and the oil separation was 11.47 wt.%, 2.20 wt.%, 7.80 wt.%, 5.43 wt.%, and 15.37
wt.%, respectively. Among the �ve STAB-ZrP gels, KN4010G had the highest dropping point and lowest
oil separation.

Table 2
Oil separation and dropping points of 10.0 wt.% STAB-ZrP

gels with the �ve base oils
Gels Dropping point / ℃ Oil separation / wt.%

S8G 322.5 11.47

KN4010G 320.3 2.20

PAOG 293.0 7.80

ANG 310.5 5.43

POEG 232.0 15.37

3.2 Tribological properties of STAB-ZrP gel with different
base oils
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The wear volume and mean friction coe�cients of the �ve base oils and their prepared STAB-ZrP gels
are shown in Fig. 8. When the temperature was 25°C, the KN4010, AN, and POE base oils could run
though the whole process, but not S8 and PAO. By contrast, all STAB-ZrP gel samples not only ran
smoothly during the whole process, but also had much lower wear volume and mean friction coe�cient
values than their base oils. When the temperature decreased to -15°C, the PAO, AN, and POE base oils
could �nish the friction test, but not S8. In comparison, STAB-ZrP gel with S8, PAO, AN, and POE as base
oils could go through the whole test, but with KN4010G, a seizure occurred due to high viscosity.
Obviously, even at low temperatures, the STAB-ZrP gel samples had less wear volume and mean friction
coe�cient values than their base oils. The values of wear volume and mean friction coe�cients of the
STAB-ZrP gel samples at -15°C were slightly higher than at 25°C.

The wear surface morphology and elemental distribution of worn surfaces lubricated by the base oils
and their STAB-ZrP gels were analyzed using 3D non-contact surface morphology (3D), scanning
electron microscopy (SEM), and X-ray diffraction spectroscopy (EDS).

As shown in Fig. 9, at 25°C, the worn surfaces lubricated by STAB-ZrP gels were shallow and smooth.
However, the worn surfaces of the �ve base oils were larger and covered with deep furrows. The SEM
morphology was similar to the 3D images. For base oils, there were C, Fe, and Cr elements on the
surfaces of the steel disks, which all belonged to the steel disk itself. The STAB-ZrP gels contained not
only C, Fe, and Cr elements but also P and Zr elements on the worn surfaces, indicating that STAB-ZrP
adheres to the surface to form a protective �lm.

Figure 10 shows analysis results at -15°C. Except for KN4010G, the wear surface state of all STAB-ZrP
gels was obviously better than that of their base oils. The worn surfaces were also smaller and shallower
than those of their base oils. But the worn surfaces had more scratches than at 25°C, and this result was
consistent with the test results. Layered zirconium phosphate as a solid additive has been widely used in
oils and greases to improve their anti-wear and anti-friction properties [17–21]. The friction results
showed that STAB-ZrP is not only a thickener but also a good solid lubricant in the STAB-ZrP gel system.

From the above results, STAB-ZrP as a thickener can thicken the �ve types of base oils. During the
thickening process, STAB-ZrP particles fully disperse in the oil, and the base oil enters the interlayer of
the STAB-ZrP. In the STAB-ZrP gel system, STAB-ZrP and the base oil form a collective stable colloidal
system. STAB-ZrP as a new thickener can thicken the �ve types of base oils with features characteristic
of grease. Naphthenic and alkyl naphthalene oil had higher thickening ability, and this thickening law was
similar to lithium-based grease [7–9]. The viscoelasticity and �uidity behavior of the STAB-ZrP gels were
consistent with those of their base oils. The friction test showed that STAB-ZrP gels have excellent anti-
wear and friction-reduction properties. In the STAB-ZrP gel system, STAB-ZrP is not merely a thickener
but also a good solid additive, with STAB-ZrP acting as both a thickener and an additive in gel systems.

This research systematically revealed the correlation between STAB-ZrP thickener and base oils, and
established the relationship of STAB-ZrP with the type of base oil in terms of performance. Herein, STAB-
ZrP acts as a thickener and solid additive with two roles in the STAB-ZrP gel system. Although STAB-ZrP
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gel still cannot meet the requirements of practical applications, due to the limited studies, this thickener
design provides a new development idea for future grease preparations.

4 Conclusion
In this paper, STAB-ZrP intercalation samples were prepared by direct hydrothermal synthesis, and gels
were prepared by thickening �ve types of base oils with STAB-ZrP. The conclusions are summarized as
follows:

After the thickening process, the XRD results showed that all the obtained STAB-ZrP samples kept their
original layered crystal structure. The interlayer spacing with PAO, POE, AN, and S8 as the base oil clearly
shifted forward. The morphology of STAB-ZrP powder was no longer aggregated, forming cavities of
different sizes. These results indicated that the base oil had entered the STAB-ZrP interlayer.

As a thickener, STAB-ZrP thickened the �ve types of base oil. AN oil and KN4010 oil had the best
thickening ability among the �ve types of oil. PAO oil was better than S8 oil and POE oil. Naphthenic and
aromatic hydrocarbons in the base oil increased the thickening ability of the STAB-ZrP gel. The STAB-ZrP
gel samples resembled lubricating grease in appearance, and had the same color as their base oils.

Temperature affected the viscoelasticity and �uidity behavior of the gel. In all cases, the storage
modulus value of STAB-ZrP gel at -15°C was higher than that at 25°C. KN4010G always maintained the
most stable gel structure at 25°C and − 15°C. The �ow index values of PAOG and ANG showed small
changes in amplitude. The colloidal stability of S8G and POEG worsened at low temperatures. The
apparent viscosities of the �ve types of base oil and their STAB-ZrP gels increased as the temperature
decreased.

STAB-ZrP gel not only ran smoothly during the whole process, but also had much lower wear volume and
mean friction coe�cient values than their base oils—except in the case of KN4010G, where a seizure
occurred at -15°C due to high viscosity. The worn surfaces lubricated by STAB-ZrP gels were shallow and
smooth. The EDS results indicated that STAB-ZrP adhered to the surface to form a protective �lm.

Taken together, our results demonstrate that STAB-ZrP is not only a thickener but also a solid lubricant.
Our study can serve as a reference for the future development of grease preparation.
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Figures

Figure 1

XRD spectra of STAB-ZrP and STAB-ZrP gel samples with �ve types of base oils: a overall pattern (2θ =
2°–20°) andb zoomed-in pattern (2θ = 2°–10°)
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Figure 2

SEM morphology of STAB-ZrP and STAB-ZrP gel samples with �ve base oils a STAB-ZrP, b S8G, c
KN4010G, dPAOG, e ANG, and f POEG
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Figure 3

TG curves of STAB-ZrP and STAB-ZrP gel samples with the �ve base oils
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Figure 4

Viscoelasticity behavior of STAB-ZrP gel as the function of different STAB-ZrP content: a S8G, b
KN4010G, c PAOG, dANG, e POEG, and f the storage modulus ofSTAB-ZrP gel with the �ve base oils at
different STAB-ZrP concentrations
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Figure 5

Photographs of the �ve base oils and their 10.0 wt.% STAB-ZrP gel samples
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Figure 6

Viscoelasticity and �uidity behavior of the STAB-ZrP gel as a function of temperature: a the storage
modulus behavior of the STAB-ZrP gel, b the �uidity behavior of the STAB-ZrP gel

Figure 7

Apparent viscosity–temperature relationship of the �ve base oils and their STAB-ZrP gels: a 25°C, b
-15°C
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Figure 8

Wear volume and mean friction coe�cients of the �ve base oils and their STAB-ZrP gels:a and c 25°C, b
and d -15°C (SRV tester, load 200 N, frequency 50 Hz, time 2 h)
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Figure 9

3D morphology, SEM morphology, and EDS elemental distribution of steel disks lubricated by the �ve
base oils and their STAB-ZrP gels: a and c �ve base oils, band d STAB-ZrP gels (SRV tester, load 200 N,
frequency 50 Hz, time 2 h, temperature 25°C)
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Figure 10

3D morphology, SEM morphology, and EDS elemental distribution of steel disks lubricated by the �ve
base oils and their STAB-ZrP gels: a and c�ve base oils, b and d STAB-ZrP gels (SRV tester, load 200 N,
frequency 50 Hz, time 2 h, temperature -15°C)
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