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Abstract. Ball screw pairs are susceptible to severe friction and wear under harsh operating conditions,
particularly high loads and high speeds, which compromise positioning accuracy and transmission stability. To
address these challenges, this study develops a novel green lubricant based on natural deep eutectic solvents
(NADESS), which exhibit high load-carrying capacity and stable lubrication performance. Experimental results
reveal that the dense hydrogen bond network within NADESSs restricts molecular mobility, thereby enhancing
film stability. A robust tribofilm is formed through the synergistic mechanism of physicochemical adsorption and
tribochemical reactions, resulting in significantly smoother worn surfaces. Compared to the commercial
lubricant PAOA40, the proposed NADESs reduced the friction coefficient and wear volume by 32.6% and 89.1%,
respectively. Furthermore, friction torque tests on ball screw pairs demonstrated that NADESs exhibit superior
lubricity and significantly improved motion stability even at high rotational speeds. Consequently, the
formulated NADESs show great potential as high-performance green alternatives for precision transmission

systems requiring high load-bearing capacity.
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1 Introduction

Ball screw pairs are characterized by high transmission
efficiency, superior synchronization, and excellent capabil-
ities for high-precision and high-sensitivity transmission
[1]. Consequently, they are extensively utilized in precision
CNC machine tools. To ensure the stable and efficient
operation of these components, lubricants are applied to
the contact interface between the ball and the raceway to
reduce friction and torque. However, inadequate lubrica-
tion leads to an increase in friction torque, thereby
deteriorating the motion stability of the ball screw pair.
Ball screw pairs in high-precision machine tools are
frequently subjected to severe operating conditions, such as
high speeds, heavy loads, and instantaneous impact loads,
which impose stringent requirements on lubricant perfor-
mance. On the one hand, under high speeds and high
contact stresses, it is imperative to maintain a uniform and
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stable lubricating film to prevent lubrication failure caused
by film rupture due to insufficient load-carrying capacity,
which would otherwise compromise the reliability of the
transmission system. On the other hand, driven by
escalating environmental pollution concerns and growing
environmental awareness, higher requirements for the
environmental compatibility of lubricants have been
established, which has become an inevitable development
trend of lubrication technology in the future. Nevertheless,
current lubricants predominantly rely on mineral base oils
derived from petroleum refining, which presents significant
drawbacks. First, mineral base oils exhibit poor biode-
gradability and inherent toxicity. Second, during use and
disposal, they pose a high risk of causing persistent
pollution to soil and water bodies, directly threatening
ecological security and human health.

In recent years, deep eutectic solvents (DESs) have
garnered significant attention as a novel category of green
solvents and functional fluids [2-4]. Typically formed by
combining a hydrogen bond donor (HBD) and a hydrogen
bond acceptor (HBA), DESs exhibit melting points
significantly lower than those of their individual
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components, a phenomenon attributed to the formation of
extensive hydrogen-bonding networks [5-9]. DESs are
characterized by exceptional physicochemical properties,
such as facile and scalable synthesis [10], negligible vapor
pressure [11], non-flammability, tunable polarity [12], and
excellent thermal [13] and chemical stability [14]. These
attributes have propelled their application in diverse fields,
including electrochemistry [15], catalysis [16], biomass
valorization [17], and separation science [18].

Moreover, DESs have demonstrated significant poten-
tial as sustainable lubricants. In a pioneering study in 2010,
Lawes et al. [19] first proposed choline chloride (ChCl)-
urea and ChCl-ethylene glycol DESs for lubricating steel
contacts, finding that the coefficient of friction (COF) was
comparable to that of fully formulated SAE 5W-30 engine
oil. Following this study, researchers began to extensively
explore the tribological behavior of various DESs under
diverse conditions. For instance, Shi et al. [20] evaluated
the lubrication performance of ChCl-urea, ChCl-ethylene
glycol, and ChCl-1,2-propanediol DESs for carbon fiber-
filled PTFE composites. Their results demonstrated that
DESs outperformed both water and hydraulic oil, reducing
the COF and wear by approximately 60% and 50%,
respectively, compared to dry friction. Hallett et al. [21]
further showed that a ChCl-ethylene glycol DES (1:2
molar ratio) could form a stable boundary film on mica
surfaces, thereby enhancing lubrication. Li et al. [22]
synthesized two hydrophobic DESs—tetrabutylammo-
nium chloride-decanoic acid (C4-DES) and methyl tri-
alkylmethylammonium chloride-decanoic acid (C8-DES)
—and reported that compared to ester-based oils, these
DESs significantly reduced COF (by 29% and 36%) and
wear (by 91% and 94%, respectively). Despite these
promising advancements, current tribological research on
DESs remains unsystematic. Furthermore, existing studies
have predominantly focused on specific DES formulations,
leaving the influence of varying HBAs and HBDs on
tribological behavior insufficiently explored. As a subclass
of DESs, natural deep eutectic solvents (NADES) are
derived from renewable resources such as sugars, amino
acids, organic acids, and choline or betaine. Many studies
[23,24] have shown that low melting point solvents
composed of natural components such as choline chloride,
urea, glycerol, etc. have high biodegradability and low
toxicity, making them ideal candidates for the next
generation of green lubricants.

As illustrated in Figure 1, this study tailored the
hydrogen bond interactions by selecting specific HBDs and
HBAs to synthesize five representative NADESs. First,
through comprehensive physicochemical and tribological
assessments, we determined how hydrogen bond strength
influences the behavior of these NADESs. Second, by
establishing the structure—property relationship between
molecular composition and tribological performance, the
mechanisms by which hydrogen bonding networks govern
film formation, surface interactions, and lubrication were
elucidated. Finally, the proposed NADESs were experi-
mentally on ball screw pairs to assess their dynamic
lubrication performance at varying speeds. This work
provides critical insights for enhancing the transmission

accuracy and long-term operational reliability of ball
screws, holding significant value for the advancement of
high-performance, eco-friendly next-generation lubricant.

2 Materials and experimental methods
2.1 Materials

Choline chloride, urea, betaine, malic acid, and anhydrous
ethanol employed were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Betaine and L-carnitine
were purchased from Shanghai McLean Biochemical
Technology Co., Ltd., with a purity greater than 99%.
All reagents were used as received without further
purification. A commercial base oil, specifically poly alpha
olefin (PAOA40; supplied by Tiancheng Meijia, PR China),
was selected as a reference. Its frictional performance was
comparatively analyzed against that of the NADESs.

2.2 Synthesis of NADESs

As detailed in Table S1, the specific HBAs and HBDs were
weighed in a molar ratio of 1:2 and placed into sealed glass
containers. The mixtures were heated to 80 °C and stirred
at 400 rpm for approximately 1.5 min until homogeneous,
transparent liquids were formed. The synthesized solvents
are denoted as NADES-1 (ChCl-glycerol), NADES-2
(ChCl-urea), NADES-3 (ChCl-malic acid), NADES-4
(betaine-glycerol), and NADES-5 (L-carnitine-glycerol).
For brevity, these abbreviations are used throughout the
subsequent text.

2.3 Characterization of NADESs

Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) were conducted using a TG-DSC 3+
thermal analyzer (Mettler Toledo, Switzerland). TGA was
performed from 20°C to 600°C at a heating rate of 10°C/min
under a nitrogen atmosphere, while DSC was carried out
from —80°C to 100°C at the same heating rate. Approxi-
mately 30 mg of the test substance was dissolved in 1 mL of
DMSO (99.9%) in a 5-mm NMR tube. 'H-NMR spectra were
obtained on a Bruker Avance III 400 MHz spectrometer
equipped with a 5-mm BBFOZ gradient intelligent probe,
and data processing was performed using MestReNova
software. Contact angles of the NADESs on 45# steel
substrates were measured using a DSA30S drop shape
analyzer (KRUSS, Germany). ATR-FTIR spectra were
acquired using a Spectrum 3 spectrometer (PerkinElmer,
USA) in the scanning range of 650-4000cm™' with an
accumulation of 20 scans. The dynamic viscosities of the five
NADESs were measured at 20°C using an MCR302
rotational rheometer (Anton Paar, Austria) equipped with
a CP20 cone-plate geometry.

2.4 Calculation of intermolecular interaction energy

Quantum mechanical calculations were performed to
elucidate the intermolecular interactions. All computa-
tions were carried out using the Gaussian 09 software
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Fig. 1. (a) Characteristics of NADESs. (b) The NADESs studied in this study include NADES-1 (ChCl-glycerol), NADES-2(ChCl
urea), NADES-3(ChCl-malic acid), NADES-4 (betaine—glycerol), and NADES-5(L-carnitine-glycerol).

package. The M06-2X [25] functional and the 6-31 + G(d)
basis set were employed for geometry optimization and
single-point energy calculations. The electrostatic poten-
tial (ESP) distribution on the molecular surfaces was
analyzed using the Multiwfn 3.8 program. The interaction
energy was calculated according to the following formula:

By = Exn_g — E4 — Epy Ensse, (1)

where Ei,; represents the interaction energy, A and B
represent individual molecules, A-B represents the
complex formed following the interaction between A and
B, and Epgsg represents the basis set superposition error.
Epgsg is the basis set superposition error correction,
calculated via the counterpoise method. After the forma-
tion of hydrogen bonds, the total energy of the complex
(A-B) is lower than the sum of the energies of A and B, so
the value of E;,; is negative.

2.5 Stability testing

To evaluate the corrosivity of the prepared NADESSs,
45+ steel specimens were subjected tostatic immersion tests.
The polished and cleaned steel specimens were fully
submerged in the NADESs at room temperature (20°C)
for a duration of 7 days, during which optical images were
captured daily to monitor surface changes. Furthermore,
comparative FTIR analysis of the NADESs before and after
the friction tests was conducted to investigate potential
variations in the hydrogen-bonding network and chemical
composition induced by the lubrication process.

2.6 Friction testing

The tribological performance of the NADESs was evaluated
using a ball-on-disc tribometer (UMT-2, Bruker, USA) in
rotary mode. The upper specimen was a GCrl5 ball
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(®=6.35mm, Ra=30nm), while the lower specimen was a
454 steel disc (® =40 mm). These materials were selected
due to their extensive application in mechanical components
[26]. The disc surfaces were polished sequentially using
abrasive papers with grits of 100, 500, 1000, and 2000.
Subsequently, the discs were cleaned with ethanol, and their
surface roughness was measured using a white light
interferometer, ensuring it was controlled within 20 nm.
Prior to testing, both the steel balls and discs were
ultrasonically cleaned in ethanol. The test parameters were
set as follows: a rotation radius of 4 mm, a rotation speed of
60rpm, and a duration of 30 min. The running-in time is
10 min. The COF was recorded continuously under varying
normal loads of 50, 100, and 150 N, which correspond to
initial maximum Hertzian contact stresses of 2.32, 2.93, and
3.35 GPa, respectively. The maximum Hertzian contact
stress was calculated using the following equation:

1 P\ 2

VoF(Z)

T FE
where F'represents the applied pressure, p represents the
equivalent radius of curvature, and FE denotes the

equivalent elastic modulus. The calculation formula for
equivalent radius R and equivalent elastic modulus F is:

(2)

i_1.1

o PPy

lzl—uf 1—v% (3)
E Ey FEs

Among them, p; and p,, respectively, represent the
principal curvature radius of the bearing steel ball and the
454 steel chassis at the contact point. E; and E»,
respectively, represent the Young’s modulus of bearing
steel and 45+# steel. v; and vy represent the Poisson’s ratio
of bearing steel and 45# steel, respectively.

The cross-sectional area of the wear scar S is obtained
using contour integration, and the calculation method is as
follows:

S = ["A(z)dz. (4)

Among them, ¢ and b are the starting and ending
coordinates in the width direction of the abrasion,
respectively, and A(z) is the contour function of the wear
scar.

Assuming that the wear area of each section is
consistent, the formula for calculating the wear volume
Vis as follows:

V=2nR x S. (5)

Among them, R is the rotation radius in the friction
lubrication experiment, and S is the wear cross-sectional
area of the wear scar.

The experiments were conducted at a temperature of
20°C and a relative humidity of 50%. Each test was
repeated at least three times to minimize random errors
and ensure data reproducibility. We define the steady-state

phase as the period from the 10th to the 30th min after the
start of the friction coefficient test, and the experimental
data during these 20min are recorded. Additionally, it
should be noted that all error bars in the figures represent
the standard deviation.

2.7 Analysis of worn surfaces

Upon completion of the friction tests, the width and depth
of the wear tracks were measured at three different
locations using a white light interferometer (Verifire XL,
ZYGO, USA) to calculate the average wear volume and
wear rate. To elucidate the lubrication mechanisms of the
NADESS, the morphology and chemical composition of the
worn disc surfaces were analyzed. First, optical images of
the wear tracks were acquired using an optical microscope
(Smart Zoom 5, Zeiss, Germany). The surface morphology
and elemental composition were then characterized using a
field emission scanning electron microscope (FE-SEM,
Gemini 300, Zeiss, Germany) equipped with energy-
dispersive X-ray spectroscopy (EDS). Finally, X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo
Fisher Scientific, USA) was employed to analyze the
chemical states of the worn surfaces and investigate the
formation of a tribofilm.

2.8 Friction torque tests of ball screw pair

The ball screw model employed in the experiments is the
NSK4006-25T3, which features a single-nut configura-
tion. The nominal diameter of the screw pair is 40 mm, the
lead is 6 mm, and the effective stroke is 100 mm. The
preload force of the ball screw is 1950 N. No axial load was
applied during the experiment. With a nominal diameter
of 40 mm, this model is classified as a large-scale, heavy-
duty ball screw. It is characterized by high rigidity,
superior bending resistance, and exceptional load-bearing
capacity (capable of withstanding axial dynamic loads
exceeding 60 kN), making it widely utilized in precision
machine tools.

Prior to testing, the sealing rings were removed, and the
original lubricating grease on the screw shaft, nut
raceways, and ball surfaces was thoroughly cleaned using
gasoline. Once the gasoline had completely evaporated, the
ball screw pair was installed on the dynamic pre-tightening
torque test bench. Following installation verification, the
ambient conditions were strictly controlled, with the
temperature maintained at 20 £ 1°C and relative humidity
at 50 & 5%. The test stroke was set to 100 mm. To ensure
sufficient lubrication, first fill the nut space with 20 mL of
lubricating oil and run the system in a reciprocating motion
at 100 rpm for 3 cycles. No additional lubricant was added
during each experiment. Subsequently, the forward and
reverse dynamic friction torques were measured at various
rotational speeds. One full reciprocating stroke constituted
one data set. Measurements were repeated three times for
each speed, and the average value was calculated to
minimize random errors. Notably, due to the excessively
high viscosity and mild acidity of NADES-3, it was
excluded from these experiments.
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Fig. 2. FTIR spectra of (a) ChCl, glycerol, and NADES-1; (b) ChCl, urea, and NADES-2; (c) ChCl, malic acid, and NADES-3;
(d) betaine, glycerol, and NADES-4; and (e) L-carnitine, glycerol, and NADES-5.

3 Results and discussion

3.1 Characterization of NADESs

The formation of hydrogen bonds and the successful
synthesis of the five NADESs were confirmed by FTIR
spectroscopy, as evidenced by characteristic peak shifts
associated with functional group interactions [27].
Figure 2a illustrates the FTIR spectra of ChCl, glycerol,
and NADES-1. The characteristic peaks at 3286 and
1029 cm ™! are attributed to the -OH and C-O groups of
glycerol, respectively. In the spectrum of NADES-1, the
hydroxyl (-OH) peak shifted to a higher wavenumber,
appearing at 3305cm ', Additionally, the C-O peak of
glycerol exhibited a shift from 1029 to 1036 cm™'. These
observations demonstrate the formation of hydrogen bonds
between ChCl and glycerol, indicating the successful
synthesis of NADES-1. Figure 2b presents the spectra of
ChCl, urea, and NADES-2. The peaks at 1675 and
1589cm ™' in urea correspond to the C=0 and -NH
groups, respectively. Upon the formation of NADES-2,
these peaks shifted to 1660 and 1605 cm ™", respectively,
providing evidence of hydrogen bonding between ChCl and
urea. In the case of NADES-3 (Fig. 2¢), the -OH and C=0
peaks of malic acid shifted from 2873 and 1691 cm ™! to 2915
and 1722cm™!, respectively. Regarding NADES-4
(Fig. 2d), the C=0 peak of betaine and the -OH and C-
O peaks of glycerol shifted from 1612, 3288, and 1029 cm ™
to 1624, 3300, and 1038 cm ', respectively. Finally, for
NADES-5 (Fig. 2e), the COO- peak of L-carnitine and the
C-O peak of glycerol shifted from 1373 and 1029 cm™" to
1391 and 1039cm !, respectively. Collectively, the ob-
served shifts in these characteristic peaks across all five
NADESs confirm the formation of hydrogen bond

interactions between the respective HBA and HBD
components, thereby validating the successful synthesis
of the targeted NADESSs.

Figure S1 presents the H-NMR spectra of the five
synthesized NADESs alongside their individual compo-
nents. In H-NMR spectroscopy, the formation of hydrogen
bonds induces a deshielding effect on the active hydrogen
atoms, resulting in a distinct downfield shift (i.e., a shift to
a higher chemical shift value) in their resonance signals
[28]. As observed in Figure S1, the active hydrogen signals
of the HBDs in all NADESs exhibit significant downfield
shifts attributed to hydrogen bond formation with the
HBAs. The specific chemical shift values are summarized in
Table S2. Complementing the spectral analysis, the
interaction energies (AE) of the five NADESs were
determined using quantum mechanical calculations. As
detailed in Table 1 and Figure S2, the calculated AFE values
are —22.45, —22.95, —24.04, —23.24, and —25.71 kcal
mol !, respectively. It is noteworthy that these interaction
energies were calculated based on a simplified 1:1 molar
ratio model. Although the experimental NADESs were
prepared at a 1:2 ratio (due to the fact that a 1:2 ratio
typically has a lower melting point, it is more suitable for
the lubrication field), the calculated trends effectively
represent the relative strength of the intermolecular
interactions. Consequently, when ChCl serves as the
HBA, the hydrogen bond strength follows the sequence:
NADES-3 > NADES-2 > NADES-1. When glycerol acts as
the HBD, the strength follows the order: NADES-
5> NADES-4 > NADES-1. These results align well with
the shifts observed in the "H-NMR spectra.

The melting temperature and decomposition tempera-
ture are key characteristics that define the temperature
range within which NADESs remain in a liquid state [29].
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Table 1. Physicochemical properties of NADESS.

Sample Interaction Melting Decomposition Viscosity Contact
energies AF temperature (°C) temperature (°C) (Pa-s) angle on
(kcal mol) 454 steel (%)

NADES-1 22.45 —77.6 263.4 0.390 85.2+0.5
NADES-2 22.95 21.8 242.3 0.591 80.4£0.3
NADES-3 24.04 —-37.3 241.5 54.785 45.2+£0.6
NADES-4 23.24 —-71.1 266.2 1.584 71.4+£1.6
NADES-5 25.71 —55.6 200.7 9.525 69.9+0.6

The melting temperatures of the five NADESs were
determined via DSC. As summarized in Table 1 and
Figure S3, the melting temperatures of NADES-1,
NADES-2, NADES-3, NADES-4, and NADES-5 are
—77.6°C, 21.8°C, —37.3°C, —71.1°C, and —55.6°C, respec-
tively. In contrast to the melting temperatures of the
individual precursors (glycerol: 17.8°C, ChCl: 302°C, urea:
133°C, malic acid: 101°C, betaine: 293°C, and L-carnitine:
200°C), the synthesized NADESs exhibit a significant
depression in melting point, which is a defining character-
istic of deep eutectic systems. Furthermore, the thermal
stability of the five NADESs was evaluated using
thermogravimetric (TG) and differential thermogravimet-
ric (DTG) analyses. The TG and corresponding DTG
curves are presented in Figure S4. The results indicate that
all five NADESSs exhibit an onset decomposition tempera-
ture above 200°C, with complete decomposition occurring
at approximately 300°C. Evidently, they all possess
excellent thermal stability, ensuring reliable performance
under relatively high-temperature conditions. Collectively,
the above results demonstrate that the prepared NADESs
have a wide range of liquid operating temperatures.
Viscosity quantifies the internal flow resistance of a
fluid and determines its ability to form a lubricating film,
making it a fundamental performance indicator for
lubricating oils [30]. The dynamic viscosities of the five
NADESs were measured using a rheometer. As illustrated
in Figure S5a and Table 1, at a shear rate of 100s™, the
measured viscosities are 0.390, 0.591, 54.785, 1.584, and
9.525 Pa-s, respectively. It is noteworthy that, for the five
NADESs, the hydrogen-bonding strength exhibits a
positive correlation with viscosity; that is, stronger
hydrogen bonding corresponds to higher dynamic viscosi-
ty. In addition, we also measured the viscosity of
commercial lubricating oil PAO40, which was 0.775 Pa-s.
The affinity of lubricants to sample surfaces is
evaluated by their wettability [31]. To assess this, the
contact angles of the five NADESs on 45# steel were
measured at 20°C, as illustrated in Figure S5b and Table 1.
The results indicate that the contact angles of NADES-1,
NADES-2, NADES-3, NADES-4, NADES-5, and PAO40
are 85.2°, 80.4°, 45.2°, 71.4°, 69.9°, and 30.2°, respectively.
Notably, there is no direct correlation between contact
angle and viscosity for these NADESs. Among NADES-1,
NADES-2, and NADES-3, NADES-3 exhibited the small-
est contact angle. As shown in the electrostatic potential
map in Figure S6, red regions denote positive potential,
while blue regions denote negative potential. The smaller

contact angle of NADES-3 is likely attributed to the strong
electronegativity of the carboxyl group, which facilitates
coordination bonding with the metal surface. Comparing
NADES-1 and NADES-2, it is evident that NADES-2
displays a smaller contact angle despite the lower
electronegativity of urea compared to glycerol. This
suggests that the amino group in urea possesses a stronger
tendency to form coordination complexes with metals,
thereby further reducing the contact angle. Regarding
NADES-1, NADES-4, and NADES-5, the contact angle
follows the descending order: NADES-1> NADES-
4> NADES-5. This trend aligns with the higher electro-
negativity of L-carnitine compared to betaine and betaine’s
higher electronegativity than ChCl. Moreover, the chloride
ions in ChCIl may be encapsulated by glycerol, limiting
their interaction with the metal surface, resulting in a
relatively large contact angle for NADES-1. Consequently,
both the electronegativity of the NADES components and
their coordination affinity with metals play a crucial role in
governing the contact angle.

3.2 Corrosion behavior and chemical stability

To evaluate the corrosion behavior of the prepared
NADESs, the 45# steel used in this experiment was
subjected to static immersion tests. The polished and
cleaned steel specimens were fully submerged in the
NADESs at room temperature (20°C) for a duration of
7 days, during which optical images were captured daily to
monitor surface changes. Figure S7 illustrates the surface
evolution of the 45# steel throughout the 1-to-7-day
immersion period. It can be observed that the specimens
immersed in the NADESs exhibited no visible corrosion
pits. Even after 7 days of immersion, the surfaces showed
no significant degradation and retained their original
metallic luster. These immersion tests demonstrate that
the synthesized NADESs possess excellent non-corrosive
properties. Furthermore, comparative FTIR analysis of the
NADESs before and after friction was conducted. As
depicted in Figure S8, the results indicate that the chemical
components of the NADESs remained unchanged after the
friction process, confirming their high chemical stability.

3.3 Tribological performance analysis

To systematically investigate the tribological properties of
NADESs with varying hydrogen bond strengths, the five
synthesized NADESs were categorized into two groups (see
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Fig. 3. (a) Schematic diagram of the tribological test configuration; (b) average COF for different lubricants; and (c, d) friction
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Tab. S1) based on variations in HBDs and HBAs. The first
group comprises NADES-1, NADES-2, and NADES-3,
which share an identical HBA but differ in their HBDs
constituents. The second group consists of NADES-1,
NADES-4, and NADES-5, characterized by the same HBD
but distinct HBAs. Figure 3a presents a schematic diagram
of the friction experiments using the GCrl15-45# steel
contact pair.

As illustrated in Figures 3b and 3c, when ChCl serves
as the HBA, the friction coefficient of NADES-1 exhibits
marked fluctuations characterized by numerous peaks
and valleys, yielding an average friction coefficient of
0.1153. This indicates that NADES-1 exhibits poor
lubrication stability throughout the friction process. In
contrast, NADES-2 displays a smoother profile with
minimal fluctuations. Instead of erratic peaks, it shows a
stable decreasing trend, with an average friction coeffi-
cient of 0.0969. This enhancement of this stability is
attributed to the higher hydrogen bond strength in
NADES-2, which stabilizes the hydrogen-bonding net-
work, making it less prone to disruption and limiting
molecular mobility. Furthermore, as shown in Table 1,
the amino groups in urea can form coordination bonds

with metals, which strengthens the affinity of NADES-2
for metal surfaces and thereby reduces friction. Although
NADES-3 possesses the strongest hydrogen bonding
interactions and contains carboxyl groups capable of
strong coordination with metals, theoretically suggesting
a lower friction coefficient due to improved wettability,
the experimental results are contrary to this expectation.
Specifically, the friction coefficient of NADES-3 is higher
than those of NADES-1 and NADES-2, with an average of
0.1333. This phenomenon is attributed to the excessively
high viscosity of NADES-3, which impedes mass transfer
and hinders the rapid recombination of hydrogen bonds,
resulting in higher friction. The infrared characterization
in Figure S8 verifies that the chemical composition of
NADES-3 remains unchanged. Despite its high friction
coefficient, NADES-3 demonstrates superior stability,
evidenced by an almost linear friction curve. This is likely
due to its high wviscosity and strong intermolecular
hydrogen bonding interactions, which maintain a stable
equilibrium state even under shear stress. Consequently,
it can be inferred that stronger hydrogen bonding
interactions significantly enhance the lubrication stability
of NADESs.
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Regarding the second group of NADESSs, no significant
difference in the COF was observed among the three
samples, as shown in Figure 3d. However, the fluctuation of
NADES-1 remains the most pronounced, while NADES-4
exhibits good stability with an average friction coefficient
of 0.125. NADES-5 demonstrates superior stability
throughout the entire friction process, with an average
friction coefficient of 0.123. Notably, as the hydrogen bond
strength increases (Fig. S2), the stability of NADESs is
enhanced. Moreover, compared with ChCl in NADES-1,
betaine in NADES-4 and L-carnitine in NADES-5 restrict
molecular mobility more effectively after forming hydrogen
bonds with glycerol. Conversely, the chloride ions in
ChCl exhibit relatively high mobility, which accounts for
the superior stability of NADES-4 and NADES-5.
Additionally, commercial lubricant PAO40 was selected
as a benchmark. As shown in Figure 3, the average friction
coefficient of PAO40 is 0.1437, which is significantly higher
than those of the NADESSs. Specifically, NADES-2 exhibits
the lowest friction coefficient, representing a 32.6%
reduction compared to PAO40, thereby highlighting its
excellent lubrication performance.

Figure 4 displays the optical micrographs of the wear
tracks. Attributed to its strong hydrogen-bond interac-
tions, high viscosity, and strong affinity for the metal
surface, NADES-3 exhibits a well-defined boundary post-
wear, with an extremely faint wear track, signifying
minimal wear. In the second group of NADESs, a clear
trend is observed: as the hydrogen-bond strength increases,
the boundaries of the wear tracks become increasingly
defined, smooth, and uniform. Among these, NADES-5
displays the most regular and distinct boundary, exhibiting
the most uniform wear while retaining its metallic luster.
This phenomenon is ascribed to the strong hydrogen-bond

Fig. 4. Optical micrograph of wear tracks under 50N and 60rpm. (a) NADES-1; (b) NADES-2; (¢) NADES-3; (d) NADES-4;
(e) NADES-5; (f) PAO40.

strength of NADES-5, which restricts molecular mobility,
facilitating the formation of a stable and robust molecular
adsorption film that reduces wear. Conversely, PAO40,
due to its nonpolar nature, fails to form an effective
protective tribofilm. Its wear track is characterized by a
rough and indistinct boundary, with severe, uneven wear.

Wear volume serves as a critical metric for evaluating
lubrication performance. Figure 5a presents the 3D
topography images of the wear tracks, from which the
wear width and depth were extracted. As illustrated in
Figures 5b and 5c¢, within the first group, NADES-2
exhibits the most pronounced wear dimensions (yielding a
wear width of 440 pm and a depth of 6.3 pm). This is likely
attributed to the presence of urea in NADES-2, which may
destabilize the protective iron oxide layer, thereby
exacerbating wear. In contrast, NADES-3 demonstrates
the minimal wear dimensions, with a width of merely
218 pm and a depth of 1.2 wm. This superior performance is
ascribed to its strong hydrogen-bond strength, where the
carboxyl group facilitates robust coordination and tribo-
chemical reactions with iron, forming a protective iron
carboxylate layer that effectively mitigates wear under
load. Regarding the second group of NADESs, a compari-
son reveals that NADES-1, characterized by weaker
hydrogen bonding, suffers the most severe wear. As the
hydrogen-bond strength increases, the wear dimensions
exhibit a corresponding decrease. Furthermore, the
molecular structure of HBAs plays a pivotal role in wear
morphology: longer chains, such as those in L-carnitine,
impart elastic compressibility, thereby reducing wear
depth. The carboxyl groups in both betaine and L-carnitine
are capable of forming coordination bonds with the metal,
contributing to the reduction of wear track dimensions. In
comparison to the NADESs, the commercial lubricant
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Fig. 5. (a) 3D morphologies of wear tracks; (b) cross-sectional profiles; (c) wear track dimensions (width and depth); and (d) wear
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P AO40 exhibits asubstantially higher wear depth of 10.0 pm,
representing an 88% increase compared to NADES-2,
underscoring the inferior anti-wear performance of PAO40.

Figure 5d quantifies the wear volume of the wear tracks.
Relative to PAO40, the wear volumes lubricated by
NADES-1, NADES-3, NADES-4, and NADES-5 decreased
by 41.3%, 89.1%, 64.8%, and 76.2%, respectively, highlight-
ing the significant anti-wear capabilities of these NADESs.
However, NADES-2 damages the protective layer of iron
oxide, resulting in relatively severe wear comparable to
that of PAO40. The observed wear reduction is governed
by the interactions between polar functional groups (such
as hydroxyl (R-OH) and amino (R-NH) groups) within the
NADESs and the metal surfaces. According to the model
proposed by Hardy and Doubleday [32], polar molecules
adsorb onto the surface to form a closely packed, vertically
oriented monolayer. In contrast, PAO40 lacks these polar
functional groups, preventing the formation of such
protective films, which results in a significantly larger
wear volume compared to the NADESs.

To investigate the load-bearing capacity of NADESSs,
their friction performance was further evaluated under
loads of 100 and 150N. Figures 6a and 6b illustrate the

friction coefficient of NADESs at 100 N. Upon increasing
the load to 100N, the friction coefficient of the NADESs
remains virtually unchanged compared to the values
obtained under 50 N. As shown in Figure 6a, the average
friction coefficients of NADES-1 and NADES-2 are 0.1150
and 0.1094, respectively, exhibiting significant fluctua-
tions. However, attributed to the enhanced hydrogen
bonding, the friction coefficient curve of NADES-3 shows
stability consistent with the 50N condition, with an
average friction coefficient of 0.1350. Figure 6b presents the
friction coefficient of the second group of NADESs under
100N, with average friction coefficients of 0.1201 and
0.1257 for NADES-4 and NADES-5, respectively. The
friction coefficient curve of NADES-5 is also a straight line
with almost no fluctuations, whereas NADES-4 and
NADES-1 exhibit significant fluctuations. The fluctuation
of the commercial lubricating oil PAO40 is the most
pronounced, with an average friction coefficient of 0.1335,
indicating that the lubrication stability of PAO40 is
significantly inferior to that of the NADESs. As shown in
Figures 6¢ and 6d, even when the load increases to 150 N,
the average friction coefficient of the NADESs remains
stable and largely unchanged. The friction curves of
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NADES-3 and NADES-5 maintain stability due to their

high hydrogen bond

strength, with average friction

coefficients of 0.1301 and 0.1233, respectively. In contrast,
the friction curve of NADES-1 shows multiple abrupt
spikes, with an average friction coefficient of 0.1050. This
may be attributed to its weak hydrogen bond strength and
insufficient load-bearing capacity, resulting in the contin-
uous breaking and reforming of hydrogen bonds under
stress. NADES-2 exhibits the lowest friction coefficient at
0.0984. The average friction coefficient of NADES-4 is
slightly lower than that of NADES-5 at 0.1200. Commer-
cial lubricants exhibit the poorest lubrication performance,
with an average friction coefficient of 0.1280.

As illustrated in Figure 7, upon increasing the load, the
friction coefficient of the NADESs remained nearly stable
at higher loads (100 and 150 N). While the load-dependent
pattern of the COF may not be typical, this phenomenon
has been observed in numerous studies on both dry and
lubricated sliding contacts of various bulk materials [33]. In
conclusion, the friction coefficients of the tested NADESs
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Fig. 7. The average COF of NADESs and PAO40 under loads of

100 and 150N at 60 rpm.
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remained relatively stable throughout the entire test
process and did not exhibit any abrupt surges, indicating
that these NADESSs possess excellent load-bearing capacity.

Figure 8 presents a comparison of the wear dimensions
and wear volume for the NADESs and PAO40 under loads
of 100 and 150 N. The corresponding optical micrographs
and 3D morphologies are displayed in Figures S9 and S10.

Regarding the second group of NADESSs, the long chains in
L-carnitine provide elastic compressibility, resulting in the
shallowest wear depth. In comparison to PAO40, the depth
of wear tracks lubricated by NADESs decreased signifi-
cantly. This phenomenon is attributed to the formation of
an adsorbed lubricating film by the polar molecules in
NADESs, which effectively mitigates vertical wear.
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In contrast to the friction coefficient trends, the wear
volume of NADESSs increases with increasing load, aligning
with the predictions of the classical Archard wear law.
Relative to the commercial lubricant PAO40, NADESs
exhibit superior wear resistance, with NADES-3 demon-
strating the optimal performance. Specifically, the wear
volumes of NADES-3 under loads of 100 and 150 N were
24.5 x 10% and 44.7 x 10° pm?®, respectively, representing
reductions of 87.6% and 74.3% compared to PAO40.

3.4 Analysis of wear surface and lubricating
mechanism

To gain a deeper understanding of the lubrication
mechanism of NADESs, the surface composition and
chemical states of the wear tracks were analyzed by EDS
and XPS. Prior to the characterization, the samples were
cleaned with ethanol and dried. The 45# steel disc
substrate, primarily composed of Fe, C, O, Cr, Si, and
Mn, served as the friction pair. Figure 9 presents the
scanning electron microscopy images. The wear surface
lubricated with PAO40 exhibits severe abrasive wear,
characterized by deep abrasive grooves and rough, ill-
defined boundaries. In contrast, the wear track surface
lubricated by NADESs is smooth and flat, featuring
distinct wear boundaries and significantly reduced wear,
indicating superior lubrication performance. To elucidate
the lubrication mechanism, elemental mapping of the wear
tracks was performed. The N element derived from the
NADESs was detected on the worn surface, indicating the
formation of a protective adsorption film, while PAO40

failed to form such a layer. These findings elucidate why
NADESs exhibit superior lubrication performance com-
pared to the commercial lubricant PAO40.

As shown in Table S3, compared to the pristine
substrate, an increase in both O and C content was
detected on the worn surfaces lubricated with NADESs.
This suggests that the NADESs adsorb onto the steel
surface or form iron oxides and hydroxides via tribochem-
ical interactions with the substrate. The increase in oxygen
content is most pronounced in NADES-2. This phenome-
non is likely attributed to urea destabilizing the protective
oxide layer, thereby exposing nascent metal surfaces that
subsequently react with ambient oxygen and moisture to
form substantial iron oxides.

To further investigate the chemical composition of the
tribofilm, XPS analysis was performed. Figure 10 presents
the XPS spectra of the worn surfaces after lubrication with
NADESs. Given the superior lubrication performance of
NADES-2 (as evidenced by its low friction coefficient), we
focused on analyzing the high-resolution XPS spectra of
Cls, Ols, Fe2p, and N1s for the surface lubricated by this
solvent. In Figure 10a, the Cls spectrum of the worn
surface contains four peaks located at 283.33, 284.80,
286.66, and 288.63 eV, corresponding to C-Si, C-C/C-H, C-
OH, and O-C = O groups [34-37], respectively. As shown in
Figure 10b, the Ols peaks at 530.04, 531.76, and 533.70 eV
are assigned to iron oxides, -OH, and O = C-0O/-C-O- [38-
43]. The presence of C-O and C=0 bonds suggests the
occurrence of tribochemical oxidation. Furthermore, this
indicates that the hydroxyl groups in ChCl can adsorb onto
metal surfaces through polar interactions, forming Fe-O
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Fig. 10. XPS spectra of worn surfaces (a) Cls, (b) Ols, (c) N1s, and (d) Fe2p under the action of NADES-2.

linkages. Regarding the Fe2p spectrum in Figure 10d, the
binding energy peaks near 707.23, 710.22, 711.76, and
715.00eV are attributed to Fe/FezO, FeCls/Fez0y/
Fe,03, FeOOH, Fe? ' /Fe0, and FeCl; [44-46], respective-
ly. According to Figure 10c, the Nls spectrum exhibits
peaks at approximately 398.66, 399.65, and 402.00eV,
corresponding to -NH,, C-N-C [47], and N-O. These peaks
are attributed to metal nitrides, indicating that ChCl-urea
NADES participates in frictional chemical reactions.

The high-resolution spectra of C, O, N, and Fe suggest
that the amino group in NADES-2 undergoes chemisorp-
tion on the worn surface, facilitating the formation of iron
oxides, hydroxides, and nitrides during the sliding process.
The oxygen and moisture in the air also facilitate the
formation of this chemical reaction layer. Consequently, we
propose that the tribofilm of NADES-2 is structurally
composed of two distinct layers: an adsorption layer formed
by polar molecules (providing high vertical load capacity
and low shear strength) and a tribochemical reaction layer
consisting of iron oxides and hydroxides. The synergistic

effect of these layers contributes to the superior lubricity of
NADES-2 compared to other samples. As shown in
Figure S11, the characteristic peaks of Cls, Ols, and
Fe2p in the spectra of the other NADESs are comparable,
indicating that their primary tribochemical products also
consist of iron oxides and iron hydroxides.

Based on the tribological results and surface character-
ization, a lubrication mechanism for the studied NADESs
is proposed. As illustrated in Figure 11, the tribofilm
formed by NADESs consists of two distinct layers. The
inner layer is a tribochemical film composed of iron oxides
and hydroxides, while the outer layer is a polar molecule
adsorption film formed by the polar groups of NADESs
(e.g., hydroxyl groups and amino groups). The excellent
friction-reducing performance of NADESs is attributed to
the adsorption of these polar molecules, which form a
monolayer characterized by high vertical rigidity and low
shear strength at the contact interface. Analysis of the wear
track morphologies and wear volume data reveals that
hydrogen bond strength influences the integrity of the
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polar adsorption layer. Higher hydrogen bond strength
restricts molecular mobility within the system, resulting in
enhanced rigidity of the adsorption layer and, consequently,
superior anti-wear performance. In contrast to PAO40, this
polar adsorption layer plays a pivotal role in mitigating wear.
Furthermore, during the sliding process, ambient oxygen
and moisture, in conjunction with hydroxides and oxides,
contribute to the formation of a tribochemical film, thereby
further reducing friction and wear.

3.5 Experimental analysis of friction torque of ball
screw

The contact kinematics between the ball and nut in a ball
screw pair are analogous to the configuration of the friction
and wear experiments. Specifically, the sliding contact of
the ball against the disc in the tribometer mimics the
interaction between the rolling elements and the nut
raceway. Therefore, measuring the friction torque of the
ball screw pair serves to further validate the tribological
behaviors observed in the fundamental friction and wear
tests. To quantify the friction torque during operation, the
dedicated measurement system illustrated in Figure 12 was
employed.

The servo motor is equipped with a tip on the right side,
which engages the shaft end of the ball screw pair to
provide support. Rotation of the servo motor drives the
synchronous rotation of the ball screw. The tip provides
precise centering, ensuring that the rotation axis of the
workpiece remains stable during friction torque measure-
ment, thereby improving the accuracy of the measurement.

The opposite end of the ball screw is supported by the
tailstock center and secured with a locking device. The
measuring platform features a height-adjustable support
structure, which accommodates ball screw pairs of different
dimensions. The top of the support structure is fitted with a
semi-circular protrusion that engages with the screw
raceway. Consequently, the rotation of the nut is con-
strained by the support structure, converting the motion
into pure axial translation of the measuring carriage along
the linear guide rail. Simultaneously, the workbench moves
axially at the same speed as the nut. A bolt mounted on the
nut’s flange face contacts the force sensor. The force
detected by the sensor represents the tangential resistance
of the ball screw pair, and the friction torque is calculated
as the product of this force and the moment arm (the
distance between the bolt and the screw axis). The sensor is
calibrated using standard weights.

It should be noted that during the friction torque
measurement, the force sensor is mechanically coupled to
the nut. Consequently, the obtained friction torque is only
the torque applied through frictional force at the contact
point between the ball and nut at a distance L from the nut
axis. The torque measured in the experiment is indepen-
dent of the moments between ball-to-ball and ball-to-screw
shaft. Forward and reverse dynamic torque tests are
conducted on a ball screw pair to obtain sets of forward and
reverse friction torque values. The arithmetic mean of these
two values is taken as a single experimental result. To
minimize measurement uncertainty, the test is repeated
three times at each rotational speed. The average of the
three experimental results is then calculated as the mean
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friction torque corresponding to that specific rotational
speed. Additionally, due to the mild acidity of NADES-3,
its lubrication performance on ball screw pairs was
excluded from this investigation. The ambient temperature
for the friction torque experiment is 20°C. When the speed
reached 700 rpm, due to the set test stroke of 100 mm, the
experimental time was relatively short, only about 5, and
the temperature change response was slow. The tempera-
ture change inside the nut was not studied.

Figure 13 shows the variation of friction torque between
the nut and ball of NSK4006-25T3 ball screw pair with
rotational speed. Specifically, NADES-1 and NADES-2,
the two lubricants with lower viscosity, exhibit relatively
stable friction torque across the speed range, fluctuating
between 0.2 and 0.4 Nm. Among them, NADES-2
demonstrates the superior lubrication performance, yield-
ing a friction torque of 0.2 Nm at 700rpm. NADES-1
exhibits a slightly higher friction torque of 0.2465 Nm at
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700 rpm compared to NADES-2. Regarding the lubricants
with high viscosity, the friction torques of NADES-4 and
NADES-5 are 0.809 and 0.733 Nm, respectively. Notably,
the friction torque of NADES-5 is lower than that of
NADES-4, which is consistent with the findings from the
tribometer tests. The lubrication performance of PAO40 is
the poorest, with its friction torque increasing sharply with
rotational speed. For instance, as the speed increases from
200 to 700rpm, the friction torque surges from 0.671 to
1.953 Nm, indicating a significant degradation in lubrica-
tion efficacy, and the lubrication regime is unstable. At
700 rpm, it approaches a dry friction state, signifying a
near-total loss of lubrication capability. This behavior
contrasts sharply with that of the NADESs, suggesting
that the lubricating film formed by PAO40 gradually
ruptures as the speed increases. Even the NADES
exhibiting the highest friction torque (NADES-4) repre-
sents a 58% reduction compared to PAO40, indicating a
significant improvement in lubrication performance.
Consistent with the lubrication mechanism analysis in
Section 3.4, the polar groups (hydroxyl: R-OH and amino:
R-NH,) and ions in NADESs adsorb firmly onto the
surfaces of balls and raceways through physicochemical
adsorption, resisting desorption under shear forces.
Consequently, NADESs maintain consistently low friction
torque across the 30-700rpm range, demonstrating
superior lubrication performance compared to PAO40.

4 Conclusion

In this work, five representative NADESs with varying
hydrogen bond strengths were developed to systematically
investigate their lubrication mechanisms. The findings
reveal that both hydrogen bond interactions and the
molecular architecture of HBAs critically govern the
tribological behavior of NADESs. Stronger hydrogen
bonding restricts molecular mobility, facilitating the
formation of a resilient lubricating film that reduces friction
fluctuations and wear. Moreover, the structural features of
HBAS, such as long alkyl chains and polar carboxyl groups,
enhance coordination with metal surfaces, thereby signifi-
cantly improving anti-wear capabilities. The friction torque
tests of the ball screw pair further confirmed that compared
with the commercial lubricant PAO40, the formulated
NADESSs reduce the friction torque between the ball and nut
of the ball screw by at least 60% under high-speed conditions.
This exceptional lubricity is ascribed to the formation of a
reliable boundary film via physicochemical adsorption and
tribochemical reactions, which ensures stability even under
rigorous operating conditions. Collectively, this study not
only elucidates the structure-property relationships in
NADES lubrication but also provides theoretical guidance
for designing next-generation, high-performance green
lubricants for precision transmission systems.
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